N
N

N

HAL

open science

Analysis, control and optimization of PDEs, application
to the biology and therapy of cancer
Camille Pouchol

» To cite this version:

Camille Pouchol. Analysis, control and optimization of PDEs, application to the biology and ther-
apy of cancer. General Mathematics [math.GM]. Sorbonne Université, 2018. English. NNT:

2018SORUS176 . tel-01889253v2

HAL Id: tel-01889253
https://hal.science/tel-01889253v2

Submitted on 24 Jan 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/tel-01889253v2
https://hal.archives-ouvertes.fr

Ecole doctorale ED386

Analyse, controle et optimisation
d’EDP, application a la biologie et la
thérapie du cancer

THESE

présentée et soutenue publiquement le vendredi 29 juin 2018

pour l'obtention du

Doctorat de Sorbonne Université

(spécialité mathématiques)
par

Camille Pouchol

devant le jury composé de
Président : Benoit PERTHAME

Rapporteurs : Assia BENABDALLAH
Roberto NATALINI

Examinateurs : Franck BOYER
Vincent CALVEZ

Directeurs : Jean CLAIRAMBAULT
Michele SABBAH
Emmanuel TRELAT

Laboratoire Jacques-Louis Lions, Laboratoire de Biologie et Thérapeutique des Cancers



Mis en page avec la classe thesul.



Remerciements

Je voudrais commencer par manifester toute ma gratitude a mes directeurs de thése. La
curiosité scientifique de Jean Clairambault restera pour moi une source d’inspiration ;
c’est grace a elle et a I’étendue de ses connaissances que j’ai tant appris en modélisation
mathématique. Il ne devait pas étre facile d’avoir un thésard si matheux que moi, et je suis
donc trés reconnaissant envers Michéle Sabbah et I'ouverture d’esprit dont témoigne son
choix d’encadrer des théses interdisciplinaires. Le sens de la pédagogie d’Emmanuel Trélat
a été source d’émerveillement mathématique : sa capacité a isoler ’essence - ’idée simple
mais puissante - d’'une technique mathématique, m’a permis d’en assimiler de nombreuses.

Je retiendrai avant tout leurs qualités humaines, eux qui ont été d’une disponibilité exem-
plaire, ont su m’encourager et trés vite me mettre le pied & ’étrier pour I'écriture d’articles
et la participation a des conférences. C’est autant de confiance accumulée, cruciale dans
mon apprentissage du métier de chercheur. Je m’estime chanceux et les en remercie.

Je remercie aussi Assia Benabdallah et Roberto Natalini d’avoir accepté de rapporter
ma, thése, leur relecture attentive a été trés précieuse pour moi et pour la qualité de ce
manuscrit. Tout comme eux, leur réputation en contrdle et maths-bio précédent Franck
Boyer et Vincent Calvez, et je suis donc trés honoré qu’ils participent au jury.

La joyeuse diversité des thémes abordés durant ma thése est intimement liée aux nom-
breuses personnes avec lesquelles j’ai pu travailler. Je pense a Nathalie Ferrand, qui n’a
jamais rechigné & une éniéme expérience, & Alexander Lorz et ses idées a foison sur les
équations intégro-différentielles, Markus Schmidtchen qui sera sans aucun doute un grand
chercheur. 1l y a bien stir Tommaso Lorenzi et son incroyable gentillesse, avec qui j’ai adoré
échangé, notamment lors de mon passage & St Andrews. J’ai récemment pu profiter de
I’étendue des connaissances d’Enrique Zuazua en controle, ainsi que le temps qu’il aime
passer & les transmettre. Enfin, une grande partie des techniques et des équations que
j’al traitées pendant ma thése n’existerait pas sans Benoit Perthame. C’est un véritable

honneur qu’il dirige mon jury.

J’aimerais aussi avoir un petit mot pour certains professeurs marquants, qui m’ont transmis
le gotit des mathématiques. M. Espéret est indéniablement celui qui m’a appris & faire des
HMM et des maths & l'intuition. Franck Boyer et Pierre Bousquet a Marseille ont été
déterminants, et, méme si je n’ai pas pu I'avoir comme enseignant, Dominique Barbolosi.

J’en viens maintenant au laboratoire, et je remercie chaleureusement Malika, Salima et
Catherine pour leur aide bienveillante dans toutes les démarches administratives et rele-
vant des missions, sans oublier non plus Khashayar et Antoine que j’ai dérangés un nombre
incalculable de fois pour AMPL ou FreeFem, le numérique dans ma thése leur doit beau-
coup. La gentillesse et la bonne humeur éternelles de Luis m’ont plus d’une fois donné le
sourire, c¢’était une aubaine d’étre son voisin. Merci 4 Grégoire d’avoir pris le temps de
répondre & mes questions de maths-bio.

La thése a rarement été une expérience solitaire, et ce grace a la joyeuse ribambelle de



doctorants, Carlo, Dena, Anouk, Olivier, Florian, Hugo, Martin, Ana, Léo, Gabriela,
Idriss... et j’en oublie certainement, excusez-moi. Ludie, attends un peu, tu n’es pas au
LJLL. Amaury est devenu un indéboulonnable, en atteste son alias Abdelaziz Bouteflika...
et je lui dois probablement plus de la moitié des chocolats que j’ai mangés ces deux derniéres
années. Christophe a le jeu de mots extrémement prometteur.

Encore plus essentiels sont les camarades de bureau, qui ont tenu pour certains trois ans
malgré ma folie (dissimulée au reste du labo, bien sir). Il y a eu avant nous Pierre qui
nous a fournis en canapé, tout de méme, et & mon arrivée Pierre, Andrada, Thibault cet
énergumeéne, et enfin Maxime (sans qui il n’y aurait tout simplement pas de simulations de
contrdle optimal...). La composition actuelle du bureau défie toute concurrence. Alex, c¢’est
I’homme dans (de ?7) la Lune, la gentillesse chevillée au corps, le roi des répliques sorties
de nulle part, un fin géomeétre des oeufs pseudo-convexes. Federica, c’est 'art du café en
toute circonstance, quelqu’un avec qui il a fait bon travailler et qui sort une simulation en
un rien de temps, une vilva la revolucion qui rassure sur 'Italie de Salvini. Il y a Ludie,
sacrée Ludie, qui est bien sir trop mon amie, le fleuron des mathématiciens-médecins et
de la couleur orange. Il aurait été difficile de ne pas terminer par Antoine, ami ébouriffant,
mais qui ne s’est pas contenté du contrdle optimal, un compagnon de footing, de tennis,
de fruits, de discussions, tout ¢a péle-méle.

Il est temps de sortir du labo pour aller faire un tour du cété des amis qui ont au moins
autant apporté a cette theése que la lettre €, et en premier lieu la chorale, une vraie colonne
vertébrale de mes semaines, avec laquelle nous alignons les projets fous et franchement
rigolards. Avec une mention particuliére & DiTi et Matthieu de m’avoir fait partir de rien
et m’éclater avec ma voix. Il y a aussi les machines, des amis précieux : Geoffroy qui
malgré sa bigorexie reste inénarrable, et continue & rendre les sketchs plus dréles qu’ils ne
le sont vraiment, Damien qui est si talentueux et qui refuse d’en prendre conscience, quel
saltimbanque. Constance et sa gentillesse légendaire.

Ma vie & Paris doit beaucoup & l'accueil si doux de la famille Devanz, Thien, Christian,
Gaby et Lou, merci beaucoup. Une deuxiéme famille en somme, mais toujours soutenu
par ma famille, marseillaise, ou d’ici. Je résiste a I’envie de lister tout le monde, mais aller
a Marseille et retrouver Ptitbout, Véro, Fab’, Marie, Eric, Nono, c’est une bonne dose de
bonheur. Ou rester & Paris avec Laurent, Steph et les minotes, Héléne et Jean-Michel qui
m’ont tant et si bien accueilli, les cousins-cousines Antoine, Rafaélle (que je ne vois pas
assez mais ne chéris pas moins), Florence (qui n’est pas a Paris, mais je perds le Nord), et
bien stiir Mamy Suzanne.

Je ne me lasse jamais de mon exceptionnelle amiti¢ avec Florian, 20 ans au royaume de
I’absurde et ce n’est que le début. Ni de ma relation avec mon frére, Saim, que j'admire et
aime tant. Et encore moins de celle avec mes parents, de leur amour si grand et toujours
renouvelé. Je leur dois mon gotit pour I’abstraction et la transmission et donc, c’est certain,
celui pour les maths et leur partage.

Mon dernier mot est pour la douce et belle, la lumineuse, le dernier mot est pour Clara,
son mot préféré : merci.

ii



Je dédie cette thése 3 Mamy Suzanne,
a Papy Georges,
et 3 Mamie Ptitbout.

iii



v



Contents

General introduction 1
1 Reaction-diffusion and selection-mutation models . . . . . . . ... .. 2
1.1 A general model asabasis . . ... ... ... ... ... ... 2
1.2 Modelling differences in the space and phenotype cases . . . . 3
1.3 Mathematical tools and properties . . . . . . .. .. ... ... 4
2 Motivations and related mathematical questions . . . . .. .. .. .. 7
2.1 Optimisation of chemotherapy and modelling . . . . . . .. .. 7
2.2 Transcription into mathematical words and related difficulties 10
2.3 Cells forming spheroids in a 3D structure . . . . ... ... .. 12
3 Mathematical results and applications . . . . . . ... ... ... ... 14
3.1 Asymptotic analysis . . . . ... Lo 0L 14
3.2 Optimal control for chemotherapy optimisation . . . . . . . .. 18
3.3 Controllability for monostable and bistable 1D equations 23
3.4 Spheroid formation and Keller-Segel equations . . . . . . . .. 24
4 Some perspectives and open problems . . . .. ... ... ... .. .. 26
Part I Adaptive dynamics 29
Chapter 1
Systems of integro-differential selection equations
Accepted in Journal of Biological Dynamics
1.1 Introduction . . . . . . . . . . ... 31
1.1.1 Biological motivations . . . . . . .. .. ... ... L. 31
1.1.2 Themodel . .. .. ... .. 32



Contents

1.1.3 Stateoftheart. . . . .. .. .. ... L 34
1.2 Possible coexistence steady states and main results . . . . . . .. .. .. 36
1.2.1 Analysis of coexistence steady states . . . . . . .. ... ... .. 36
1.2.2 Mainresults . . . . . ..o 38
1.3 General interactions . . . . . . .. ... 39
1.3.1  Proof of the main theorem . . . . . ... ... ... ... .... 39
1.3.2  Sharpness in dimension 2 . . . . . ... ... 43
1.4 Cooperative case . . . . . . . . .o o 44
1.4.1  Some facts about Hurwitz matrices . . . . ... ... ... ... 44
1.4.2 Awprioribounds . . .. ... ... . ... 45
1.4.3 GAS in the mutualistic case . . . . . . .. ... ... ... ... 46
1.5 Conclusion . . . . . . .. 48
Chapter 2

Selected phenotypes among those of equal fitness for small mutations

Article in preparation

2.1 Introduction . . . . . . ... 51
2.2 Why total mass and support match . . . ... ... ... ... ... .. 53
2.2.1 Asymptotic analysis of t = n.(t,-) . . . .. ..o 53

2.2.2 Passing to the limit againonn® . . . . . . ... ... ... ... 55

2.2.3 Numerical simulations . . . . . . ... .. ... ... ... ... 56

2.3 Inferring the real Dirac masses . . . . . . .. .. ... ... ... 58
2.3.1 In the case of symmetry . . . . . .. ... 58

2.3.2  In the absence of symmetry . . . . . ... oL 59

2.3.3  On transient behaviours . . . . . . .. .. .. ... .00, 61

Part II Population dynamics 63

Chapter 3

vi

The non-local Fisher-KPP equation in a bounded domain

Accepted in Comptes Rendus Mathématique

3.1 Introduction . . . . . . . . .. ... 65
3.2 The Lyapunov function approach . . . . . .. ... .. ... ... .... 67



Chapter 4
Control of the 1D monostable and bistable reaction-diffusion equations

Submitted article

4.1 Introduction . . . . . ... 69
4.2 Threshold length L* for extinction and invasion . . .. ... ... ... 74
4.2.1 A general result for invasion . . . ... ... ... ... 74

4.2.2 A general result for extinction . . .. ... ... 75

4.2.3 Estimating L* . . . . ... 77

4.3 Controlling towards € in the bistable case . . . . . ... ... ... ... 80
4.3.1 Control along a path of steady states . . . . ... ... ..... 80

4.3.2 Phase portrait in the case (H2) . . . . ... ... ... .. .... 82

4.3.3 The control strategy induced by phase plane analysis . . . . . . 83

4.4 Numerical simulations, comments and perspectives . . . . . . . ... .. 85
4.4.1 A numerical optimal control approach . . . . .. ... ... ... 85

4.4.2 Comments and perspectives . . . . . . . . ... ... ... ... 87

Part III Optimal control for chemotherapy 89

Chapter 5

Theoretical and numerical study of the optimal control problem (OCP;)

Published in Journal de Mathématiques Pures et Appliquées

5.1

5.2

5.3

Introduction . . . . ... 91
5.1.1 Overview and motivation . . . . . . ... .. .. ... ... ... 92
5.1.2  Modelling and overview of the main results . . . . . .. ... .. 93
Constant infusion strategies . . . . . . . . ... ... 96
5.2.1 Asymptotics for the complete model: proof of Theorem 5.1 . . . 96
5.2.2  Mathematical simulations of the effect of constant drug doses . . 100
Theoretical analysis of (OCP1) . . . . ... ... ... ... ...... 103
5.3.1 Simplified optimal control problems . . . .. ... ... ... .. 103
5.3.2 Assumptions and further remarks . . .. .. ... ... .. ... 104

5.3.3  Optimality of a concentrated initial population for a small time . 105
5.3.4 Reduction of IDEs to ODEs at the end of the long first phase . . 106
5.3.5 Analysis of the second phase . . . . ... ... ... ....... 108

vil



Contents

5.3.6  Solution of (OCPq) in By for large T proof of Theorem 5.2 . . 111

5.4 Numerical simulations . . . . . . . ... ... L 112
5.4.1 Numerical simulations of the solution to (OCP1) . ... .. .. 113
5.4.2 Comparison with clinical settings . . . . . .. ... .. ... ... 114
5.5 Conclusion . . . . . . .. 116
5.5.1 Summary of theresults . . . . .. .. .. ... o . 116
5.5.2  Possible generalisations . . . . . .. ... Lo oL 117
5.6 Appendix A: proofs for the simplified optimal control problems . . . . . 118
5.7 Appendix B: proof of Proposition 5.2 . . . . ... ... ... ... ... 120
Chapter 6

A homotopy strategy in numerical optimal control, application to (OCP4).

Submitted article

6.1 Introduction . . . . . . . . ... 123
6.2 Resolution of a Simplified Model . . . . . ... ... ... ... ..., 127
6.2.1 Simplified Model for one Population with no State Constraints . 127

6.2.2 A Maximum Principle in Infinite Dimension . . . . .. ... .. 127

6.3 The Continuation Procedure . . . . . .. .. ... .. ... ... ..., 130
6.3.1 General Principle . . . . ... ..o 130

6.3.2 From (OCP1)to (OCPq) . . . . .. .. .. ... 131

6.3.3 General Algorithm . . . . ... .. ... ... 0. 132

6.4 Numerical Results . . . . . . . ... 133
Part IV  Spheroid formation and Keller-Segel equations 141

Chapter 7

Turing instabilities in chemotaxis for spheroid formation

Article in preparation

viii

7.1
7.2

Introduction and biological data . . . . . .. .. .. ... 00 143
Chemotaxis model and spheroid formation . . . .. .. ... ... ... 146
7.2.1 The Keller-Segel model . . . . . .. ... ... ... ... .. 146
7.2.2  Condition for Turing instabilities . . . . . . . .. ... ... ... 147
7.2.3 Turing unstable modes . . . . . .. ... .. ... ... ... 148



7.3 Comparison of 2D simulations with experiments . . . . . ... ... .. 150
7.3.1 Pattern formation and agreement with the theoretical results . . 150
7.3.2 Pattern formation with growth . . . . .. .. ... ... ... .. 151
7.3.3 Conclusions and perspectives . . . . . . . .. ... 152
Chapter 8
Numerical analysis of schemes for the 1D Keller-Segel equation
Submitted article
8.1 Imtroduction . . . . . . . .. .. 153
8.2 Assumptions and notations . . . . . ... ... 156
8.3 Emergy dissipation . . . ... Lo 157
8.4 Semi-discretisation . . . . . . ... 158
8.4.1 The gradient flow approach . . . . .. .. .. ... ... ... .. 159
8.4.2 The Scharfetter-Gummel approach . . . . . . ... ... ... .. 159
8.4.3 Discrete steady states . . . . . . ... 160
8.5 Fully discrete schemes . . . . . . . .. ... 160
8.5.1 The gradient flow approach . . . . . . . ... ... .. ... ... 161
8.5.2  The Scharfetter-Gummel approach . . . . . . ... ... .. ... 163
8.5.3 The upwinding approach . . . . . . ... ... 163
8.6 Numerical simulations . . . . . .. .. ... ... ... ... 164
8.6.1 The Fokker-Planck equation, p(u) =w. . . . .. ... ... ... 164
8.6.2 The nonlinear Keller-Segel equation . . . . ... ... ... ... 165
8.7 Conclusion . . . . . . .. 169
8.8 Appendix C: well-posedness for monotone schemes . . . . . . ... ... 170
Bibliography 173

X



Contents




(zeneral introduction

PhD context

This PhD originates from a joint project on chemotherapy optimisation, bringing together
three advisors: Jean Clairambault, medical doctor and mathematician, Michéle Sabbah,
cancer biologist, and Emmanuel Trélat, mathematician specialised in optimal control. Most
of the work undertaken has thus been motivated by questions from cancer biology or
therapy.

Answering them has required using and further developing tools from several different
mathematical areas, among them the asymptotic analysis for partial differential equations,
and theoretical and numerical optimal control. These developments have in turn posed
new mathematical problems, interesting in their own right, with applications in the math-
ematical fields of adaptive dynamics, population dynamics, optimal control or numerical
analysis, a classification which roughly corresponds to Parts I, I, III and IV, respectively.

A chronological overview

More than the first half of the PhD has been devoted to continuing and expanding a work
initiated by Jean Clairambault, Alexander Lorz and Emmanuel Trélat on the optimisation
of chemotherapy. This has led to the development of Lyapunov functionals for the asymp-
totic analysis of integro-differential systems (Chapter 1), with an application to a model
from population dynamics (Chapter 3). It has also raised related questions in adaptive
dynamics about the selection of phenotypes (Chapter 2).

Treating the problem theoretically has combined the previous asymptotic results as well
as techniques for the optimal control of ODEs (Chapter 5). Solving it numerically was
made possible thanks to classical but expert methods from numerical optimal control,
and required introducing a new method based on homotopies, in the setting of a more
complicated model (Chapter 6).

The second part of the PhD has consisted in a subproject studying problems of controlla-
bility for some other models in population dynamics (Chapter 4), while the central matter
was motivated by experiments of cells aggregating in a 3D structure. Trying to under-
stand these patterns thanks to a minimal chemotaxis model, the work ranged from 2D
simulations exhibiting similar ones and their analysis (Chapter 7), to the development of
appropriate numerical schemes for the 1D equations (Chapter 8).
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General introduction

1 Reaction-diffusion and selection-mutation models

1.1 A general model as a basis

All the partial differential equations (PDEs) analysed in this manuscript have in common
that they model the dynamics of a population over time, structured by a continuous variable
x € €, where  is a bounded domain of R?. It may represent space, in which case we are
interested in the spatial dynamics of the population, or a trait or phenotype variable, in
which case the selection dynamics are the object of study. An example of phenotype could
be the size of a giraffe’s neck, the colour of a given flower, etc.

Hence, the quantity of interest is n(¢,x), the density of individuals at time ¢, at position
(or trait) x. It is assumed to satisfy the PDE

@_BAn:f(l‘an)’ (1)

ot
where t > 0, z € €, starting from an initial density n° > 0. The conditions on the
boundary 9f) of ) are either Neumann or Dirichlet boundary conditions.

There are therefore two main ingredients in these equations, either called reaction-diffusion
or selection-mutation depending on the context:

e a reaction term, rather called a selection term in the phenotype case. It describes
the death and proliferation of the individuals, and may depend locally or non-locally
upon n. The simplest and most classical modelling for this term is undoubtedly

f(z,n) =n(l—n),

which means that there is exponential growth for n > 0 with saturation at n = 1.
Such a logistic hypothesis of saturation is central and will be shared by most choices
we shall be considering for f. It models the competition between the individuals by
an additional death rate, proportional to n, which will counterbalance the so-called
intrinsic reaction rate, here equal to 1.

e a diffusion term, which models the random movement of individuals in space. If
x is a phenotype, it is pinpointed as a mutation term, modelling the random pos-
sibility (here local and unbiased) for individuals to change phenotype. In biology,
mutations are modifications in the DNA, while epimutations are heritable changes
in DNA expression (but not in DNA itself), the latter being considered to occur on
much shorter time-scales. We shall abusively always speak of mutations or genetic
instability, grouping mutations and epimutations in their biological sense.

We refer to the monographs |11, | for an introduction to those models.

The coefficient 8 > 0 has great importance, because we shall consider the case 8 = 0,
circumstances under which we will say that equation (1) is integro-differential.

2



1. Reaction-diffusion and selection-mutation models

Additional advection term. A part of this PhD has been devoted to studying more
general models, for which there is also an oriented movement of individuals. They tend to
prefer the direction of the gradient of a certain function ¢, potentially nonlinearly through
a sensitivity function . With 8 > 0 normalised to 1, the model reads

on

S An+ V- (p(n)Ve) = f(zn), (2)
In that case, ¢ can be given a priori on  (Fokker-Planck equation), or be representing
the concentration of some signal emitted by the individuals themselves. The equation (2)
above is then coupled to an elliptic or parabolic equation for v, of the form

— —Ac=n-c. 3

5 (3)
It is a Keller-Segel model, originally introduced to study collective movement of cells
emitting a chemical signal, towards zones of higher concentration [128, 88, 89]. Neumann
boundary conditions are enforced for n and ¢, making of the initial mass for n a formally
preserved parameter when f = 0.

1.2 Modelling differences in the space and phenotype cases

The logistic hypothesis according to which competition between individuals (for resources,
space) induces an additional death rate more generally leads to non-local terms of the form

o =n (1)~ [ Kapnia), (1)

through a kernel K. The intrinsic reaction rate here depends on the variable x, but the
important change is that individuals at x do not compete exclusively with those sharing
the same z, but also with those at y, with a weight K(z,y).

The kernel K in the space case. = When z stands for space, it is quite natural to
assume that K is localised, in order to describe that competition should occur mostly
between neighbours. K is thus thought of as a regularised Dirac at z — y. Equation (1)
with » = 1 and normalisation fQ K(z,y)dy = 1 for each x then becomes

0
8—7; — BAn = (1 - /QK(:v,y)n(t ) dy) n,

namely the non-local Fisher-KPP equation |12, 7T1]. At the limit K(z,y) — d(z — y),
it indeed simplifies into the well-known Fisher-KPP equation i.e., that with second term

n(l—n) [92].

In another direction, a usual refinement in population dynamics is to model the necessity
for a minimal density of individuals for the population to be viable at a given x (for
reproduction or cooperation reasons, for example). The nonlinearity is then called bistable

3



General introduction

(in contrast with the monostable case like f(n) = n(1—n)). It is negative below a threshold
0, then positive. The most common example is

fn)=n(l—n)(n—20).

Such bistable models are commonly used in physics (combustion theory, for instance), but
also in electrophysiology, e.g., with the FitzHugh-Nagumo equation.

The kernel K in the phenotype case. At variance with the space case, the phenotype
case allows for situations where K is not localised. If K is independent of y for example
with K (x,y) = d(z), we obtain

= — BAn = (r(z) — d(@)p(t) n, (5)

where

is the total number of individuals at time ¢. The asymptotic behaviour for these equations
in the integro-differential case § = 0 is particularly interesting and mathematically well
understood: under general hypotheses, p converges to p™ := max (5) and n concentrates
on argmax (3) [129]. If this set were to be discrete, the limit should be a sum of Dirac
masses.

This property of concentration on certain specific phenotypes is generally interpreted as
the selection of these phenotypes. It justifies the attention these models have attracted
in adaptative dynamics, the branch of mathematical biology dealing with the modelling of
selection processes in ecology [19, 51].

1.3 Mathematical tools and properties

Well-posedness. Let us start by mentioning a few results on (1).

When 8 > 0 and if the dependence of f on n is local, the standard theory of semilinear
parabolic equations applies, and quite generally there are classical solutions locally in
time [56]. If f is furthermore logistic (vanishing at = 1), the solutions are even global
and remain between 0 and 1 provided that the initial condition itself is, a fact due to the
parabolic maximum principle [11].

When f depends non-locally on n under the form (4), and if 8 > 0, solutions are still
classical and global in time, by a fixed point argument [16]. If 8 = 0, however, the
regularity inherited from the initial condition cannot be improved but the exponential
structure is enough to prove global existence, for example in a model like (5) [129].

Finally, for the Keller-Segel system (2)-(3), and assuming f = 0 for simplicity, solutions are
in general classical but the advection term (pushing the individuals towards oneanother)
might overcome the diffusion term. A remarkable phenomenon is then the existence of a

4



1. Reaction-diffusion and selection-mutation models

critical mass for the initial condition, under which solutions are global, and above which
there is finite-time blow-up [54, 16].

An option to get rid of blow-up is to choose a logistic sensitivity, creating a threshold
density at which the biased movement in the direction of the gradient of ¢ is shut off [75],
and more generally there are sharp results on whether solutions are global or not depending

on ¢ [165].

Asymptotic analysis. For equations (1) with a non-local reaction term, and when
solutions are defined globally, the typical behaviour is convergence towards stationary
states. A striking example of this general principle is the following result, for 8 > 0 and
f(z,n) = f(n) analytic (semilinear heat equation): any trajectory must converge to a
stationary state [150].

The standard method to arrive at these types of results is the construction of energy
functionals. When g = 0 and if f(z,n) = (r(z) — [ K(z,y)n(y) dy) is non-local in n,
stationary solutions also attract all trajectories. This result holds for quite general kernels
and also rests on some Lyapunov functionals [$2], on which we shall come back in much
more detail.

If 5 > 0 and still in the non-local case, however, a complete understanding is lacking.
Only the very peculiar situation when K depends only on y has been tackled: the term
Jo K (2,y)n(y) dy does not depend on z and can be temporarily gotten rid of by an ex-
ponential change of variable [10, |. The result is that any initial datum will converge
either to 0 or to a multiple of the first eigenfunction of the operator SA + r(z), depending
on the sign of the first eigenvalue of this operator.

As far as the Keller-Segel (2)-(3) is concerned, energies can be available, paving the way
for proving convergence towards certain stationary states [27, 53].

For these models, being able to build numerical schemes preserving energy dissipation is
essential, not only because they are entropies or physical energies and thus have an actual
physical meaning, but also because it often guarantees that steady states will also be
preserved at the discrete level.

Let us mention the related questions for the non-local Fisher-KPP equation. With Neu-
mann boundary conditions and in the purely local case n(1 — n), the local Fisher-KPP
equation has 1 as a constant stationary state. It attracts all non-zero initial conditions,
and the question is whether this steady state remains attractive in the non-local case, since
other stationary states than 0 and 1 might exist. Results on 1 being the only steady state
other than 0 if K is localised enough have been obtained in the literature [12, 71].

Control and optimal control. Control of models (1) belongs to the theory of control
of PDEs, a whole mathematical branch in itself [103, 11]. The control can act on the
whole or a part of the domain €2, or on the whole or a part of the boundary 02 (Dirichlet
or Neumann controls). Controlling PDEs (or ODEs) roughly means being able to steer
from a given state to another one in some fixed or free time, by means of appropriately
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chosen controls. The literature on the controllability of parabolic semilinear equations is
abundant, at least when f depends locally upon n [103, 11, |.

Let us consider, for example, the semilinear heat equation controlled with controls acting
on w, non-empty open subset of €2

?Z — BAn = f(n) + u(t, z)1,.

Under fairly general hypotheses with f a small enough nonlinearity depending locally on
n, then any initial datum can be brought to 0 in arbitrarily small time 7" > 0, with some
control u € L%(w x (0,T)) [94, 55, 57]. The regularising properties of the heat equation
are crucial to prove this result, which therefore requires § > 0.

The above control ensuring controllability to 0 will of course become larger and larger
as we take T smaller [55]. Consequently, these results do not apply to the quite natural
context where L°° constraints are enforced on the control. They also do not apply, at
least directly, if the control does not act additively, although multiplicative controls are
ominous in population dynamics for example, such as when the control plays the role of an
additional death term. Developing controllability techniques in the presence of constraints
is an active research problem [132, 107, 108].

A more flexible alternative to controllability when there are constraints on the controls (or
on the state), at least towards numerical experiments, is to set an optimal control problem.
In general, it writes as the minimisation of some criterion of the form

T
J(u) = /0 Jolt, (), u(®)) dt + g(T, n(T))

among all controls satisfying the constraints prescribed by the problem. When one aims
at targeting 7, a standard example is J(u) = |[n(T) — a||* in an appropriate norm.

Analysing such an optimal control problem from a theoretical point of view is possible
after applying a Pontryagin Maximum Principle (PMP) in a well-chosen space 130, ],
although it is not often the case that precise information will be obtained on the optimal
control. From a numerical point of view, all PDE-based optimal control problems can at
least formally be solved by direct methods [167]. Their principle is simple: the equation
and controls are discretised so that the optimal control problem becomes a high but finite-
dimensional optimisation problem. Its resolution is thus not yet granted, even with a good
algorithm. The computations can indeed be very heavy due to the high dimension, and a
good a priori is needed to initiate the algorithm.

6
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2 Motivations and related mathematical questions

2.1 Optimisation of chemotherapy and modelling

Clinical question and resistance in cancer therapy. Most of the mathematical
work presented in this manuscript has originates from the following question: how can one
use chemotherapy efficiently to try and eradicate (or control the size of) a given tumour?
This is a tall order because any strategy will be faced with the two classical pitfalls of
cancer therapy, which are

e the toxicity to the healthy tissue,
e the emergence of drug resistance.
The main chemotherapeutic drugs used fall into two main categories
e the cytotoxic drugs, which actively kill cancer cells,
e the cytostatic drugs, which lower their proliferation,

the former being believed to be triggering drug resistance, because they subject cancer
cells to mortal stress, contrarily to cytostatic drugs.

It is indeed commonly seen in the clinic that using so-called maximum tolerated doses
(MTD) for too long will eventually

e damage the healthy tissue to a life-threatening extent,
e lead to regrowth of the tumour [72, ) ].

There might be an initial decrease of the tumour burden, because cells that are sensitive
to the treatment have been killed, while the resistant ones will take over the whole cancer
cell population making the tumour insensitive to further intensive treatment [152, |

An ecological paradigm to explain drug resistance relies on the idea that phenotypic het-
erogeneity in cancer cells and the dynamics of cancer cell populations can be understood
through the principles of Darwinian evolution [65, 67]. Cancer cells indeed all evolve in
the eztracellular matriz (ECM), which is their structural and biochemical support, while,
given a particular tumour micro- and macro-environment (e.g., access to oxygen, nutri-
ents, growth factors, drug exposure), the fittest cells are selected. In the case of resistance,
resistant cell subpopulations are assumed to emerge and be selected for their high levels of
fitness in the presence of chemotherapeutic agents.

An idea gaining popularity is that some cells, called CSC for cancer stem cells, have a
higher plasticity because they are phenotypically very close to stem cells [153], and as such
are much more resistant to drugs. They are further identified as having undergone the
epithelial-to-mesenchymal transition (EMT), i.e., they have passed from an epithelial phe-
notype with strong cell-cell adhesive properties, to a mesenchymal phenotype characterised
by increased migrative properties.
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Since the EMT in a given cell can for example be assessed by the E-cadherin protein
concentration (necessary for junctions between cells), the level of resistance to a drug is
better represented by a continuous variable. Resistance to the drug can further be corre-
lated to other continuous biological characteristics, e.g., the intracellular concentration of
a detoxication molecule (such as reduced glutathione), the activity of detoxifying enzymes
in metabolising the administered drug, or drug efflux transporters eliminating the drug.

Consequently, a relevant modelling alternative to the binary sensitive versus resistant ODE
framework (as already proposed long ago in e.g., [13, 11]) consists of studying the cells at
the population level using a selection-mutation model as those introduced, and we choose
as a basis the model (5)

g’z — BAn = (r(z) — d(2)p(t)) n,

with p(t) = fol n(t,z)dz. Here, x € [0, 1] stands for the phenotype for resistance, ranging
continuously from sensitiveness (z = 0) to full resistance (x = 1). Note that the diffu-
sion term can be complemented with an advection term [37, 38]. The idea is to model
stress-induced adaptation: individuals actively adapt to their environment and this can be
thought of as an appropriate modelling of Lamarckian induction. Such generalisations will
not be considered in this thesis.

The model. From the previous equation, we build a model for the problem at hand in
the form of a system of two coupled non-local PDEs for healthy and cancer cells densities
ng(t,x) and neo(t, z), given by

on B ri(z)

Tf(t,fﬂ) = [1+§Hu2(t) —dp(x)Iu(t) - U1(75)MH(56)} np(t,z) + Bulny(t, ), o
onc B rc(z)

o (b) = [1 ocual) do(z)Ic(t) —w(t)pc(z) | ne(t, z) + BoAnc(t, x),

starting from an initial condition (n?q, nOC), with Neumann boundary conditions in z = 0
and 2 = 1. This model and variants are introduced in [111].

Let us describe in more details the different terms and parameters appearing above, with
the functions rg, re, dg, do, pg pe all continuous and non-negative on [0, 1], with 7,
rco, dg, deo positive on [0, 1].

rH(x) ro(z)

e The terms Tragu(®’ Tracu()
the cytostatic drugs, with

stand for the selection rates lowered by the effect of
ag < ac.

e The non-local terms dg () I (t), do(z)Ic(t) are added death rates to the competition
inside and between the two populations, with

I = agppm + agcepo, 1o .= accpe + acupn
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and as before )
pi(t) = / ni(t,z)de, i = H,C.
0

We make the important assumption that the competition inside a given population
is greater than between the two populations:

agc < OHH, acH < acc-

e The terms ppg(z)ui(t), po(x)ui(t) are additional death rates due to the cytotoxic
drugs. Owing to the meaning of x = 0 and z = 1, pyg and pug are taken to be
decreasing functions of x.

e The terms ByAng(t,z) and SfcAnc(t,x) model the random mutations, with their
rates Sg, Bc such that

BH < BC?

because cancer cells have higher genetic instability than healthy cells.

We first require the model to be rich enough to recover that high constant doses are
deleterious in the long-run, both on the healthy cell count and on the tumour itself. The
focus is not on transient behaviours, although numerically, it is also of interest to see
whether the model is able to reproduce an initial drop in the tumour size before it starts
growing again.

It is therefore natural to tackle this aspect from the point of view of asymptotic analysis
for the previous system, with constant doses of drugs. For these systems, the existing
techniques for asymptotic analysis (developed for a single equation) do not work, as we
shall see.

The optimal control problem. Looking for alternative strategies where the infusion
rates are now allowed to vary, we have in mind alternatives that are currently being ex-
tensively investigated by oncologists, e.g., metronomic scheduling, which relies on frequent
and continuous low doses of chemotherapy [10, 29, .

For a fixed final time 7', we consider the following optimal control problem, denoted in
short by (OCP1q). It consists in minimising the number of cancer cells at the end of the
time-frame

inf pc(T)
as a function of the L* controls u1, us subject to L constraints for the controls and two
state constraints on (pg, pc), for all 0 <t < T

e The maximum tolerated doses cannot be exceeded:

0 <up(t) <u™™, 0< u(t) < ugy™.
e The tumour cannot be too big compared to the healthy tissue:

pr(t)
o)+ pclt) ~ 1 "
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with 0 < Oy < 1.

e Toxic side-effects must remain controlled:

pu(t) = 0gpw(0), (8)
with 0 < 0y < 1.

In other words, having fixed some therapeutic time-window [0, 7], we consider all possible
infusion protocols below the maximum tolerated doses, while we want to keep the tumour
size below a critical size (relatively to the healthy cell population) and curb damages to
the healthy tissue.

2.2 Transcription into mathematical words and related difficulties

On the asymptotic analysis.  For the theoretical study of the model (6), we start
by assuming B = Bo = 0. Understanding the asymptotic behaviour of the 2x2 resulting
integro-differential system for constant doses boils down (after renaming functions) to that
of models of the form

on

7 (6.2) = (ru(@) — da (@)1 (0))ma (¢, 2),
aaT(t’x) = (TQ(‘T) - d2($)[2(t))n2(t7x)'

where the coupling is competitive and appears only in the non-local term

Iy = a11p1 + a12p2, Iz = azzp2 + a21p1
with p;(t) = fol ni(t,z)dz, i =1,2.

We recall that that the asymptotic behaviour for a single integro-differential equation in
the previous form

O t,) = (rla) — d()ol0) n(t, ),

is well summed up by the statements that
e p converges to p>° = max 7,
e n concentrates on the set arg max(%).

There is no difficulty in formally understanding the above formulae: assume for a moment
that p converges to some p > 0. The asymptotic behaviour of n(t, o) for some fixed z is
then exponential, with rate arbitrarily close to r(z¢) — d(xo)p as time goes by. On the one
hand, if it were to be a positive quantity for some xq, there would be exponential blow-up
of n in a neighborhood of xy. Consequently, p would blow-up as well, a contradiction with
its convergence. On the other hand, if r(z) — d(z)p < 0 on the whole [0, 1], then n would
converge to 0 exponentially, uniformly on [0, 1]. This also contradicts the convergence of p
to a positive limit.

10
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Collecting these results, we have obtained r(z) — d(z)p < 0 for all z, where equality must
hold at least for some phenotypes. For other phenotypes (namely those satisfying r(z) —
d(xz)p < 0), the previous reasoning shows that all the mass has vanished asymptotically.
Thus any mass left must be where equality holds. This proves that p is uniquely determined
as the smallest positive real such that r(z) — d(z)p < 0, d.e., p = max = p>, but also
that n concentrates on the set arg max (5)

The difficulty is to show the convergence of p. The classical approach is to prove that
p is BV on [0,+00). The intuition is that for the logistic ODE p' = p(1 — p), p will
converge increasingly towards its carrying capacity 1 if the initial condition is below 1.
For the integro-differential equation, the monotony is lost but it still holds true that p
"does not decrease too much": it satisfies that its derivative has integrable negative part
(p)— € L*(0,+00). Since p is bounded from above, it is BV and hence must converge.
This is detailed in Appendix 1.5 of Chapter 1.

This approach, however, fails for a competitive system and one must thus look for an
alternative strategy, extendable to systems. Such results have remained scarce, unless
some particular structure is available [25].

On the optimal control. The optimal control problem (OCPq) is hard to solve for
two main reasons: it is infinite-dimensional and has state constraints. Solving it either
numerically or theoretically is therefore a challenging task.

On the theoretical side, Pontryagin Maximum Principles (PMP) exist even when there
are state constraints [174], but the difficulties in analysing the resulting equations are
numerous:

e Lagrange multipliers associated with the constraints are measures, and it is in general
difficult to ensure that these measures have no singular continuous part,

e as the system is a PDE, the adjoint equation is a PDE as well and it also makes it
more difficult to analyse,

e more generally, even if the constraints were to be neglected in the first place, the
complexity of the equations leads to intractable computations.

On the numerical side, indirect methods rely on a PMP, and as stressed above the con-
straints are not amenable for it to be treated efficiently [166]. Thus, we restrict ourselves
to direct methods which consists in discretising the whole problem (in the variable ¢ and in
the variable ) so that the optimal control problem is approximated by a finite-dimensional
optimisation problem. These problems are in general not easily dealt with because they
are non convex. There are, however, some specific difficulties related to the complexity of
the equations (of PDE nature and with state constraints):

e discretisation in both variables lead to a very high-dimensional optimisation problem,
making the use of expert optimisation routines compulsory.

e the best optimisation algorithms in a nonconvex setting require a good initial guess,
which is all the more difficult that the problem itself is.

11
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2.3 Cells forming spheroids in a 3D structure

Biological experiments. In the Laboratoire de Biologie et Thérapeutique des Cancers of
INSERM at Saint-Antoine Hospital, Michéle Sabbah and Nathalie Ferrand have performed
experiments consisting in putting cells in a 3D hydrogel structure mimicking the actual
environment they encounter in vivo, the extracellular matrix, in sharp contrast with usual
2D in vitro experiments in Petri dishes. The results strikingly show that breast cancer
cells tend to organise spatially as numerous spheroids in the hydrogel, see Figure 1 below.

FI1GURE 1: 2D image of hydrogel showing spheroids formed by cells from a breast cancer cell line
(MCFY7) after 8 days of culture, courtesy of N. Ferrand and M. Sabbah.

The interest for these patterns is at least twofold

e the ability of cells to move and aggregate is very much linked to the occurrence of
metastases, because it is now very well documented that migrating cells responsible
for metastases are not alone, but rather organise as clusters [30)],

e in breast cancer, cancer cells invading the surrounding adipose tissue are known to
give rise to nontrivial spatial structures.

Turing instabilities. Starting from the seminal work of Turing [165], the so-called
Turing patterns have emerged as a fundamental tool to explain patterns in biology, such
as stripes on the bodies of animals. Mathematically, these are exhibited by reaction-
diffusion equations for which, following the definition of Perthame [130], the three following
ingredients all coexist regarding some steady state:

e extinction and blow-up are impossible,
e the steady state is linearly unstable,
e the unstable modes have bounded frequencies.

Contrarily to other works [125, 175], we do not enter into the physics of the cell-structure
adhesion. Assuming that cells in this hydrogel can move randomly in all directions (pro-
vided that the hydrogel is loose enough and isotropic), we choose a simple diffusion term.

12
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Because they also emit chemokines attracting other cells, such as CXCL12 or CXCLS for
breast cancer cells [119], we instead consider chemotaxis to be the main feature and focus
on a minimal Keller-Segel model. We also take growth into account since the hydrogel is
put in a renewed high glucose medium.

Mathematical model. More precisely, we are interested in Keller-Segel models writing
in dimensionless form as
(9)

dc _
EE—AC—TL—C.

{g;; —An+ V- (p(n)Ve) = n,

posed on € with Neumann boundary conditions. Here, Q C R? is the hydrogel, a cylinder
of small height. Thus, taking Q C R? to be a disk is a reasonable approximation both for
simulations and analysis, while we shall also consider an interval of R for the analysis of
numerical schemes.

For the sensitivity function ¢, we have in mind the classical case ¢(n) = n but also
©(n) = n(l —n) to prevent chemotaxis from occurring above a critical density 1, or the

more flexible nonlinearity ¢(n) = ne™".

For the model (9), several questions are in order:

e can it exhibit Turing patterns, and if so, what are the key parameters responsible for
the emergence of patterns, their size and number?

e do the Turing patterns qualitatively match the structures experimentally obtained?
e how can one explain discrepancies between the model outcomes and the experiments?
Turing instabilities, steady states and numerical schemes.

For these types of models, Turing patterns have been shown to exist but the dynamics
can be quite intricate [120, 53|. For example, when ¢(n) = n(l — n), structures with
high density (close to 1) may arise (while n is close to 0 on the rest of the domain), but
they tend to merge slowly on very long time-scales [137]. These instabilities thus seem
stable on relevant biological scales and are pinpointed as metastable in the literature. As
a consequence, understanding the possible steady states (which might attract trajectories)
is not enough because they would be obtained only on non-realistic time-scales.

There are energies for these Keller-Segel equations (for certain specific functions ¢), which
sometimes are enough to prove convergence towards stationary states [27, 53]. Mathemat-
ically, relying on efficient algorithms preserving energy decrease, pertinent bounds for the
problems and steady states is also of great importance, in particular when it comes to
the complex question of discriminating between actual steady states, metastable ones, or
"wrong" steady states due to poor discretisation.

Such schemes have been developed in [30], where finite-volumes schemes adapted to the
gradient flow structure of the equations are designed and shown to preserve energy dissipa-
tion and positivity, at the semi-discrete level (i.e., after discretisation of the space variable)
but not all the way to the discrete level.

13
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3 Mathematical results and applications

3.1 Asymptotic analysis

From ODEs to integro-differential equations. The approach we have developed for
the asymptotic analysis of systems of integro-differential equations is based on some type
of Lyapunov functionals, which were introduced in this context by Jabin and Raoul [32]. A
good introduction (and probably, how the intuition came to the aforementioned authors)
for these functionals is to consider the equation of interest on some set Q C R?

e = (@ - [ Kot dr) nte.o) (10)

and discretise it formally in « through r; = r(z;), aij = K(z4,2;), n(t,z;) = y;(t), which
yields
dy; al
T;(t): Ti—z;aijyj(t) yi(t), i=1,....N. (11)
j:

The equation (11) falls into the category of Lotka-Volterra ODEs, where A = (aj;) is the
so-called interaction matrix [64, 63].

Assume that this equation has a steady state (y5°), <i<n > 0 and consider

N
Vyi= Z)\j ((yj —yfo) —y;°In (;{fo)) >0,
i=1

J

where the \; > 0 are to be chosen.

Computing the derivative along trajectories, we find

dVa _ 1 royr
prai Tk (A D+DA)u,

where D = diag()\;), A = (a;j), v = y — y>°. From the classical theorems from the
Lyapunov theory, we arrive at a Theorem due to Goh, dating back to 1977.

Theorem ([0]). Assume that there is the ODE system has a steady state (y7°), ;< > 0.
Then if there exists a diagonal matrix D with positive entries such that ATD + DA > 0,
y° attracts all non-negative solutions other than 0.

Knowing such a result, it is a quite natural idea to consider its infinite-dimensional coun-
terpart i.e., for a given steady state n> of (10), the following function

V(t) = /Q m(z) <n(t, 2) = n%°(x) — n(z) In (”(t’ $)>> da, (12)

noe(x)

with m > 0 a weight to be chosen.

14
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Computing the derivative formally, we find

av 1

=5 L @K )+ ) ,2) (aft,3) (@) ()~ n>(0) dody.
The energy dissipates if there exists a weight m such that (z,y) — m(z)K(z,y) +
m(y)K (y,x) is a positive definite kernel (the infinite-dimensional version of the ODE hy-
pothesis). This should be enough to conclude with some minor technical difficulties due
to the infinite dimension.

Dealing with the Dirac masses. As noticed already by Jabin and Raoul, there is
actually a hidden difficulty in the well-posedness of the function V itself: recall that for
some kernels the asymptotic behaviour should be convergence to Dirac masses! The term
n® In(n>) does not make sense in these cases and the formula (12) is not even defined.
At first glance, this seems like a reasonable hurdle because this term does not depend on
time and, as such, can be removed without changing the (possible) decreasing behaviour
of V' along trajectories.

The main difficulty comes from the fact that V is then no longer a non-negative function,
and one has to focus instead on the dissipation % itself, trying to prove that it tends to
0, at the expense of further computations to estimate the second derivative of V.

In the specific case of K(x,y) = d(x) which we are interested in, this Lyapunov func-
tional happens to be perfectly fitted. Indeed, choosing any measure n°>° concentrated on
arg max (3) and of mass fQ n> = p> = max (5), and with m = é, we find

dav
T —(p—p™)? +/ m(z) (r(z) — d(z)p>)n(t,x)dx =: I + Is.

Q
Both terms are non-positive: the first one is linked to the convergence of p, while the
second accounts for the concentration of n. The Lyapunov functional naturally decouples
the two phenomena.

Estimating V' from below and its derivative in the spirit of Jabin and Raoul’s work, there
holds that %/ vanishes asymptotically, and so must the two-terms I; and I. In particular,
p converges to p>° and concentration follows from the reasoning already given earlier.

Extension to systems. With these functionals perfectly suited for our interest, we turn
our attention towards systems, motivated by the 2x2 one for cancer and healthy cells, and
more generally in any dimension, in the form

0

N
ot ) = ri(z) — di(z) > aijp;(t) | ni(t,x), i=1,...,N. (13)
j=1

For these equations, if there were to be convergence and concentration, then as for a single
equation, the limits for p; and the sets on which n; concentrate are unambiguously defined

15



General introduction

(provided that A is invertible): more precisely, a limit p> for p must satisfy for each i
ri(z) — di(z)(Ap>); < 0 with equalities for some phenotypes, in other words:

ri(z)
Ap>™ = <max >
di(z) 1<G<N

from which a formula follows after inversion.

The functional is now a mix between the ODE one and the infinite-dimensional one, and
reads

Vilt) = ﬁ:jx [ mite) [nm) In (n(i)) + (nilt,2) — n2(@))] d,

with m; = d%, and the \; > 0 to be chosen, and where the n; are measures with appropriate
mass and support. Their use is presented in Chapter 1.

With this functional, we have proved in |110]

Theorem 0.1 (P. and Trélat). Assume that there exists a diagonal matriz D with positive
entries such that DA is symmetric positive definite. Then, convergence and concentration

hold for (13).

The requirement that DA be symmetric is quite restrictive as soon as N > 3 because it
translates into some polynomial constraints on the coefficients of A. However, it essentially
covers all interesting cases in dimension N = 2, which was our initial motivation for the
cancer and healthy cells and the first result we proved and used in [139], see Chapter 5.

Finally, we have extended the BV technique to the system (13) in Section 1.4 of Chapter 1,
when the system is cooperative (the non-diagonal coefficients of A are non-positive). In
this particular setting, comparison principles for ODEs can be used and the BV approach
still yields interesting results.

A case with diffusion. To apply such Lyapunov functionals as (12) to a case where there
is the Laplacian has one advantage: steady states are smooth and not measures so that the
term n° In(n°°) makes perfect sense. However, a new term appears in the dissipation rate
of the functional (12) which has no sign in general and it is an open problem to understand
how to compensate it with the first one. This term can however be given a sign if handled
properly by choosing the weight in front as m = n°.

Such a choice is motivated by the usual entropies for linear parabolic equations, which take

9] n

where H is convex and ¢ is the solution of the adjoint elliptic problem [130]. In our case,
the operator is self-adjoint and H(z) := z — 1 — In(z), which gives exactly

V() = /Q () (n(t, ) — 0 (2) — n™(2) In <”(t’ ””))) da.

noe(x)
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The dissipation of (12) is now

% = /Q (@)K () (n(t, ) —n>(x)) (n(t,y) = n*(y)) da dy

(= (@))" | (nlt,2)\|*

-8 - \V4
Under the assumption that (z,y) — n*(x) K (x,y)+n>(y) K (y, x) is positive semi-definite,
we can conclude. The hypothesis nonetheless remains implicit and therefore not usable as
is, because we do not know n°°. There is an important case, however, where this is explicit,
that is n°° = 1 and then we require that K be positive definite. The equation is then indeed
the non-local Fisher-KPP equation (under the additional hypothesis [ K (z,y) dy = 1 for
all x).

Difficulties arise if this equation is posed in the whole R, but everything works smoothly
in bounded domains with Neumann boundary conditions, a fact developed in a note [138]
and presented in Chapter 3:

Theorem 0.2 (P.). If K is positive semi-definite, the state 1 attracts all non-negative
non-zero solutions.

We believe this condition on K to be highly relevant, even on R? where the use of this
Lyapunov functional is an open problem. This is because when K(z,y) = ¢(z — y) is
a convolution, the condition that it should be a non-negative definite kernel on R? is
essentially equivalent to ¢ having a positive Fourier transform. This condition has already
proved to be sufficient for 1 to be the only stationary state other than 0 for the equation,
when d =1 [12].

Refining the asymptotic analysis for Dirac masses. A somewhat puzzling feature
of integro-differential equations with a kernel K(z,y) = d(z) is that the limit n*> is not
necessarily unique and there is typically a non countable set of steady states. Assume that
the set on which it is supposed to be concentrated is made of two phenotypes z1 and xs.
Then we have a one-paremeter family of steady states given by

P (ady, + (1 —a)dy,), 0<a <,
and the actual limit of n among them depends on the initial condition, so that we cannot
say more.

It is then reasonable to wonder whether this kind of degeneracy is due to neglecting the
mutation term. In other words, can we recover some uniqueness by instead considering

one
ot

—eAne = (r(x) — d(z)p:(t)) ne,

with some small parameter €7 This question is addressed in Chapter 2.

The goal is then to analyse the asymptotic behaviour of the equation above as t goes to

+00, and assuming that there is a unique limit n2°, investigate the limit of n2° as € goes
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to 0. We are able to do it only if d is constant, and we normalise it to 1. The important
quantities are now max(r) =: p> which is the limit of p, and argmax(r) into which the
support of any limit point of n(¢,-) must be contained.

When d = 1 is constant, there is no particular difficulty in proving that, for £ small enough
and max(r) > 0, n. converges to a multiple of the first eigenvector 1. of the operator e A+r,
namely (—A;)v. where )\, is its first eigenvalue and ¢, is normalised by [, . = 1 [16, 100].

Using the Rayleigh quotients, it is possible to prove that the approach is coherent, namely
that the limit points of the family ((—\:;)1.) are measures with total mass max(r) = p™
and support included in arg max(r), and this is totally independent of the initial condition.
Thanks to this result, we are thus interested in the behaviour of n2° as € goes to 0 in place
of that of n as t goes to +00. This approach will have brought something if we are able to
say more on the support of the limit.

To go further, we must understand more deeply the behaviour of the first eigenfunction
(and first eigenvalue) of the operator eA+r as ¢ tends to 0. Of course, there are some cases
where symmetry at the level of the data (the function r and the domain 2) is inherited by
the eigenfunction, so that any limit of the first eigenfunction must be symmetric, which
will typically yield uniqueness at the limit ¢ — 0.

In the absence of symmetry, much more can still be said: interestingly, this question had
attracted a lot of attention in semi-classical analysis where —r = V is a potential with
several local minima at the same height, and the question is to determine where this
particle will be found in the limit of small noise [155]. Translating results obtained in this
community [79], the support for limit points of the eigenfunction are narrowed down. A
formal and working statement is

[e.°]

>° must concentrate on the

Theorem 0.3 (Lorenzi and P.). Among the set arg max(r), n
phenotypes for which v has the lowest concavity.

For example, on [0,1] and if 7 has a two maxima at 1 and z3 in (0,1) with —r"(z1) <
—r"(x2), then n2° converges to p>d,, as e tends to 0.

3.2 Optimal control for chemotherapy optimisation

A motivation from the asymptotic analysis. In the particular case of the system for
healthy and cancer cells (6) with Sz = Bc = 0 (neglecting the mutations), the result for
systems of integro-differential equations applies. It means that, under constant infusion
of drugs 1, g, the total number of cells py and pc converge to some p77, pg¥ while the
densities ny and no concentrate on some sets, all of them being computable from the data
and 4y, Us.

It these sets are reduced to singletons x%7, ¥ whatever the doses, we have a mapping
between 1, 2, and the resulting asymptotic number of cells p7, p¢v, as well as the
phenotypes x%;, ¥ on which the cell densities have concentrated.
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3. Mathematical results and applications

This provides a nice framework showing that our model reproduces the failure of giving
high doses: simulations show that the cancer cell count first decreases and then increases
to its asymptotic value. This is because the cancer cell density has converged to a weighted
Dirac at x¢¥ which is very close to 1, a very resistant phenotype, meaning that after some
time, the treatment becomes inefficient.

This is also a motivation for the analysis of the optimal control problem (OCP1) in detail,
which we did in [139] for Sy = Bc = 0 (mutations are neglected). This work is presented
in Chapter 5.

Theoretical optimal control: a smaller class of controls. As already emphasised,
obtaining quantitative results out of a PMP applied to (OCP1) is out of reach. We instead
provide several heuristics for related optimal control problems on simpler ODE models in
Section 5.3 of Chapter 5, all suggesting that, when the final time T is large, the optimal
control strategy will first consist in taking constant controls on a long phase to ensure
concentration on resistant phenotypes.

Therefore, we proceed to the analysis of the optimal control problem in a (much) smaller
but still rich class of controls

Br = {<u1,u2>, (wi(t), ua(t) = (@1, @2) on (0,T1), T = T1 < Tp" }

namely controls that take some constant values on a (long) first phase, and then switch
to any controls on a second (short) phase, and we aim at doing so in the limit " — 4o0.
Finding the optimal control amounts to determining

e the constant values (u1,uz2) for the controls on the long phase (0,71),
e the L™ controls (uj,u2) on the short phase (T' —T11,T),
e the length of second phase T'— Ty < Ty,

The results from the asymptotic analysis then come in very handy: at 77, denoting z%; and
x¢y the phenotypes on which the healthy cells and cancer cell densities have concentrated,
there holds ny(t,-) ~ pu(t)dzse, nu(t,) =~ pc(t)dzes at the limit T'— +oo. Furthermore,

pr and pco are arbitrarily close to solving the ODE system:

dﬂH_[ ri(e) —dH(x?{O)IH(t)—Ul(t)MH(HCCI){O)] pir(t),

dt 1+ agus(t) ”
W=l fcfiﬁ2)<t> ~ do(z¢)o(t) - ul<t>uc<m°c°>] po(b),

on the interval [T'— T3, T].

Theoretical optimal control: the optimal structure in the smaller class. For the
previous ODE system (14), minimising pc(7") with the state constraints requires lengthy
but manageable computations, if one assumes that the Lagrange multipliers associated
with the constraints, which are measures, have no singular continuous part. And indeed
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we can prove that for the ODE system, the optimal strategy is such that the last three
arcs must be

pPH
pH+PC’

e a boundary arc along the constraint (7) on

max

e a free arc with controls u; = u*** and ugy = uy"**,

e a boundary arc along the constraint (8) on pg, with ug = uf™®.

All the previous results put together yield the optimal strategy in the set of controls Br
as T goes to 400, which informally reads as follows, and holds under various technical
hypotheses.

Theorem 0.4 (Clairambault, Lorz, P. and Trélat). Asymptotically in T there exists an
asymptotically optimal solution to (OCPy) in Bp. More precisely, there exists a control
strategy which minimises pc(T) up to an error vanishing as T goes to +o00, and such that
the tragectory on (T'—T1,T) is arbitrarily close to the concatenation of at most three arcs:

e a quasi-boundary arc along the constraint (7),

xT

® a free arc with controls u; = u"™ and uy = uy'*”,

e a quasi-boundary arc along the constraint (8), with ug = uf'**.

Numerical optimal control problem: direct methods and homotopies. The
numerical resolution of the optimal control problem is here made through a direct method,
thanks to a discretisation both in time and in the variable z, described by respective
number of points N; and N,. It leads, as explained in detail in Section 6.3 of Chapter 6, to
a complex nonlinear constrained optimisation problem with about 2Ny N, variables, which
we denote P;. Even efficient algorithms will fail for Ny and N, large because they require
a good initial guess.

To overcome this, our general approach is to perform a homotopy, the principle of which is
simple: we wish to find a much simpler problem Py which can be linked to P; by a series
of optimisation problems (Py) where A ranges from 0 to 1.

Assuming that Py is simple enough for the optimisation algorithm to converge regardless
of the initial value, this yields the homotopy algorithm

e solve Py, and set A =0
e while A < 1,
A= A+dA
Solve Pyiqx with the solution of Py as initial guess.

For the specific problem we are dealing with, we use the modelling language AMPL [60]
and the optimisation routine IpOpt [173], together with a homotopy on N; and N,, starting
from low values (i.e., a coarse discretisation). The result of a typical simulation is given
below in Figure 2.
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FIGURE 2: Simulation of the solution to (OCP;) for T' = 30. Here, pcs(t) = fol(l —z)nc(t, z) dx
accounts for the number of resistant cells.

These simulations clearly indicate that for the chosen numerical data, if T" is large enough,
then the optimal controls are such that:

e the optimal control uy is first equal to 0 on a long arc. Then, on a short-time arc,
up = u]™* and then to a value such that the constraint (8) saturates;

e the optimal control uy has a three-part structure, with a long-time starting arc which
is a boundary arc, that is, an arc along which the state constraint (7) is (very quickly)
saturated. It corresponds to an almost constant value for the control us. The last
short-time arc coincides with that of u;, and along this arc ug = u5"**.

In other words, the optimal strategy is made of

e a first long phase with no cytotoxic drugs and low doses of cytostatic drugs (as
low as the constraint (7) allows it), at the end of which the cancer cell density has
concentrated on a sensitive phenotype.

e a second short phase first with maximal doses (which are efficient on a sensitive
tumour), up until the constraint (8) on the side effects has saturated. Then, inter-
mediate cytotoxic drug doses are given (while the cytostatic drugs are still given at
full dose), in order to make the tumour still shrink while the constraint (8) remains
saturated.

In particular, we numerically recover the three arcs obtained that were obtained theoreti-
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cally.

Numerical optimal control problem with mutations. The previous approach to
numerically solving the optimal control problem is time-consuming when T becomes large,
and even starts failing for fine discretisation parameters. These problems are made worse
with the Laplacian terms, which have to be either discretised explicitly or implicitly, leading
to a CFL or costly inversions, respectively.

The core idea presented in Chapter 6 which we developed in [124], is also based on homo-
topies, but first performed on the optimal control problem itself. We simplify the optimal
control problem up to a point where a PMP in infinite dimension can provide very precise
results on the optimal controls. More precisely, setting Sy = B¢ = acg = 0 = 0gc =0,
we end up with the optimal control problem (OCPy)

min T
W in pc(T)

where n¢o solves

ong ro(x)

W(t,w) T T acwl) do(x)pe(t) — pe(@)ui(t) | no(t, ),

with 0 < up(t) < u"®, 0 < ua(t) < uh'™, but without state constraints (they are inactive
because g = 0gc = 0).

The main result is the following.

Theorem 0.5 (Olivier and P.). The optimal controls for problem (OCPyp) are given by
ur(t) = u Ly, 7y, ue(t) = ug Ly, 7.

for some t; € [0,T], t2 € [0,T.

One can therefore reduce the controls (originally in the infinite-dimensional space L°°(0,T')?)
to their switching times 1, t3 (in R?). Numerically, the problem can be discretised very
finely, and the corresponding problem is an optimisation problem from R? onto R, which
can be solved quickly and efficiently. This serves as a starting point (i.e., as the problem
Po) for the homotopy procedure, at the end of which the problem P; (associated with the
full optimal control problem (OCPq)) is solved.

Simulations resulting from this technique, shown in Section 6.4 of Chapter 6, indicate that
the optimal controls have the same structure as in the integro-differential case, and the
computations have been made much quicker (even if By = Bc = 0).

It does not only provide a very precise result for the problem with mutations (with a
much finer discretisation than with the previous approach) but also a general strategy for
numerical optimal control: working at the continuous level by simplifying the problem so
that it can be theoretically analysed with a PMP. The discretised counterpart is then an
excellent candidate as starting point for a homotopy.
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3. Mathematical results and applications

Towards an application to the clinic. In the clinic, we advocate that the optimal
strategy obtained here must be thought of as a pattern to be repeated in a kind of periodic
way, with three phases:

e (1) a long phase with low doses, as low as the maximal tumour size allows it,
e (2) a short phase with maximal doses up until the side-effects are deemed too great,

e (3) a potential (risky) extension to the previous phase with high cytostatic doses and
intermediate cytotoxic ones to let the tumour further decrease while side-effects are
at their limit.

Examples of such strategies are given in Section 5.4 of Chapter 5..

An actual implementation of this strategy requires to define it in feedback form, where the
decision to switch from one phase to another is made on some biological markers:

e from phase (1) to phase (2): when resistance markers show that the tumour has
become sensitive enough for the maximum tolerated doses to be used efficiently or
when the tumour is considered to be too big (it becomes a threat to the organ or
metastases are too likely to occur),

e from phase (2) to phase (3): when the maximal tolerated doses are no longer toler-
ated,

e from phase (3) to phase (1): when resistance markers show that the tumour has
become resistant again. Alternatively, or equivalently, one could think that if the
tumour starts increasing again, this is the sign that resistance is too high and that
treatment at high doses must stop.

A key hypothesis (tacit in the model) for these strategies to work is for the tumour to be
plastic enough to go back to sensitiveness in the absence of strong drug pressure. This
reversibility must also happen quickly enough for phase (1) not to be too long. Finally, it
is implicit here that several indicators can be measured for the assessment of several or all
of the following: the level of resistance to the drugs, the damage to the healthy tissue and
the tumour size.

3.3 Controllability for monostable and bistable 1D equations

Problem statement and link with asymptotic analysis. We are concerned with the
control of 1D semilinear parabolic equations for population dynamics in the form

Yt — Yzx = f(y)a
y(t,0) = u(t), y(t,L) = v(t), (15)
y(0) =4°.
with Dirichlet controls on the boundary between 0 and 1, and 0 < 4° < 1, where f is either
of monostable type, e.g., f(y) = y(1 —y), or of bistable type, e.g., f(y) =y(1 —y)(y —0).

23



General introduction

We aim at solving the following controllability problem: can we control the equation
towards 0 (extinction), 1 (invasion) or even the unstable state 6 (in finite time or infinite
time)?

For 0 (resp. 1), the question boils down to analysing what happens if we put 0 (resp. 1) on
the boundary because of the parabolic comparison principle 112, 93]. This is consequently
a problem of asymptotic analysis, for which a key result due to Matano is the following:
with static controls, any trajectory must converge to a stationary state. Thus, if we set 0
on the boundary, any trajectory will asymptotically converge to 0 provided that the trivial
solution 0 is the only one to the stationary problem

{_y:m: = f(y)u

y(0) = y(L) — 0. (16)

From phase plane analysis for the ODE —y” = f(y), it is possible to find a threshold
L* (computable as a transcendental integral) under which 0 is the only solution to the
stationary problem (16), while there is at least another one if L > L*.

Control towards 0. To control towards @, the main tool is the staircase method, which
relies on the result that, for any two path-connected steady states, there exists a control
strategy steering the first one to the second one.

Managing to use this technique properly amounts to finding a steady state y;p;; such that
e a suitable choice of boundary Dirichlet controls will make y;,;; globally attractive,
e there exists a path of steady states linking ¥;,;: and 6.

Both requirements are ensured thanks to a fine analysis of the phase portrait in the bistable
case. The general result obtained in this work presented in Chapter 3, is summed up as
follows.

Theorem 0.6 (P., Trélat and Zuazua). (15) is controllable

e in infinite time towards 0 if and only if L < L* in the monostable case (resp. L < L*
in the bistable case).

e in infinite time towards 1 independently of L.

e in finite (or infinite) time towards 0 if and only if L < L* in the bistable case.

3.4 Spheroid formation and Keller-Segel equations

Turing instabilities for Keller-Segel.  For the dimensionalised Keller-Segel system
without growth (neglected to ease computations)

%’Z — D1An+ x - (p(n)Ve) =0,
% — DyAc = an — e,
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3. Mathematical results and applications

we use standard methods in Chapter 7 to determine a necessary and sufficient condition
for the steady-state (M, %M ) to be Turing unstable, with M the total and preserved mass,

given by [,n" = M. The condition writes simply as

> Dy

ax
If ¢ increases up to some density and then decreases, for example in the logistic (p(n) =
n(1—n)) and exponential cases (¢(n) = ne™ "), a consequence of the previous condition (17)
is the following: all other parameters being fixed, there are no Turing instabilities for M too
small or too large, while they can exist for intermediate values for the mass. Interestingly,
experiments seem to yield such results, which is a good indicator that these functions are
a better choice than the more classical ¢(n) = n.

p(M) (17)

2D simulations. We provide 2D simulations on a disk for the system without and with
growth, either for the logistic or exponential function, obtaining round patterns. These
patterns appear abruptly, first at the periphery and then all the way to the center of the
disk. A typical example is given in Figure 3.

N
©
@

e & & 5,

FIGURE 3: An example of a simulation exhibiting patterns, for a logistic sensitivity function and
no growth.

Numerical analysis of 1D finite-volume schemes. For models like the Keller-Segel
one above, we develop schemes in Chapter 8, in the simplified case where the chemoattrac-
tant diffuses much faster than the cells (which leads to neglect the time-derivative for the
equation on ¢). They must preserve important continuous properties such as positivity and
energy dissipation. Indeed, for the parabolic-elliptic Keller-Segel system posed on (0, 1),

O 92 o O
5~ g T g (p(n)gs) =0,
e T

81.2_ 9

the energy

£(t) = /0 1 [G(n) _ ;nc] do
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dissipates, where G' = g, ¢’ = %. There are two close ways of writing the equation for n:
the first one is the classical Gradient Flow

om0 [0l =a]

or a Scharfetter-Gummel one, inspired by a common technique for the discretisation of
PDEs arising in the physics of semi-conductors:

on 0

ol des(n)—c
T [e 9( )gp(n)] =0.

ox

Following closely these computations to write the flux terms Fj i/, in a finite-volume
approach leads to two semi-discrete schemes which preserve energy dissipation. At this
stage, the equations become ODEs for n;(t) ~ n(¢, x;), of the form

dnz(t) 1
dt + E[FZ+1/2(t) - Fz—l/Q(t)] == 0

We use an semi-implicit scheme Euler scheme, which requires choosing appropriately terms
that will be discretised explicitly or implicitly in order for the properties preserved at the
semi-discrete to be further conserved at the discrete one. This has to be done with care
since existence and uniqueness of a solution for the schemes is not granted due to the
implicit terms. They actually rely on some appropriate monotonicity of F;;; as a function
of n;11, n;, see Appendix 8.8.

This whole process yields two different finite-volumes schemes at the discrete level, pre-
sented in the article [22]:

Theorem 0.7 (Bubba, Neves de Almeida, P. and Perthame). For the 1D parabolic-elliptic
Keller-Segel system, the Gradient Flow and Scharfetter-Gummel approaches lead to discrete
schemes preserving mass conservation, enerqy dissipation, positivity and steady states.

4 Some perspectives and open problems

On the asymptotic analysis for a single equation. For the selection-mutation equa-
tion with a non-local selection term (4), a complete picture is still lacking. The work of
Jabin and Raoul has undoubtedly shed some light in the integro-differential case. Our
extension to the PDE case with a weight m = n® has allowed us to treat the very special
case of the non-local Fisher-KPP equation for a bounded domain.

Extending this result to the non-local equation on the full space seems trickier due to the
fact that asking that n(t) — 1 — In(n(t)) be in L'(RY) is too restrictive. A natural path is
to consider an exponential weight to gain integrability, but it is not clear how to handle
the new terms appearing in the dissipation.

Does the implicit condition that (z,y) — n*°(z) K (z,y)+n>(y) K (y, x) be positive definite
apply to other interesting cases? For other choices of weight m (not depending on n>)
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we can always assume that (z,y) — m(x)K(z,y) + m(y) K (y,x) is positive definite, but
the term coming from the diffusion term in the dissipation of V' has no sign. It is an open
question to see whether it can be balanced by the other term by, for example, appropriate
functional analytic inequalities.

On the asymptotic analysis for a system. For systems, the Lyapunov functionals
introduced by Jabin and Raoul have been proved to be appropriate for integro-differential
systems with an arbitrary number of equations for a specific form of the kernel (K (z,y) =
d(x)). We have explained how the argument is general for 2x2 systems, but the condition
on the interaction matrix becomes much more restrictive in higher dimensions, although
simulations do not seem to suggest that the convergence and concentration properties are
lost.

When the system is not integro-differential, the situation is essentially as open as for a single
equation: only kernels of the form K(z,y) = d(y) are dealt with, as in [100], because they
can be handled as some kind of eigenvalue depending on time.

On the optimal control. For the theoretical analysis of (OCP1) in the integro-differential
case, the critical idea was that for a long final time T, it is optimal to try and first reach
a very sensitive phenotype. This result, confirmed by numerical simulations and hinted at
by several arguments for simpler ODE equations, still remains to be proved rigorously in
its full generality.

The numerical approach developed in Section 6 has been proved to successfully deal with
(OCP1), but we believe that the strategy is a relevant option for a wide variety of problems,
in particular when it holds that:

e a direct method is appropriate but does not converge for a fine discretisation,

e a priori theoretical knowledge is available on the type of equation: some simplifi-
cations lead to optimal control problems for which a PMP significantly reduces the
dimension of the space of controls (this is typically the case if they are bang-bang).

An interesting perspective is to illustrate this strategy on some other challenging optimal
control problems.

Application to the clinic. Discussions are ongoing with oncologists from the Tenon
Hospital of Paris, in order to derive therapeutical protocols in the light of the optimal
control strategy obtained in this PhD.

The first step would be to compare the results of infusion strategies already tried on
patients. The data would contain the therapeutical strategy over time as well as medical
imaging data for the tumour size, and would be used to parametrise the model.

As a second step, the goal would be to implement alternative strategies inspired from the
optimal one exhibited for (OCP1y), in vitro and/or in vivo (on mice).
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Chapter 1

Systems of integro-differential
selection equations

In this work with Emmanuel Trélat, we investigate the asymptotic properties of
Lotka-Volterra integro-differential systems for N species, proving convergence
and concentration results for certain types of interaction matrices. A first gen-
eral result is given using Lyapunov functionals, which happens to be sharp
in dimension 2 but more restrictive in higher dimensions. The second result
assumes that the interaction between species is mutualistic, setting for which
the BV approach yields results, at least when the interaction is small. It is
the subject of an article accepted in the Journal of Biological Dynamics, enti-
tled Global stability with selection in integro-differential Lotka- Volterra systems
modelling trait-structured populations [110].

1.1 Introduction

1.1.1 Biological motivations

We are interested in the evolution of N populations of individuals, each of which is struc-
tured by a continuous phenotypic trait, also called trait. In each species the phenotype
models some continuous biological characteristics (such as the size of the individual, the
concentration of a protein inside it, etc). We shall consider both interactions inside a given
population and between the populations and we assume that mutations can be neglected.
Mathematical modelling and analysis of such ecological scenarios is one purpose of the field
of adaptive dynamics, a branch of mathematical biology which aims at describing evolution
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Chapter 1. Systems of integro-differential selection equations

among a population of individuals, see |19, , | for an introduction to deterministic
models.

The basis for our model stems from the logistic ODE % = (r — dN)N where r is the
intrinsic growth rate, dIN the logistic death rate due to competition for nutrients and
for space by direct or indirect inhibition of proliferation between individuals. Its natural
extension to a density n(t,x) of individuals of phenotype z (say in [0, 1]) is a non-local

logistic model

0

(6 x) = (r(2) —d(z)p(?)) n(t, z), (L.1)
with p(t) := fol n(t, x) dr the total number of individuals.

Note that these models can be derived from stochastic models at the individual level [31,

, 69], and more generally measure-valued functions n can be considered [28, 70]. The
asymptotic behaviour of the previous model (1.1) and variants is analysed in [683, , 129],
and one important property among others is that solution typically tend to concentrate on
a few phenotypes, a convergence to Dirac masses in mathematical terms. These models
are thus successful at representing the survival of only a few phenotypes, which we will
refer to as selected.

The mathematical results available for N = 1 naturally call for generalisations on systems
of interacting species with such non-local logical terms based on the total number of indi-
viduals. For instance, to study resistance in cancer, one may think also of different cancer
subpopulations interacting with healthy cells and between them, each one of them being
endowed with a specific drug resistance phenotype in a tumour ’bet hedging’ strategy [21].
These generalisations, in turn, might help unravel general principles about the underlying
ecological processes, and develop new mathematical techniques to analyse them.

1.1.2 The model
We consider N populations structured by respective phenotypes = € X;, where X; is some

compact subset of RPi, with p; € IN*, for i« = 1,...,N. Although they model distinct
quantities, we abusively denote all variables x to improve readability.

The model writes

5 N

it @) = | rilw) + di(w) ;aijpj(t) ni(t,z), i=1,...,N, (1.2)
where, for : = 1,..., N, r; and d; > 0 are functions in L*>°(Xj;),

pi(t) == /X n;(t,x) dx

is the total number of individuals in species i, and a;; € R are fixed (interaction) coeffi-
cients.
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The initial conditions are
ni(0,)=nY i=1,...,N (1.3)

where each initial density n) is taken to be a non-negative function in L'(X;). From now
on, we will call these equations integro-differential Lotka-Volterra equations.

The matrix A := (aij)1<ij<n, called matriz of interactions, describes the interactions
between the populations: if a;; > 0, the species j acts positively on the species 4, and neg-
atively if a;; < 0. Finally, we will say that the equations are competitive (resp. mutualistic)
if a;; < 0 (resp., a;; > 0) for all i # j.

Another interpretation of the equations is to see them as coupled logistic equations of the
form

0 .
&ni(t,aj) = (ri(z) — di(x);(t)) ni(t,x), i=1,...,N.

In other words, the species ¢ reacts to its environment through the non-local variable I;
defined for ¢ = 1,..., N by

N
Ii = - Z aijpj.
7j=1

The terms r;(x) and d;(z)I; respectively stand for the intrinsic proliferation rate and logistic
death rate of individuals in species ¢, of phenotype x.

We will also use the notation R;(x,p1,...,pn) = ri(z)+di(x) Z;Vﬂ a;jpj, with which the
equations rewrite:

0 .

O nilt ) = Re(w (0, pw(@) milt ), i=1,.. N,

These models generalise Lotka-Volterra ordinary differential equation (ODE) models [6]: if
the functions r;, d; are all constant (say equal to some ;, and d; = 1), then after integration
with respect to = € X, the equations boil down to

d

N
j=1

which we will from now on refer to as classical Lotka-Volterra equations. It can be written in
the more compact form ‘fl—t = (r+Ap)p. Thus, another advantage of a logistic term directly
defined by p is that it makes our model more tractable with respect to the corresponding
already well understood ODE models. Conversely, the integro-differential model can be
seen as a perturbation of the ODE one where the individuals among a given population
are allowed to have different proliferation and death rates depending on their phenotype.

Our goal is to understand the asymptotic behaviour of the solutions to these equations,
both in terms of convergence at the level of the total number of individuals p;, and in terms
of concentration at the level of the densities n;. The first problem is usual in population
dynamics while the second is specific to adaptive dynamics and consists of determining
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Chapter 1. Systems of integro-differential selection equations

which traits asymptotically survive, taking over the whole population. These are then
called Fvolutionary Attractors, and the fact that it is the generic situation has been coined
exclusion principle. Mathematically, this corresponds to a given density n; converging to
a sum of Dirac masses. For one Dirac mass only, concentration writes, for some zg € X;:

ni(t,) = pi(t)dzy — 0
as t — 400, in the weak sense of measures.

The more precise aim of this chapter is to study the global asymptotic stability (GAS) of
what we will call coexistence steady states, namely of possible p° with positive components
(all species asymptotically survive) such that p converges to p°°, because we will see how
it determines on which phenotypes the densities concentrate. When it is possible, we
will investigate the speed at which convergence and concentration occur. An interesting
question is also to see if a result of that type is sharp, i.e., to compare the assumptions
needed to obtain global asymptotic stability in our generalised setting to those known for
classical Lotka-Volterra equations.

At this stage, we did not make any restrictive assumptions on the matrix A. However, it will
be clear from the results recalled below in the ODE case and the ones presented in Section
1.2, that answers to the previous questions are available when interspecific interactions
are low compared to the intraspecific ones. Thus, we are covering the ecological scenario
of each species ¢ having its own niche, but inside which competition (if a; < 0) is blind
because of the term a;;p;.

Notations. In what follows, R]>VO will stand for the positive orthant in RY, the set of
vectors whose components are all positive, and we will write x > y when x —y € Révo. We
will also use the usual ordering on the set of symmetric matrices: for A a real symmetric
matrices, we denote A > 0 (resp., A > 0) when A is positive semidefinite (resp., positive
definite). Finally, M!(X) will denote the set of Radon measures supported in X.

1.1.3 State of the art

Classical Lotka-Volterra equations. The ODE system (1.4) has been extensively
studied, dating back to the pioneering works of Lotka and Volterra for two populations of
preys and predators [113, |. Since then, many contributions to the analysis of steady
states and their stability have been made, and we refer to [120] for an introduction and
to [0] for a review.

Regarding the global asymptotic stability of coexistence steady states, a very well-known
result due to Goh [(1] states a simple and very general condition on the matrix A =
(aij)1<ij<n which ensures convergence to the (unique) coexistence steady state:
Theorem 1.1 ([61]). Assume that the equation Ap+r =0 (where r € RN and p € RN are
the vectors (1;)1<i<n and (pi)1<i<n) has a solution p> in RY. If there exists a diagonal
matriz D > 0 such that ATD + DA < 0, then p™® is GAS in RY,, (and hence is the unique
coexistence steady state) for system (1.4).
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1.1. Introduction

A result also worth stating is that the mere existence of a unique coexistence steady state
is not enough for it to be GAS. Other steady states on the boundary of Révo can attract
trajectories even in dimension N = 2. Another possibility is the occurrence of chaotic
behaviour even in low dimension as evidenced in [169] for N = 3. Finally, we mention
the more recent work [16], where the authors tackle the problem of GAS for some type of
Lotka-Volterra ODEs with mutations. In particular, they obtain GAS of the coexistence
steady state in the case where the logistic variables I;, ¢ = 1,..., N all coincide, that is,
when they are equal to some variable I := Zjvzl a;p;(t). In such a case, it is proved that
the convergence to the equilibrium is exponential. The result of GAS is also extended to
perturbations of this specific case.

Integro-differential Lotka-Volterra equations. The first question for such equations
is the existence of a solution for all positive times. This obviously does not hold true in
full generality since the ODE 3/ = y? is a particular case. Let us first state an existence
and uniqueness theorem.

Theorem 1.2. Assume that for a given n° € Hfil LY(X;), n® > 0, there exists 0 < p*“P
such that we have an a priori upper bound p(t) < p*“P for the functions p; whenever they
are defined. Then the Cauchy problem (1.2)-(1.3) has a unique solution n = (n;)1<i<n,

n>0,inC ([0, +o0), [TV, Ll(Xi)>.

The proof is a straightforward generalisation of that given in [129, Theorem 2.4| for N = 1,
relying on the Banach Fixed Point Theorem. For completeness, we provide it in Ap-
pendix 1.5.

In the case of a single equation, the asymptotic behaviour is well understood. For N =1,
assuming a1; < 0 to avoid blow-up, the equation is simply

O milt,a) = (r1(a) — da(x)pr (1)) ma(, ),

where, without loss of generality, we have set a;; = —1. The first result is that p; converges.

Theorem 1.3. Assume some regularity on X1, r1, di, and r1 > 0, Then, for any positive
continuous initial condition nY, p1 the function t — p1(t) is well defined on [0,+00) and

ri(x)

converges to p{\/f = maXgex, 5~ st — +00.
di(x)

This, in turn, completely determines where n; concentrates.

Corollary 1.1. Under the previous hypotheses, ni(t), viewed as a Radon measure on X,
concentrates on the set

{a: € X1, r(x) — dl(a:)pi\/[ = 0}

as t — +oo. If this set is reduced to some x5°, we obtain in particular
ny(t,-) = pi’ e
weakly in MY (X1), as t — +oo.
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Chapter 1. Systems of integro-differential selection equations

This result is classical and it relies on proving that p; is a bounded variation (BV') function
on [0,+00). For completeness, we recall it in Appendix 1.5. Let us stress that when the
set on which n; concentrates is not reduced to a singleton, the steady state (at the level
of np) is not unique. For example, if the set is made of two points, the repartition of the
limiting density on these two points depends on the initial condition, see for example [15].
This is why for this equation and the general equations considered here, there is no hope
in proving general GAS results directly at the level of the densities n;.

For a general logistic term ( [y K (z,y)n(t,y) dy) n(t, ) and a single equation, the asymp-
totic behaviour is also analysed in detail in both [18] and [32]. In the latter, under some
suitable assumptions on the kernel K, a Lyapunov functional is used to prove that some
measure is GAS, in a very specific sense depending on K. Similar results can be found
in [35], where their counterpart for competitive classical Lotka-Volterra equations are also
discussed.

In the case of integro-differential systems, however, much less is known about the asymp-
totic behaviour. We mention [25] where an integro-differential system of two populations is
analysed, and whose form does not fit in our framework. A particular triangular coupling
structure allows the authors to perform an asymptotic analysis.

The chapter is organised as follows. In Section 1.2, we explain how coexistence steady states
can be identified, allowing us to state rigorously what we mean by GAS for system (1.2). We
explain why, under the hypothesis of GAS, only some phenotypes are generically selected,
and how to compute them. Then, we present the two main results about GAS for such
equations. Section 1.3 is devoted to the proof of the first result, which applies for any type
of interactions and relies on analysing a suitably designed Lyapunov functional. In the
specific case of mutualistic interactions, our second main result gives alternative conditions
sufficient for GAS. It is presented in Section 1.4. In Section 1.5, we conclude with several
comments and open questions.

1.2 Possible coexistence steady states and main results

For the rest of the chapter, we will work with the following assumptions:
ri,di,nd € C(X;), nY >0fori=1,...,N.

This will simplify statements, but we will be more specific below as to which data our
results generalise.

1.2.1 Analysis of coexistence steady states

In the context of this system of integro-differential equations, the expression "GAS in
RJ>V0 " must be defined. By that, we mean that there exists p> > 0 such that, whatever
the positive continuous initial conditions n? are, p; converges to p2° for all 1.
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First, let us explain how to compute the possible steady states at the level of p, i.e., possible
limits p>° > 0 for positive continuous initial conditions. We will work with the following
topological assumption on the sets X;:

Vo € 0X;, Yn >0, Ay, (B(z,n) NX;) >0, (1.5)

where ), stands for the Lebesgue measure on RP* and B(z,n) for the open ball of center
z and radius 7.

Assume that each p; converges to some p° > 0, in which case the exponential behaviour
of n;(t,z) is asymptotically governed by r;(z) + d;(x) Z;V:1 aijp;°, the sign of which we
can analyse as follows.
e If this quantity is positive for some xg, let us prove that n;(¢,z) blows up in its
neighbourhood, leading to the explosion of p;.
If ri(z0) + di(zo) Zjvzl aijp;° > 0, there exists n > 0 such that by continuity r;(z) +
di(x) Zj\le aijpi® > 0 on (B(xo,n) N X;), and then Ay, (B(xo,n) N X;) > 0 whether
xo € int(X;) or also if zp € 0X; thanks to (1.5). For € > 0 small enough and ¢ large
enough (say t > ty) such that r;(zg) + d;(x0) Zjvzl a;jpj > €, we can write:

pilt) > / nit, @) de
B(zo0,m)NX;

t
> / ni(to, ) eJio Fi@p1()pn () ds g
B(zo,mNX;

2 Api (B(xo,m) N Xi) (B(mglgmx ni(to, 9:)) est=to)

with the right-hand side blowing up as t — 400, which cannot be compatible with
the convergence of p;.

o Ifr;+d; Z;VZI aijp}° is negative globally on X;, this clearly implies the extinction of
species 7, which is also incompatible with the convergence of p; to a positive limit.

Remark 1.1. It is possible to relax the regularity on both the sets X; and the data r;
and d; by working only with points which are both Lebesgue points of 2—1’_ and of Lebesgue

density 1 for X;, see [50]. If the functions ¢ are in L'(X;), one can indeed check that
r; + d; Zé\le aijp;® < 0 a.e. on X;.

The previous results motivate the following definition:

i=1,...,N.

With this definition, a steady state p>° > 0 exists if and only if the following assumption
holds:
the equation Ap 4 I = 0 has a solution p™ in RY, (1.6)

which we assume from now on.
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Chapter 1. Systems of integro-differential selection equations

The previous computations also show that n; vanishes where r;(x) — d;(2)I° < 0, which
implies the following result:

Proposition 1.1. Assume that assumption (1.6) holds, and that p converges to the co-
existence steady state p>°. Then, n;(t), viewed as a Radon measure, concentrates on the
set

K; = {x € X;, T‘l(aj) — dl(x)floo = 0}
ast — 4oo, foralli=1,...,N.

If, for some i, K; is reduced to some x*°, we obtain in particular
ni(t, ) — p;ozee

ast — +oo in MHX,).

Densities n; of total mass pf® and concentrated on K; are called Evolutionary Stable
Distributions (ESD) in [32].

Remark 1.2. In the hypothesis of global existence and convergence of p towards p°°, the
previous reasoning actually shows that the concentration is ensured as soon as nY € L'(X;)
is bounded by below by a positive constant on a neighbourhood of one of the points of K;.
For more general hypotheses ensuring concentration, we refer to [32].

Remark 1.3. If all the sets K; are reduces to some singletons z;°, then the dynamics
of p are asymptotically governed by classical Lotka-Volterra equations concentrated in
(3°,...,2%), namely

d

N
i) = ri (25°) + di (25°) Y aigpi(t) | pi(t), i=1,...,N,
j=1

as t goes to +00. For a precise statement, see Chapter 5.

1.2.2 Main results

Our first approach to prove GAS is to mix a Lyapunov functional which is inspired by
the one designed in [32| and the Lyapunov functional used for classical Lotka-Volterra
equations [04], which is the key tool to obtain Theorem 1.1. With some mild regularity
assumptions on the data, we obtain the following result:

Theorem 1.4. Assume (1.6) and that there exists a diagonal matriz D > 0 such that DA
is symmetric and DA < 0. Then the solution to the Cauchy problem (1.2)-(1.3) is globally
defined. Furthermore, the solution p™ to Ap + 1% =0 is GAS (and hence, unique).

We emphasise that there is no assumption on the type of interactions, i.e., on the sign of
the coefficients of A. However, a necessary condition for the existence of D is that A must
be such that a;a;; > a;ja;; for all ¢, j. For this result to apply, interactions must therefore
be stronger inside species than between them.

38



1.8. General interactions

We also remark that our hypothesis is exactly the one exhibited in [35] for competitive
classical Lotka-Volterra equations. The analysis of the Lyapunov functional allows to de-
termine a speed at which convergence to p® and concentration on a given set of phenotypes
occur. In dimension 2, we also analyse more deeply the link between this condition and
the one for classical Lotka-Volterra equations, which in most interesting cases happen to
be equivalent.

Our second main result focuses on the special case of mutualistic interactions, and an
informal statement of the theorem is the following.

Theorem 1.5. Assume (1.6), that for i = 1,...,N, r; > 0 and that for some explicit
0 < ¢ < C;, the matriz A defined by a;; := ciay and a;; = Ciazj for i # j is Hurwitz.
Then the solution to the Cauchy problem (1.2)-(1.3) is globally defined. Furthermore, the
solution p>° to Ap + I1°° =0 is GAS.

Again, this applies to the case of interspecific interactions being higher that intraspecific
ones, because a Hurwitz matrix is a matrix such that all its eigenvalues have negative real
part and it has to do with diagonally dominant matrices (see Section 1.4).

Because of the hypothesis of mutualism, the system is cooperative, and sub and superso-
lution techniques can succeed. More precisely, it is possible to prove that all functions p;
are BV on [0, +00) and this implies their convergence.

1.3 General interactions

1.3.1 Proof of the main theorem

In this section, we need slightly more regularity for the data, namely that the functions
are Lipschitz continuous:

fori=1,...,N, r;,d; € CO(X;). (1.7)

We can now restate the first theorem:

Theorem 1.6. Assume (1.6) and (1.7). Assume that there exists a diagonal matriz D > 0
such that DA is symmetric and DA < 0. Then the solution to the Cauchy problem (1.2)-
(1.3) is globally defined.

Furthermore, the solution p> to Ap + I*° =0 is GAS with

o(t) = p* = O ((mf)) %) . (18)

Concentration of a given n; occurs at speed O (w), in the following sense:

i) R (2, - ) ma(ts ) de = O PO (1.9)
f &



Chapter 1. Systems of integro-differential selection equations

In particular, if K; is reduced to a singleton z3°, then

Ve >0, /Xi\B<;rf°,e) ni(t,z)de =0 (lnt(t)> . (1.10)

Proof. First step: definition of the Lyapunov functional. From (1.6), Evolutionary Stable
Densities exist and we can pick one of them: for ¢ = 1,..., N, we choose any measure n;°
in M1(X;) satisfying n?°(X;) = p$°, which is furthermore concentrated on Kj, i.e.,

supp(ns°) C K. (1.11)

We abusively write integration of functions g against measures p as [y g(x)u(z) dz. We
also set m; := % and define N functions V; by

1
/ m;(x [ (x) In <nz(t,x)> + (ni(t,x) —n(x))| dx.
In what follows, we consider the following Lyapunov functional:
N
= > AVit)
i=1

where the positive constants \; are to be chosen later. The diagonal matrix of diagonal
entries Ap,..., Ay is denoted by D

Second step: computation and sign of the derivative. For any i, we compute

ddw = / mi(x) [—n?" (96)w + 8tni(t,x)] da

n;(t, x)
/ m;(z (x,p1,.-., pN) [ni(t,x) — n°(x)] dx
/ mil@) (Bi (0,1, ox) = Ri (@, p%0)) [na(t, @) — ()] da
/ mi(x) R (z, p3°, ..., px) [ni(t, &) — ns®(x)] du.

The definition of m; implies that the first term simplifies as follows
| miw)ie) 1A 0t )~ nE= (@) d = Ao = 9 (s = 7).
For the second term, the choice (1.11) leads to
/ mi(x) R; (z, pi°, ..., pR) ni(t, ) dx.
The functions B; are all non-positive by definition of p>°
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1.8. General interactions

Defining the vector u := p — p°° we arrive at:

Z A | %), (pi — p3°) + Z \iB;
=1 =1

Thus, we end up with the expression

N
=u"(DA)u+> B
=1

av
dt

Since the antisymmetric part of DA does not play any role, this can also be expressed

av 1 al
_ T AT ..
—r =gl (ATD + DAy + ;/\ZB,.
: T . dv
By assumption, M := A* D 4+ DA < 0, from which we deduce o < 0. Furthermore, the
convergence of the term u” Mu to 0 is equivalent to that of p to p>°. However, we do not
have the usual property V' > 0 for Lyapunov functions, so that we cannot yet conclude.
Third step: estimates on Cgt/ Let
1 N
=1
We are going to show that G is non-decreasing.

We denote by (u,v) the canonical scalar product of two vectors u and v in RV,

d
7 (DA)u,u)

= <(DA)(Z,u> + <(DA)u, Cj;:> .

For ¢ =1,..., N, the derivative of B; is given by

L (DY) -

dB
/mz (@020, p3) R (1, pv) il ) it
/ml xpl,...,pN)ni(t,w)dm
/ml :Uplv7p?)_RZ($7pla7pN)]Rl(x7p1’7pN)nl(t7x)dx

> [A(p™® —p)] /X Ri (%, p1,...,pn)ni(t, ) do

—(Au); (‘Z)
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leading to the bound

Put together, these estimates yield:

% > <(DA)CZ,U> + <(DA)u, ‘Z> —9 <(DA)u, ‘Cl;:>

(o) - (ipan ).

The last expression is equal to 0 if DA is symmetric, in which case G is non-decreasing as
claimed.

The assumptions that DA is symmetric and that AT D + DA < 0 are equivalent to the
assumption made for the theorem: DA is supposed to be a symmetric negative definite
matrix.

As a consequence of the monotonicity of G, we get ul (~DA)u < —G(0) for all t. The
left-hand side is the square of some norm on R, which means that p has to be bounded:
these a priori bounds ensure the global definition of the solution to (1.2)-(1.3).

Fourth step: a lower estimate for V. To estimate V from below, we need a uniform (in
x) upper bound on the densities n;. Because of the regularity assumption (1.7) , there
exists C' > 0 such that:

Vi=1,...,N, Y(z,y) € X?, Ri(y,p1,...,pn) = Ri(z,p1,...,pn) — Clz —y|.

The constant C' can be chosen to be independent of ¢ since the functions p; are bounded.
This implies for a given %

t
/ ni(t,y)dyZ/ nd(y) exp (/ R;i(y,p1,...,pN) dS) dy
X X; 0

> /X Zggi; (n?(x) exp </Ot R; (rv,pl,-n,pw))) exp (—Ct|z —y|) dy
)

> it [ exv(=Ctle—y) d.

Computing the integral, we write, thanks to the boundedness of p; n? and (C has changed
and is independent of ¢ and x): for ¢ large enough, n;(¢,x) < Ct. The bound on V follows
immediately:

V(t) = —-C(In(t)+1).
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1.8. General interactions

av

dv
dt G S

Fifth step: convergence. G bounds from above: 7 < %G. Thus

V) - V(0) < % /0 G(s) ds < %tG(t)

thanks to the third step. We can now write G(t) > —C’%: G(t) =0 (@), conse-
quently, each non-positive term it is composed of also vanishes like O (@) as t — 4o0.

In other words, %uTM u and each B; onverge to 0 as as well O (M) This is nothing but

¢
the two first statements (1.8) and (1.9).

For the last statement, we fix ¢ and € > 0. We denote h; :== —m;R; (-, p3°, ..., p%), which
is non-negative on Xj;, and by assumption vanishes at z;° only. We choose a > 0 small
enough such that a][{Xi\B(m‘?o )} < h on X;. This enables us to write

/ mlta)de < o [ )R @ g milt ) de = O (1““)) |
X\B(5°.¢) aJx; t

O

Remark 1.4. The first interesting fact is that the convergence rate of G to 0, in O (@ ,
is almost optimal in many cases. Indeed, if the sets K; are reduced to singletons, there
cannot exist any « > 1 such that this sum vanishes like O (t%) This comes from the
fact that if it were true, % would be integrable on the half-line, which would imply the

convergence of V. This is not possible since each V; has to go to —oo as t goes to +oo.

This might seem contradictory with the exponential convergence rates obtained in |16] for
some classical Lotka-Volterra equations, but the Lyapunov functional gives us information
on the speed of both phenomena in the sense defined above (through the function G)) and
it does not say whether one of the two is faster.

1.3.2 Sharpness in dimension 2

It is clear that if we can find D > 0 diagonal such that DA is symmetric and DA < 0, then
ATD 4+ DA < 0. The condition that DA should be symmetric is constraining, especially
if N > 3 in which case it imposes some polynomial equalities on the coefficients of the
matrix A. In dimension 2, however, the result is sharp in various contexts, as stated in the
following proposition.

Proposition 1.2. Assume N = 2, a1 < 0, ags < 0 and ai12a91 > 0. Then the following
conditions are equivalent.

(i) there exists D > 0 diagonal such that DA is symmetric and DA < 0;
(i) there exists D > 0 diagonal such that ATD + DA < 0;
(117) det(A) > 0.

43



Chapter 1. Systems of integro-differential selection equations

Proof. (i) implies (ii) as noticed before. Now, let us assume (ii) and compute M :=

2\ a1 Arai2 + A2a21 : o . ‘
ATD + DA = hich h tive det t, i.e.
+ <)\1a12 4 Agtn 9 Ngting , which has positive determinant, i.e.,
det(M) = 41 \qa11a99 — ()\1(112 + )\2a21)2 > 0. If det(A) <0, det(M) < 41 haq2a91 —
(Majz + )\Qa21)2 = —(A\ja12 — A2a21)? < 0, a contradiction.

lai2] la21| Sgn(a21> |Z§?|

is clearly symmetric negative definite, whence (i). O

211 sgn(a12)>

Now, if (iii) holds, we take A; := —— and A; := —— for which DA = < Jaz|

1.4 Cooperative case

1.4.1 Some facts about Hurwitz matrices

We now focus on the cooperative case, i.e., on the case where all off-diagonal elements
of A are non-negative. We will also assume that the diagonal elements are negative,
since otherwise blow-up clearly occurs: there is intra-spectific competition inside any given
species. We will say that such a matrix is cooperative.

In this case, we can hope for stronger results at the level of the integro-differential system
because sub and super-solution techniques work. For our purpose, the following result on
ODEs is sufficient.

Lemma 1.1. For T > 0 (possibly T = +oc), let f : [0,T) x RN — RN be a continous
function on [0,T) x RN, locally Lipschitz in x € RN uniformly in t € [0,T). Denoting
ft,z) == (filt,1,...,2N)) i<, further assume that for all i = 1,...,N, f; is non-
decreasing with x; for all j # i.

Assume that we have a solution z on [0,T) of the following Cauchy problem:

Then y(t) < z(t) on [0,T).

When the matrix A is cooperative, it is possible to give an equivalent condition to the
one required in Theorem 1.1 for GAS in classical Lotka-Volterra equations. Let us explain
how, starting with the three following lemmas, the two first of which can be found in [6].
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1.4. Cooperative case

Lemma 1.2. Let A be a cooperative matriz. Then it is Hurwitz if and only if it is negatively
diagonally dominant, i.e., if and only if there exists a vector v > 0 such that a;v; +
Zj#aijvj <0 fori=1,...,N.

This first lemma will be useful in its own right in this section. A consequence is that

Lemma 1.3. If A is cooperative and v > 0, Ap +1r = 0 has a unique solution in ]Rgo if
and only if A is Hurwitz.

Finally, it comes from the theory of M-matrices (see [135] for a review) that

Lemma 1.4. Let A be cooperative. Then A is Hurwitz if and only if there exists D > 0
diagonal such that ATD + DA < 0.

An important consequence of these three lemmas is the following rephrasing of Theorem
1.1 for classical Lotka-Volterra equations.

Proposition 1.3. Assume that A is cooperative, r > 0 and that the equations (1./) have
a unique steady state in Révo. Then the equations are globally defined and this steady state
is GAS.

Thus, in the context of cooperation between the species, the requirement that A is Hur-
witz is somehow optimal to obtain a GAS coexistence steady state, since it is already
required to have its mere existence, a fact mentioned in [63]. We will mainly work with
this characterisation (rather than the equivalent one given by Lemma 1.4 which we used
for a general interaction matrix A) because the next results will lead us to modify the ma-
trix A: analysing whether it is still Hurwitz or not is easier than checking this equivalent
condition.

1.4.2 A priori bounds

For the remaining part of this section, we make the assumption that r; is positive on X;
for i = 1,...,N, and we define the lower and upper bounds 0 < d"* < d;(z) < dM,
0 <™ < ry(x) < rM.

Theorem 1.7. Assume that the matriz A defined by a; = d*a; and a;; = d;Maij is
Hurwitz. Then the solutions to (1.2) are globally defined and bounded.

Proof. First remark that since A is Hurwitz, then so is A from Lemma 1.2.

We integrate the equations with respect to # and bound them (through r;(z) < rM)

)

N

d

ﬁpi(t) < (rlM —i—Zaijpj(t)/ d;(z)n;(t, z) dw) i=1,...,N.
=1 Xi

Since the diagonal elements are negative, the off-diagonal non-negative, we obtain

N

d . :

—pilt) < <T;M + agd" p; +Zaijdf”pj(t)>pi(t), i=1,...,N.
J#i
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Chapter 1. Systems of integro-differential selection equations

Thus, the vector (p1, ..., pn) is a subsolution of the previous system which is nothing but
classical Lotka-Volterra equations with interaction matrix A. Thanks to (1.3), the solutions
to this system are bounded. Thus, so are those of the integro-differential one. O

Remark 1.5. Note that the assumption that A is Hurwitz reduces to A being Hurwitz
in the case of constant coefficients. Thus, this result for boundedness is sharp, since it is
exactly the one required for convergence to the coexistence steady state when the equations
at hand are classical Lotka-Volterra equations.

Using Theorem 1.7, we can thus define p™ > 0 as the GAS steady state for the system
obtained in the previous proof, that is to the equations

N
d .
—u; = (rZM + agid; u; + g aijdfv[uj(t)> wi(t), i=1,...,N.

dt
J#i
In other words, pM := —A~1™ where M is the vector (rM)1<i<ny. This means that we
can write
limsupp; < pM i=1,...,N. (1.12)
t—+o00

In a similar fashion to the previous proposition, bounding p; away from O:

N
d .
pTES (7“;”+aiidpri+ E aijﬂ”ﬂj(ﬂ)ﬂi(lﬁ)a i=1,...,N,

J#i
leading to
ltiglJrigofpi>p§n i=1,...,N (1.13)
where p™ := —B~1r™ > (0 with B, a Hurwitz matrix defined by bj; := dZMaii, bij = di"a;j

for i # j and ™ := (r7")1<i<n-

1.4.3 GAS in the mutualistic case

We can now state the main result:

Theorem 1.8. Assume r; > 0 for all i = 1,..., N, and that the matriz A defined by
Gy = d'ptay and G = dprf-waij for i # j, is Hurwitz. Then A, A and B are also
Hurwitz. Furthermore, p> := —A7 > lies in RY and it is GAS.

Proof. The fact that A, A and B are also Hurwitz is a direct consequence of Lemma 1.2.
Since A is Hurwitz, the solutions are globally defined with p bounded thanks to Theo-
rem 1.7. Since A is Hurwitz, it is invertible and p™ := —A~!1I* is in Rgo thanks to
Lemma 1.3.

Let us now prove that it is GAS. The idea is to prove that each p; is BV on [0, +00).
Identifying the limit is straightforward, thanks to the reasoning made in Section 1.2.
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1.4. Cooperative case

do:

For any i, we define ¢; := % and write R; = R; (x,p1,...,pn) for readability. Since
d .

g = % = in R;n;, we obtain

N

OR;
qi | n; = ai-(/ d;(x)n;(t,x d:c)q».
op; jZJXZ_U() )

7

dg; N
2= ani-l-/

Let b;(t) := in di(x)n;(t,x) dz. The idea is that p; is "mostly" increasing, so we are
interested in the negative part of ¢;, denoted by (¢;)—. For this quantity we have the (a.e.)
bound

d(q:) S
dlt — < b; Zaiij (_][{Qi<0})
j=1

On the one hand,

biaiiqi (—Lgg<0y) = biaii(qi)—.
On the other hand, for i # 7,

biaijq; (—Tig <o) < biaij(q;)—-
Combining these two, we get

d(qi)-
dt

< bi (A(g)-); -

We fix ¢ > 0 small enough and t large enough (say ¢ > tp) such that A+eJ is Hurwitz (where
J is the matrix composed of ones only) and such that, for each (4, j), b;i(t)a;; < aij+¢e. The
first requirement is easily derived from Lemma 1.2 since A+eJis clearly cooperative and
negatively diagonally dominant for € > 0 small enough. The second requirement comes
from the lower and upper bounds for the functions p; as stated in (1.12) and (1.13).

The resulting inequality is

W o (ares) ),

d
so that ((q1)—,...,(gn)—) is a subsolution of the system with same initial conditions at ¢,
given by
dy .
Y (A+ed)y
dt ( Tel)y

The solutions to this system go exponentially to 0 since A + eJ is Hurwitz.

For any 4, we have thus proved that (¢;)— goes to 0 exponentially. Together with the fact
that p; is bounded from above, we conclude that it is BV on [0, +00). Indeed it holds true
that a function u which is both bounded from above and such that u_ € L'([0, +00)) is
BV on [0, +00), see [129, Lemma 6.7]. Therefore, p converges (to p>). O
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Chapter 1. Systems of integro-differential selection equations

1.5 Conclusion

We have analysed the global asymptotic stability properties for integro-differential systems
of N species structured by traits x belonging to different trait spaces X;. The coupling
comes from a non-local logistic term, which is a linear combination of the total number of
individuals p; in each species. Theses systems generalise the usual Lotka-Volterra ODEs
for which many stability analyses are available in the literature. Our main focus has
been on the asymptotic behaviour of the functions p;(t) as t — +oo, especially towards
equilibrium p*> with positive components, i.e., of persistence of all species. In Section
1.2, we explained how identifying it essentially determines the asymptotic behaviour of the
underlying density n;, namely the phenotypes on which the measures n;(t,-) concentrate
in large time.

In Section 1.3, an adequate Lyapunov functional allowed us to state a general result relying
solely on an assumption on the matrix A, regardless of the type of interactions. For N = 2,
this is essentially a sharp result, but becomes more restrictive for N > 3. This tool also
provided us with convergence rates to equilibrium. In Section 1.4, we presented another
strategy based on a BV bound which yielded a second result of global asymptotic stability,
this time for mutualistic equations.

The result of Theorem 1.8 is partly less general than the one given in Theorem 1.6 because
it requires a sign on the coefficients of A. However, the set of matrices which satisfy the
hypothesis given in the last theorem is an open subset of the set of real matrices RV*V
in any dimension. This in sharp contrast with the hypothesis of Theorem 1.6, which, as
already mentioned, imposes some polynomial equalities on the coefficients of A as soon
as N > 3. In other words, for a small perturbation of a cooperative matrix for which
GAS holds, GAS still holds. In particular, if one has weakly (but mutualistically) coupled
equations, GAS holds, whereas Theorem 1.6 does not cover the case of any weakly coupled
equations for general interactions, unless N = 2.

In both cases, the assumptions fall within the class of matrices which cannot have off-
diagonal coefficients which are too high compared to the diagonal ones. The present results
thus apply to cases where interactions among individuals of a same species are not only
blind because of the term aj1p1, but also stronger than the interactions between species.
In other words, each one of them has its own ecological niche inside which interactions are
independent of how given phenotypes x and y are distant from another.

Let us remark that the BV method would apply to more general functions R;(z, p1,...,pN),
as long as they are increasing in the variables p;, j # 7. However, the Lyapunov functional
used in Theorem 1.6 seems to be dependent on the linear coupling chosen here and it is an
open problem to generalise our results for other settings. Another open question is about
finding whether there are matrices A for which the underlying classical Lotka-Volterra
equations converge to the coexistence steady state (for example such that there exists
D > 0 with ATD 4+ DA < 0), but for which there is no GAS for the integro-differential
system. Numerically at least, we could not build any such case.
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1.5. Conclusion

Appendix A: proof of Theorem 1.2

Proof. The proof is based on the Banach-Picard fixed point theorem. We set T > 0,
and define the Banach spaces Z := Hfil L'(X;) endowed with the max norm, and F :=
C ([0,T], Z) endowed with the norm ||m| g := supgcicr [[m(t)[|z. Finally, we consider the
following closed subset: F :={m € E/m >0 and ||m| g < M} where M > p*"

We now build the application. Let m be a fixed element in F, and let us define for

i=1,....N
0 (t) :/ m;(t, z) dz
X;

For each ¢ =1,..., N and each fixed x € X;, we consider the solution 7; , to the following
differential equation:

d%t’w = Ri (z, p1(t), ..., PN (1)) Vi
{ %ffx(o) * n?($)1 N (1.14)

which is global on [0, T7.

We then define for all (¢,z) in [0,7] x X and ¢ =1,..., N the function n;(¢,x) := 7, »(t),
thus building an application ® through ®(m) := n.

We now show that ® maps F onto itself.
The equation (1.14) can be solved explicitly by

ni(t, ) = n?(x)edo Re@pi(s)-n(5)) ds

)

which shows both n > 0 and n € FE.

Let us fix some ¢ = 1,..., N and bound as follows

8 Su
51 2) < (lIrillzee + lldill e [ Alloop™) nilt, ).

Integrating in x, we uncover %Hn(t)HZ < C|n(t)]|z for some constant C' > 0, which leads
to

In(®)]lz < p™Pe.
To obtain n € F, it only remains to choose T small enough so that pse¢” < K.

The last step is to prove the strong contraction property for ®. In the following, C will
denote various positive constants, which might change from line to line. Let (m!, m?) € F?
and (n',n?) its image by ®. We define p* as before for k = 1,2. For all 4, we write

(nl —n2 )(t z) = ( ) oJo Bi(2,71(8)spiy () ds _ o Jy Ri(2,52(8),000sP3 (5)) ds
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Chapter 1. Systems of integro-differential selection equations

Now, since the argument in the exponentials can be bounded by CT', the mean value
theorem yields

1.2 07\ ,CT
[(ni —ni)I(t, z) <nj(x)e

/O Ry (2, 51(5), ., pN(8)) — R (2, 52(5), -, Fe(s))] ds

T
< Nill o [| Al oom (2) e [/0 17 (s) = 7%(5)lloc ds

< Ond(x)TeCT||my — ma||5.

This implies after integrating in x and taking the supremum both in ¢ € [0,7] and in
t=1,...,N:
It — n?ls < CpTeCT|mt — 2|5

It provides us with the contracting property for ® whenever T is small enough.

We conclude by noticing that 7" has been chosen small independently of the initial data,
so that the argument can be iterated on [0, T}, [T, 2T, etc. O

Appendix B: proof of convergence in the case N =1

Proof. We are going to prove that p is a BV function. To that end, let us prove that p is
bounded from above, and that it has integrable negative part.

First step: upper bound for p. The existence of such a bound comes from integrating the
equation with respect to x:

J(t) = /X (r(z) — d(x)p(t)) n(t, z) da.

If p is too large, the right hand side is negative, forcing p to decrease. It proves the claim
on the upper bound for p. Similarly, because of assumption (1.3), p increases if it is too
close to 0: p is bounded from below by some p™" > 0.

Second step: estimate on the negative part of pc. We define ¢ := p’ and wish to prove that
g— € L'(0,+00) and write in short R for r(z) — d(z)p. We differentiate p' = [, nR to

obtain: OR
q'—/nR2+</n>q
X x Op

It provides an upper bound for the negative part of ¢:

OR in i
(a). < ( /. ”ap> g < —dmn g (g) -

where 0 < d™" < d on X. We conclude that ¢_ vanishes exponentially and is consequently
integrable over the half-line. Therefore, p converges to some p>° > 0. O
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Chapter 2

Selected phenotypes among those of
equal fitness for small mutations

The goal here is to go further in understanding what happens at the limit for a
simple integro-differential equation exhibiting convergence and concentration:
on which phenotypes does the latter occur? This cannot be decided at the
integro-differential level independently of the initial condition. Together with
Tommaso Lorenzi, we propose to introduce a small diffusion term and pass to
the limit as time goes to infinity in the non-local PDE, and then to pass to the
limit as the diffusion rate vanishes. The analysis then boils down to that of the
behaviour of the first eigenfunction of the operator e A +r where r is the fitness
function. Translating results from the community of semi-classical analysis,
we find that uniqueness is recovered, and in the absence of symmetries, that a
single phenotype is typically selected. This work is the subject of an upcoming
article, under the (yet tentative) name Finding selected phenotypes among those
of equal fitness in the limit of small mutations.

2.1 Introduction

The purpose of adaptive dynamics is to provide a mathematical framework to study and
understand evolution. Following Diekmann [19], a fundamental concept is that of ecological
feedback loop: the individuals of a given population create the environment they live in.
As a consequence, what happens at the individual level is shaped by the population-level.

Assuming on top of it the existence of small mutations, a basic selection-mutation model
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Chapter 2. Selected phenotypes among those of equal fitness for small mutations

like

on

3¢ (b 2) = BAn(t,z) = (r(z) — d(z)p(t)) n(t, ), (2.1)
(With f > 0 small) and close models have attracted some attention [129, 51]. Here,

= fQ n(t,z)dr, Q@ C R? is the set of phenotypes, and we set Neumann boundary
condltlons on 0f). r is the so-called fitness function.

Note that a tacit hypothesis is that individuals of phenotype x are independent of one
another, in that they all react the same to the environment created by the whole population
through p(t).

As explained in the General Introduction, if 5 = 0, there holds that p(t) — max (5)
while n(t,-) concentrates on the set arg max (%)

The integro-differential equation thus leads to selection of those phenotypes maximising
some function (related to the fitness function), a satisfying property from the applicative
point of view. However, a problematic feature remains: if arg max (3) is not reduced to a
singleton, there are uncountably many possible limits, the one being observed at the limit
t — —+o00 depending on the initial condition.

Writing things explicitly, if arg max (5) = {z1,...,xn}, any limit measure n> is of the

form
f oo E a;d ;-

If for example the whole problem is symmetric (r, d and  are), then one would expect at
the limit to find a repartition n°° which preserves this symmetry. This does not hold true
at the integro-differential level.

Going back to the model with small mutations, a significant effort has been put in the
analysis of the model after rescaling of time [129, 7, |. More precisely, inserting 1/ in
front of the time derivative and considering instead of (2.1)

the goal is to analyse, ¢ being fixed, the behaviour of n(t,z) as 5 tends to 0.

If r(x) — d(z)p has a unique maximum point for all p > 0, then the limit is a Dirac located
at an appropriate point, and in the long-run ¢ — +o00 we recover the concentration on
arg max (5) and convergence of p towards max ( ) The proof of these results is involved
and relies on the solution of a Hamilton-Jacobi equation.

The situation is somewhat more complicated and not well understood when there are
several maximum points [129]. A concentration set of more than one phenotype is conse-
quently a difficulty also with this approach. We here take a different direction to analyse
the problem, without rescaling time, and we do so in the simpler case where d(x) is a
constant, which we normalise to 1.
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2.2. Why total mass and support match

To that end, we intend to use the equation with small mutations, of rate now denoted by ¢,
to obtain uniqueness. From the applicative point of view, this amounts to deciphering how
completely neglecting small mutations for these types of models might be inappropriate,
and how the problem can be addressed by introducing them back in the model.

We aim at comparing

——(t,z) = (r(z) — pe(t))ne(t, z) + eAnc(t,z), =€ Q, t >0,
gf (2.2
a—;(t,x) =0, x€0Q, t>0,
with its integro-differential approximation for € = 0 given by
on _
E(tv‘r) = (T‘(IL’) - p(t))n(ta ZIJ), WS Qv t> 07 (23)

with both equations starting at the same initial condition n® > 0, n® # 0 in LY(Q),
independent of €.

The goal is to pass to the limit as ¢ goes to +o0o on (2.2) to obtain some limit n2°,
and then as € goes to 0 on the (at this stage hypothetical) unique limit n2°, obtaining
some measure n°°. Since for (2.3), we have convergence of p(t) towards p> := max(r)
and concentration of n(t,-) on the set argmax(r), the first requirement will be for this
procedure to yield a measure n® with mass p> and support included in arg max(r). We

shall address these questions in Section 2.2.

In Section 2.3, we will explain how the symmetric case is well dealt with by this method,
and then turn our attention towards more general cases without symmetry: using knowl-
edge from semi-classical analysis, we will explain how the typical case is for the limit
measure to be concentrated on a single phenotype. Theoretical results with be illustrated
by simulations.

2.2 Why total mass and support match

2.2.1 Asymptotic analysis of ¢ — n.(t, )

We assume
n® e L'(Q), (2.4)
re C(Q), (2.5)

Under the previous assumptions (2.4)-(2.5), it holds that (2.2) has a unique classical solu-
tion in C([0, +00), L' (22)) N C1((0, +00), C%(Q)) [16]. We will also assume max(r) > 0.

In what follows, we will denote (for a given £ > 0) A, the elliptic operator defined by

A; i =eA+r.
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Chapter 2. Selected phenotypes among those of equal fitness for small mutations

The theory of elliptic operators ensures that A, has a principal eigenvalue \. and a unique
eigenfunction 9. > 0 (once normalised by fQ e = 1). We also recall that \. is obtained
as the infimum of the Rayleigh quotients defined for ¢ € H*(Q) \ {0}, by

_ o Ve@) do — Jo r(z)¢(w) do

R(¢) : T () da

In other words,

A= inf  R(¢),
* = perttine

with the infimum being reached by multiples of ¥.. The asymptotic behaviour of (2.2) is
given by the following alternative, a standard fact [10, |.

Proposition 2.1. If \. > 0, then the whole population goes extinct:
p(t) — 0 as t goes to + oo.

If \: <0,
ne(t,x) — n° = — A1),

as t goes to +00, in L>°(?) (in particular, p. converges to —\;).

Proof. The idea is to consider the non-local term as an eigenvalue and to introduce a
suitable change of variables allowing to momentarily get rid of that term. Let us define
ne(t, ) := a(t)n:(t,x) with a solving the Cauchy problem

a'(t) = p(t)a(t) + Aea(t), a(0) = 1.

ne satisfies

where the last equality is obtained thanks to the definition of a.

It is a standard fact about parabolic operators that this implies the convergence of 7. (¢, x)
towards C(x) for some C > 0, in L>°(Q). Integrating the equality n.(t, x) = a(t)n.(t, z)
in z, we obtain that a(t)p.(t) converges to C.

This allows to recast the ODE on a as a/(t) = Aca(t) + C 4 o(1), and this is enough to
characterise the asymptotic behaviour of a depending on the sign of A.: if A; > 0, then

a(t) — 400 as t goes to +oo, while it converges to %\E if A <0.

From the convergence of a(t)p.(t) to C, we get that p.(¢) goes to 0 for A. > 0, and to — .
in the other case. Owing to n. = an., we get the announced result on the asymptotic
behaviour of n.. O
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2.2. Why total mass and support match

2.2.2 Passing to the limit again on n°

We now address the question of proving that any limit measure for (n2°).~o must have
total mass p*> and support included in arg max(r). Thanks to the normalisation fQ P =1,
we have split these two questions into the analysis of the behaviour of A and 1. separately.

Remark 2.1. In what follows, we will be led to consider sequences (u,) of functions in
L' () which we will see as elements of the larger space M (£2) of Radon measures, in the
sense of the dual of C(ﬁ) In this setting, such a sequence will be said to concentrate on
a given set F' if for all g € C(ﬁ) such that supp(g) does not intersect F', we have

<unag> = / Ung — O)
Q
as n goes to +o00.

A well-known fact from measure theory is that if u,, concentrates on a finite set {z1,...,zx}
and converges to a measure p € Ml(ﬁ), then p must be a linear combination of Dirac
masses located at the points z;, 1 < i < N, because if the previous result holds true, then
the support of p must be contained in F'.

The result writes as follows

Proposition 2.2. Assume that r does not attain its mazimum exclusively in 0. As e
tends to 0, we then have

(e}

—Ae — p>° = max(r),

and
e concentrates on the set argmax(r).
Proof. We split the proof into two steps, first concentrating on the mass (the first state-

ment), then on the support (the second one).

Step 1: computation of the mass. For the first result, we need to establish that —\. tends
to max(r) as € tends to 0.

Recall that

et JEIalVO@I e Jy r@) (@) de
S geH (Q)\{0} fQ (@) dz ’
and because for any ¢ € H'(Q), € [, Vo ()| dz— [or(x)¢*(z) dv > —max(r) [, ¢*(z) dz,

we already have A\. > — max(r).

For the upper bound, let us build a sequence of functions (¢.) converging to a Dirac located
in 2° € argmax(r), 2° ¢ 09, at an appropriate rate depending on €. Let G : z — Ce*|z|2,
where |- | is the Euclidean norm on R?, and C is such that [, G = 1. It is then standard
that ﬁG (%) converges to the Dirac mass d,, located at the point zg

1 T — T
ada( - )4510
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Chapter 2. Selected phenotypes among those of equal fitness for small mutations

as a — 0 weakly in Ml(ﬁ)l.

xzo

We take a = e1 , namely we define the Gaussian ¢? := v — LG ( ) which converges

54

to 0z, as € tends to 0. Let us study the Rayleigh quotient R(¢€) and prove that it converges
to — max( ), which will yield the first statement of the proposition. We already know that
Jo 7 ( z)dz and [, ¢2(z) dz converge to r(xg) = max(r) and 1, respectively. It remains
to bhOW that the term ¢ [, |Vq55 ))? dz vanishes.

We compute ¢ [, |Voe(z)|* do = [, |x — zo|* ¢2(x) dz, which tends to |zo — zo|* = 0.

Step 2: computation of the support. As stated in Remark 2.1, our aim is to prove that for
all g € C () such that supp(g) does not intersect arg max(r), we have

/¢€g —>0a
Q

as € goes to 0.

Integrating the equation eAwe + r1he = —Act)e, we find [ (=Ae — 7)1 = 0, and from the
first step this entails the convergence of [, (max(r) — )y, towards 0.

Fixing now a function g € C'(Q) and defining § := which belongs to L>(12), we

e [ g = | [maxtr) = 1023 < i [ ) = e

whence the result by letting € tend to 0. O

max(r) r

Remark 2.2. If r attains its maximum only at the boundary of €2, it is possible to adapt
the previous proof by suitably changing the constant C. This has to be done depending
on the geometry of 92 near the maximum point, but for the sake of simplicity we stick
with this simplest case.

Also note that since max(r) > 0, we infer from the previous result that —A. > 0 for ¢
small enough. Owing to Proposition 2.1, a consequence is that there is no extinction for
(2.2) when ¢ is small enough.

2.2.3 Numerical simulations

Let us illustrate this result when arg max(r) is reduced to a singleton. In the subsequent
simulations (and also in the next subsection), we will always take Q = (0, 1), max(r) = 1,

T Let ¢ € C(ﬁ) Changing variables, we have

REFEE

Because 2° € , there is pointwise convergence of u + ¢ (xo + cu) G(W){yerd, wgtaucny towards
#(20)G(u) on R, Furthermore, this function is bounded by ||¢||., G(u). One can thus pass to the limit
thanks to Lebesgue’s dominated convergence Theorem, obtaining ¢(xo).

T
0) dr = 9y # (xo + au) G(u) I yerd, vy +anea} dU-
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2.2. Why total mass and support match

nO(x) := Ce

_=05)? ,
207 with o = 0.1 and C such that [,n® = 1, so that n® is a (truncated)

Gaussian with maximum at 0.5.

We here consider r with a single maximum point at 0.5, given by Figure 2.1 below. We
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I I
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FI1GURE 2.1: Plot of the function r with a single maximum point at 0.5.

also compare the time evolution of p(t), n(t,-) with p.(t), n(¢,-) on Figure. At the level of
the total mass, we indeed find that p converges to p>° = max(r) = 1, while p. converges
to —A: < p*° = 1. At the level of the density, n concentrates as a Dirac mass on 0.5, while
ne has stabilised as a smoothed version of this Dirac, also centred at 0.5, which we know
is a multiple of the first eigenfunction . of A..
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FIGURE 2.2: On the left, plots of functions p, p., on the right of n and n. at the final time,

together with the initial condition. Parameter values are ¢ = 5.10~* and T = 200.
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Chapter 2. Selected phenotypes among those of equal fitness for small mutations

2.3 Inferring the real Dirac masses

At this stage, the question is to see whether the uniqueness of n2° is preserved at the limit
even when there are several maximum points. If it is the case, the next goal is to identify
the limit among the family of convex combination of Dirac masses.

2.3.1 In the case of symmetry

An appropriate setting for uniqueness is a case where the data has some symmetries,
because principal eigenfunctions typically preserve such symmetries. We thus assume that
) and r are symmetric with respect to some hyperplane, which without loss of generality
we can assume to be H := {z; = 0}. For a point z € Q, we write z = (x1,2’), the
assumption on {2 meaning (z1,2') € Q@ = (—x1,2') € Q. For a generic function v
defined on €2, we will always denote by ¥ its symmetric, defined by ©(x1, ") = v(—z1,2'):
by symmetric function we hence mean © = v. When €2 and r are symmetric, the symmetry
extends to the first eigenfunction of the operator eA + r.

Lemma 2.1. The first eigenfunction . is symmetric with respect to H.

Proof. We simply write the equation defining ¢.: eAy.(—x1,2") +r(—z1, 2 )b (—21,2") =

—Aee(—x1,2"). Tt rewrites sAq/AJE(m,x’) + r(zy, 2 ) e (1, 2)) = —Aete(21, '), due to
the symmetry of r. Thus, 1. is also an eigenfunction of the operator eA + r, which by
uniqueness must be equal to .. ]

Now, because the limit is expected to be a measure, we need to define what it means for
a measure to be symmetric. It is as usual defined on the test-functions: a measure p in
M () will be said to be symmetric if for all v € C(9Q), it satisfies (u, ) = (u,v). It
is easy to check that it extends the previous definition for L! functions: if v € L'(€) is
symmetric, then the measure it defines is also symmetric. We finish these remarks with
the following straightforward lemma.

Lemma 2.2. Let (uy) be a sequence of symmetric Radon measures in Ml(ﬁ) weakly
converging to a measure . Then p is also symmetric.

From all the previous results, we are able to state the following proposition.
Proposition 2.3. Assume that 2 and r are symmetric, with arg max(z) = {x', 2%}, both

points lying inside Q2. Then

1
ng — §poo (6,1 + 52:2) )

weakly in Ml(ﬁ), as € goes to 0.

Proof. We first note that the symmetry of  and r imposes that the maxima must be

symmetric: we can write #! = (x1,2'), 2% = (=21, 2/) for some z}, 2.
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2.3. Inferring the real Dirac masses

Since we already know that —\. converges to p>, we focus on (¢:). Let u be a (weak)
limit point of (¢.). From Proposition 2.2, we know that p = (ad,1 + (1 — «)d,2) for some
0 < a < 1. From Lemma 2.1, we know that the sequence is composed of symmetric
functions, and by Lemma 2.2, the limit p must also be symmetric, which entails o = %
Since the sequence (1) is bounded in L'(f), it is weakly relatively compact in Ml(ﬁ)
from the Banach-Alaoglu theorem. As a consequence, the whole sequence must weakly

converge to its unique limit point % (041 + 0,2). O

We illustrate these results still with an initial condition centred at 0.5, but now r has two
maximum points at x1 := % and x = % and is symmetric with respect to z = %, see Figure

2.3 below.

0.8

0.6 -

0.4

FIGURE 2.3: Plot of the symmetric function » with two maximum points at % and %

We also plot the time-evolution of n and n. in Figure 2.4. At time 77 = 500, the integro-
differential equation is already quite concentrated at x1, and eventually all the mass will
be at x1. For n., we have to take a large final time: the solution tends to concentrate
at x1 before the mass at x1 is slowly "absorbed" at the other maximum point z2, and at
T» = 20000, the solution is almost symmetric, as expected theoretically.

2.3.2 In the absence of symmetry

What can be said in the absence of a very particular symmetry? The question can be
addressed by slightly changing the viewpoint. Indeed, let us set V= —r to emphasise that
we are considering —r as a potential, and we now see x as a space variable.

We are thus interested in the behaviour of the first eigenfunction . of the operator eA -V,
as € tends to 0. From the previous results, we already know that it concentrates where V'
is minimal, namely on the set arg max(r).
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Chapter 2. Selected phenotypes among those of equal fitness for small mutations
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FIGURE 2.4: On the left, plot of functions n(t,-) at different times up to T3 = 500, on the right
plot of functions n.(t,-) at different times up to 75 = 20000, with ¢ = 5.107%.

Further investigating in which points in argmin(V') = argmax(r) there will actually be
some mass is a fundamental question in semi-classical analysis. It is motivated by the
analysis of the behaviour of a particle in a potential well, in the limit of small noise.

We assume that 7 is at least C?, attains its maximum at a finite number of points
(x1,...,zn) and that they are non-degenerate maxima. For simplicity, we also assume
that these points all lie inside €2. We finally introduce some notations.

If z; is a point of argmax(r), we denote (A\i(7;));<;<q the (positive) eigenvalues of the
Hessian of —r at the point x;, and set

P

Gi= ) V(@)

=1

Translating the results obtained in semi-classical analysis, we obtain the following Theorem.

Theorem 2.1 ([79], Theorem 2). 1. concentrates on the set S := argmin;<;<n(() as €
goes to 0.

Returning to our problem, we have obtained the following result.

Corollary 2.1. n2° concentrates on the set S = arg minj<;<n(() as € goes to 0.

For example, in dimension 1, we obtain that n2° will concentrate on the points z in
arg max(r) which minimise —r"(z).

Remark 2.3. We stress that if the previous set S is not reduced to a singleton, the limit
is still not completely identified. In [79], the analysis is continued to further reduce the
possible points on which concentration occur. This reduced set has a very complicated
expression, and we stick to the simpler one above which is enough for our purpose.

We illustrate these results (again with an initial condition centred at 0.5), and a non-

symmetric r with two maximum points at x; := % and xo = %, see Figure 2.5 below.
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2.3. Inferring the real Dirac masses
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FIGURE 2.5: Plot of the non-symmetric function r» with two maximum points at i and g.

We also plot the time-evolution of n and n. in Figure 2.6. At time T = 500, the solution
of the integro-differential equation is already quite concentrated at x1, and eventually all
the mass will be at x1. For n., the behaviour at the same time T = 500 is quite different,
the solution is close to a smoothed Dirac at zo, in perfect agreement with the theoretical
results, because we have —r"(z2) < —r"(z1).

80 20
n —_— "";E') o ”07(;)
— (%) 18} f\ —ne(7:)
o —n(l) i — (L)
60 | N I
4} \V \ R
S0 H ) 12 |~ |
- “ 4

FIGURE 2.6: On the left, plot of functions n(t,-), on the right plot of functions n.(t,-) at different
times, with ¢ = 1.107°. In both cases, T' = 500.

2.3.3 On transient behaviours
We have seen that different behaviours can be expected at the same time T for equations
(2.2) and (2.3), starting from the same initial condition. There are however cases for which

reaching the unique stationary state is long, as in the symmetric case.
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Chapter 2. Selected phenotypes among those of equal fitness for small mutations

In the non-symmetric case, let us consider r with x; = % and 9 = % as maximum points,

in which case we know that in the end concentration will be on x3. As evidenced by
Figure 2.7, If the initial data is initially concentrated at x = 0.1, there will be a transient
concentration on x1 and a quick transition to concentration on xo.

30

% i — ne(%.)

20 i )

10 Il

FIGURE 2.7: Plot of functions n.(t,) at different times, with ¢ = 1.107° and final time 7' = 800,
for an initial condition centred at 0.1.

This is a relevant problem related to the actual biological time-scales at which such phe-

nomena would occur. Capturing this mathematically requires to change time-scales, but
it remains a challenging (and open) problem, as already explained in the introduction.

62



Part 11

Population dynamics
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Chapter 3

The non-local Fisher-KPP equation
in a bounded domain

In this note accepted in the Comptes Rendus Mathematique, entitled On the
stability of the state 1 in the non-local Fisher-KPP equation in bounded do-
mains |138], we push the use of Lyapunov functionals based on the convex
function z +— z — 1 — In(z) further to a case with diffusion. Under a strong
competition assumption on the kernel, we prove that 1 attracts all trajectories.
This condition is reminiscent of other ones found in the literature concerning
the stability of 1.

3.1 Introduction

We consider the so-called non-local Fisher-KPP equation endowed with Neumann bound-
ary conditons

O t,0) = (1 - [ Ke.puten dy) ult, 1)+ Aut,z), © €9, £ 0,
Q

ou B (3.1)
%(t,x) =0, €09, t>0,

u(0,2) = u’(z) >0 z € Q,

where Q a regular bounded domain of R and K > 0 a kernel modelling an additional
death rate due to non-local interactions.

We will sometimes write in short K[u] = [, K(x,y)u(y) dy for a generic function u.
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Chapter 8. The non-local Fisher-KPP equation in a bounded domain

Assuming

Vo € (), / K(z,y)dy =1, (3.2)
Q
and in the limit K(x,y) — d,—,, we recover the classical Fisher KPP-equation

ou

Fri (1l —uw)u + Au. (3.3)

The assumption (3.2) ensures that 1 remains a homogeneous stationary solution of (3.1).

The classical Fisher-KPP equation (3.3) is often analysed on the whole space for the
investigation of travelling waves, which are known to exist since the pioneering works of
Fisher, Kolmogorov, Petrovsky and Piskunov [92] for any speed above 2,/x. Furthermore,
any-non zero initial condition eventually converges locally uniformly to 1, which is therefore
a globally asymptotically stable for non zero initial conditions.

When one adds a non-local term, it does not remain true that travelling waves exist and
when they do, whether they link 0 to 1 or another non-homogeneous steady-state of the
equation. 1 can indeed become unstable: Turing patterns appear [121, |.

A natural question is thus to understand under which conditions the status of 1 is changed
due to the non-local term. When K (z,y) is given by a convolution ¢(x —y), several results
have already been obtained in the full space, in dimension d = 1. If the Fourier transform
is everywhere positive of if p is small enough, it is known that travelling waves necessarily
connect 0 to 1 [12]. See also [3, 71]

In this note, we provide a general result on the global asymptotic stability on 1 on a
bounded domain, based on a Lyapunov functional. The results holds provided that the
following general assumption on the kernel K is satisfied:

Vf e L*(Q), i QK(m,wf(x)f(y) dx dy > 0. (3.4)

K is then referred to as being a positive kernel, and (3.4) can be thought of as a strong
competition assumption. These types of Lyapunov functionals have been used successfully
in selection equations in [32, , | and are inspired by Lyapunov functions for Lotka-
Volterra ODEs [6].

It remains an open question to know whether this condition leads to the same conclusion on
the whole space. As such, our Lyapunov function requires integrability for u(t)—1—In(u(t))
which is too much to ask in R?. We still believe that the condition (3.4) is highly relevant.
Indeed, when Q = RY, and if K is a convolution K (x,%y) = ¢(x — 5), then condition (3.4)
becomes

ViR, [ oo - y)f@)fw)dedy >0 (3.5)

Ré xR

It is easy to check that if ¢ has a non-negative Fourier transform, then condition (3.5) is
satisfied, see [$2]. The converse is almost true, as evidenced by Bochner’s Theorem [1413]:
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8.2. The Lyapunov function approach

if ¢ is bounded an continuous, then (3.4) holds if and only if it is the Fourier transform of
a finite bounded measure on R

Consequently, condition (3.4) (or (3.5)) shows that the condition on the Fourier transform
of ¢ used in dimension 1 in the literature can be appropriate in any dimension, and may
not only be a sufficient but also a necessary condition when it comes to the stability of the
state 1.

3.2 The Lyapunov function approach

We make the following regularity assumption on the kernel K:
KeC™(Qxq), (3.6)

where C01 (ﬁ X ﬁ) denotes the set of Lipschitz continuous functions on Q x Q.

Under the previous assumption (3.6), for u® € L1(2), we know from [15] that there exists a
unique non-negative classical solution in C([0, +00), L}(Q))NC((0, +00), C**(Q)), which
we denote t — SpuY.

It will also be convenient to introduce the set Z := {u € C*>%(Q), u > 0}. Finally, we
define the non-negative function H(w) := w — 1 — In(w) for w > 0, and for v in Z

V(u) := /Q (u(z) — 1 —In(u(x)) dz,

the last integral possibly being equal to 4oc0.

Our result is then the following:

Theorem 3.1. Assume (3.4), (3.6), (3.2). Then for any initial datum u® in L*(Q), u® > 0,
u® # 0, the solution to (3.1) satisfies

u(t,") — 1

uniformly in €.

Proof. First step: computation of the Lyapunov functional.

First, let us remark that by the parabolic strong maximum principle, u(t,z) > 0 for all
t >0, z € Q. Now, let us check that this holds true also for = € 052, from which we
will infer that V(u(t)) is well defined for all ¢ > 0. By the parabolic strong maximum

principle at the boundary, we have the following alternative for x € 9Q: either u(t,z) > 0

or u(t,z) =0 and g—u(t, x) < 0. Only u(t,z) > 0 can hold due to the Neumann boundary
n

conditions.
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Chapter 8. The non-local Fisher-KPP equation in a bounded domain

We now consider ¢(t) := V(u(t)) for ¢ > 0, where {u(t)}+>0 is the trajectory emanating
from by wug. Let us prove that this is a Lyapunov functional, by computing for ¢ > 0

s = [ G (1)

:AAM@G—UQ>—MAU—KWWDG—WW)

2
= [ B o [ K (1= ) (1 = u0) ddy
q u?(t,x) 02

after integration by part for the first term. For the second one, we used 1— K[u] = K[1—ul],
owing to (3.2).

Thanks to (3.4), this yields ¢’(t) < 0 i.e., that g is non-increasing over R. Since g > 0,
we infer the convergence of ¢(t) as ¢ tends to +00, and we denote [ its limit.

Second step: compactness of trajectories.

Since C%%(Q) is compactly embedded into C(£2), the trajectory {S;u’};s (for some fixed
d > 0) is relatively compact in C(2), meaning that one can find @ > 0 in C(2) and a
sequence (t;) tending to 400 in k, such that u(t;) converges to u as k goes to +o0, in
C (ﬁ) Note that the limit cannot be identically 0 since otherwise g(t) would go to +oo,

in contradiction with its convergence to [.

Our aim is to prove that @ = 1, which will mean that the whole trajectory converges to ,
hence the expected result.

Third step: identifying the limit.

Let us now consider the trajectory starting from the initial datum @, namely {S;u}¢>0,
which we also denote by {a(t)}+>0. Because u > 0, u # 0, we again have @(t,z) > 0 for all
t >0, z € Q. Let us prove that V is constant along the trajectory {Siu}:>o for ¢ > 0.

For this, we write V(a(t)) = V(Siu) = V (S¢limp_y 100 St u’) =V (limpy o0 St ul). It
is also easy to see that for any u in C’(ﬁ) which is furthermore positive on Q, V' (seen as
acting on C(£2)) is continuous at u, and this implies V(a@(t)) = limg— o0 V (Sta4,u°) = L.
As claimed the function ¢t — V' (Syu) is constant (equal to 1) for ¢ > 0.

Hence its derivative must be zero for ¢t > 0: from the computations made in the first step,

it must hold that both [, % and [ K (z,y) (a(t,z) — 1)) (a(t,y) — 1) dx dy vanish
identically for ¢ > 0. Let us now fix ¢ > 0, and from the first term, we know that @(t) is
a constant. From the second term and owing to K > 0, this constant must be equal to 1.
By continuity of the trajectory, this also holds true at t = 0, i.e., w = 1, which ends the

proof.

O]
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Chapter 4

Control of the 1D monostable and
bistable reaction-diffusion equations

In this work with Emmanuel Trélat and Enrique Zuazua, we consider the prob-
lem of controlling the monostable and bistable equations on (0, L) for a density
of individuals 0 < y(¢,x) < 1, by means of Dirichlet controls taking their values
in [0,1]. We prove that the system can always be steered to invasion (steady
state 1), while it is possible in the case of extinction (steady state 0) if and
only if the length L of the interval domain is less than some threshold value L*,
which can be computed as an integral. In the bistable case, controlling to the
other homogeneous steady state 0 < 8 < 1 relies on a staircase control strategy,
and we prove that 6 can be reached in finite time if and only if L < L*. The
phase plane analysis of those equations is instrumental in the whole process,
from reading obstacles to controllability and computing the threshold value for
domain size, to the design of the path of steady states for the control strategy.
This is the subject of a submitted article, entitled Phase portrait control for 1D
monostable and bistable reaction-diffusion equations.

4.1 Introduction

For L > 0, 0 < T < +0o0, we consider the following controlled reaction-diffusion equation
on (0,L) x (0,7)

Yt = Yzz = f(y)7
y(t’ 0) = u(t)a y(tv L) = U(t>v (4'1)
y(0) = yo.
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Chapter 4. Control of the 1D monostable and bistable reaction-diffusion equations

where f is a C'! nonlinearity satisfying f(0) = f(1) = 0, with initial data 0 < yo < 1 in
L*>°(0, L). The Dirichlet controls u and v are measurable functions satisfying the constraints

0<u®) <1, 0<v() <1,
In such a setting, (4.1) admits a unique solution in
L22((0,T) x (0, L)) N C([0, T} H(0, 1)),

see for instance [103].
We will consider two types of functions.

(H1) The monostable case: f > 0 on (0,1). In such a case, we will also assume f/(0) > 0.
The typical example is f(y) = y(1 — y).

(H2) The bistable case: f < 0 on (0,6) and f > 0 on (f,1) where 0 < # < 1. In
such a case, we will also assume f/(0) < 0 and f’(1) < 0. The typical example is

fly) =yl —y)(y—0).
We also set

F(y) := /Oy f(z)dz for y € [0, 1].

In the case (H2), we will without loss of generality always assume F'(1) > 0, which is
equivalent to 6 < 1 when f(y) = y(1 —y)(y —6). If F(1) <0, one can set z =1—y to
apply the results obtained when F(1) > 0.

By means of appropriately chosen Dirichlet controls u(t) and v(t) in L°°(0,7;[0,1]) at
x = 0 and x = L respectively, our goal is to control the equation towards either the steady
states 0, 1, or in cases (H2), also towards the steady state 6.

Let us denote a a generic solution of f(y) = 0, namely a = 0, a = 1 or also a = 6 in the
case (H2). Our goal is to provide controls u, v steering the system to those homogeneous
steady states. We will say that the controlled equation (4.1) is

e controllable in finite time towards a if for any initial condition 0 < yp < 1 in L>(Q),
there exist 0 < T < +o00, controls u, v € L*(0, T} [0, 1]) such that

y(T,-) = a.

e controllable in infinite time towards a if for any initial condition 0 < yo < 1in L>(Q),
there exist controls u, v € L*(0, +00; [0, 1]) such that

y(t7 ) —a
uniformly in [0, L] as ¢ tends to +oo.
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4.1. Introduction

Motivations.  These models are ubiquitous in population dynamics (see |5, 85, 1)
but they also appear in other contexts, e.g. in the theory of combustion. Let us use the
point of view of population dynamics to introduce the main modelling aspects.

In case (H1), having in mind the example f(y) = y(1—y), there is exponential increase of y
whenever y > 0, but there is a saturation effect near y = 1 because the full capacity of the
system has been reached. In case (H2), f takes negative values close to 0 to model the fact
that a minimal density 6 is required for reproduction and cooperation, under which the
population will die out. The state 6 is unstable in the absence of diffusion, since f’(6) > 0.

These models are also amenable to modelling invasion phenomena, because (when posed on
the whole space) they typically have solutions called travelling waves in the form y(x — ct)
for certain speeds ¢, linking the states 0 and 1, see the pioneering work [92].

For such problems, it is thus a requirement for the solution to satisfy y > 0, a condition
which is fulfilled with non-negative Dirichlet boundary conditions. We might consider
using controls that are above 1, taking into account the possibility for releases at 0 or L
to be above the capacity of the system.

However, there are contexts in which y is the proportion of individuals of type A over the
total number of individuals of types A and B. This can be obtained as the suitable limit
of a system of two reaction-diffusion equations for each type [160].

Thus, we shall also impose that the controls are below 1 to cover these cases, which will
not be a restriction for the results. Imposing 0 < u(t),v(t) < 1 leads to 0 < y(¢t,z) < 1 by
the parabolic maximum principle [112, 93].

In applications, it is common to target extinction or invasion of a given population: the
goal is to reach the steady state 0 or the steady state 1. Converging to an intermediate
steady state such as 6 can also be desirable if the goal is to maintain the population all
over the domain, but below invasion levels.

If one thinks of y as a proportion of one species over the total number of individuals in two
species, reaching 6 is one way of ensuring coexistence on the whole domain (0, L). Doing
it is a priori a more challenging task than for 0 and 1 since 6 is an unstable equilibrium
for the dynamical system ¢’ = f(y).

On the control for model (4.1). The literature for the control of semilinear parabolic
equations such as (4.1) is abundant, whether it is by means of Dirichlet controls or controls

acting inside the domain [11, |. The typical results (for nonlinearities small enough to
avoid blow-up) when such controls are unbounded is the possibility to control towards 0
in any time 7' > 0 [94, 55, 57|, but of course at the expense of controls becoming larger

and larger as T' becomes smaller [55].

Much effort has been recently put into studying controllability problems also in the presence
of constraints on the controls, because it is a quite common assumption for applications.
Such additional control constraints, and in particular non-negativity constraints, may dra-
matically change the types of results one can obtain [132, |. Controllability to 0 is no

71



Chapter 4. Control of the 1D monostable and bistable reaction-diffusion equations

longer granted, and when it is, a minimal time for controllability might appear. Also note
that even with unbounded controls, controls on the state itself can result in difficulties for
controllability and appearances of minimal times for it to hold true [108].

A simple static strategy. The simplest approach to steering the system to a homoge-
neous steady state a is by choosing constant controls u(t) = v(t) = a, a strategy we shall
call static in what follows. A crucial result due to Matano is that any trajectory must
converge to some stationary state.

Theorem 4.1 ([115]-Theorem B). Consider the equation

Yt — Yza = f(y)a
y(t,0) =u,y(t,L) =7, (4.2)
y(0) = yo.

with some constant controls 0 < u,v < 1. Then y(t,-) solving (4.2) converges uniformly to
some stationary state as t — +00, i.e., a solution y§ of

{gm: = f(g>v (43)
_ 7 ‘

This classical but nontrivial result is established thanks to the strong maximum principle,
in the spirit of work that followed studying the number of oscillation points or of sign
changes of solutions (lap-number, see |116]) as time evolves.

Note that the limit stationary state is not necessarily known: the above result only as-
serts its existence. Moreover, it is not necessarily unique. As a consequence, choosing
u(t) = v(t) = a will work asymptotically (independently of the initial condition) if the
homogeneous solution a is the only solution to the above stationary problem (4.3) for
u=17=a.

Threshold for domain size and obstacles. Intuitively, one can expect that if L is
small, ¥y = a will be the only solution to the previous stationary problem, while if L is
large, there might be others. It is indeed well-known that there exists a threshold for L
under which a is the only solution, and above which there is at least one other [105]. Let
us denote L, this threshold.

When @ = v = a, other stationary solutions ¢ to (4.3) than a are obstacles for the static
control strategy to work, since if yo > 7 (resp. yo < ¥), then y(t,-) > g (resp. y(t, ) < )
for the solution of the controlled model with constant controls u(t) = v(t) = a. This a
consequence of the parabolic comparison principle.

Note that these obstacles also come up naturally for the construction of so-called bubbles,
i.e., initial conditions in the case (H2) on the whole space, which are big enough to induce
invasion [161, 17].

Consequently, combining Matano’s Theorem with this threshold phenomenon already yields
that the static strategy (leaving aside the case of L = L, for the moment) is such that:
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e for L < L,, any initial condition converges asymptotically to a,

e for L > L,, there exist some initial conditions for which the solution will not converge
to a.

Application to invasion and extinction. Another application of the comparison
principle shows that this actually settles the case of a = 0 and a = 1. We take a = 0
to illustrate the idea. The solution y of the controlled equation of (4.1) is such that
y(t,x) > z(t,x) where z solves the same equation but with u(t) = v(¢t) = 0. Thus a given
control strategy will work if and only if the static strategy does.

Also note that the strong parabolic maximum principle entails that when yg # 0, then
y(t,x) > 0 inside (0, L): it is possible to reach the state 0 only asymptotically, and the same
holds for 1. At this stage, for a = 0 or a = 1, we can state that system is not controllable
to a in finite time, and that it is controllable in infinite time towards a depending on the
position of L with respect to L,.

Designing strategies for §. The previous reasoning shows that the steady state 6 will
asymptotically attract all trajectories if L is small enough, more precisely if L < Ly, just
by the static strategy of putting u(t) = v(t) = 6 on both sides. One can then hope to
reach 6 in finite time, by waiting for the system to be close enough to 8 in order to use a
local controllability result.

Contrarily to the case of 0 and 1, the static strategy might be improved for the control
towards 6 since controls can take values both above and below 6. If either 0 or 1 attracts
all trajectories, our idea is to try and use a path of steady states linking 6 to 0 (or 1), in
order to use the staircase method inspired by [12| and its development in [132]. Tt allows
to steer (in finite time) any steady state to another one, as long as they are linked by a
path of steady states.

Main results. In this chapter, we provide a complete understanding of controllability
properties towards constant steady states for the equation (4.1), and the essential tool
is phase plane analysis for the ODE —y” = f(y). First, it will allow us to prove that
L; = 400 (due to F(1) > 0 which implies that 0 and 1 do not play symmetric roles), and
that Ly, which we denote L* from now on, is positive and can be computed explicitly as a
transcendental integral. More precisely, we will show that

e (4.1) is controllable in infinite time towards 0 if and only if L < L* in the case (H1)
(resp. L < L* in the case (H2)),
(
(

e (4.1) is controllable in infinite time towards 1 independently of L in both the cases
H1) and (H2).

Recall that, by parabolic comparison, controllability to 0 or 1 is never possible within
finite time. Furthermore, L* = w/4/f’(0) under quite generic conditions in the case (H1).
In the case (H2), let us stress that our integral formula for L* was established for cubic
nonlinearities, already with phase plane analysis in [158], but for other purposes.
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Second, phase plane analysis will also be critical in understanding the controllability prop-
erties of §. We already know from the reasonings above that 6 can be reached asymptoti-
cally by the simple static strategy, which works for L < Ly. The main contribution of this
chapters is the design of a control strategy which works not only for L. < Ly, but more
generally for L < L*. More precisely, we shall prove in the case (H2) that

(4.1) is controllable in finite time towards 6 if and only if L < L*.

The proof of this equivalence as well as the design of an appropriate control strategy are
instrumentally based on the phase plane analysis of the dynamical system —y” = f(y), in
the region 0 < y < 1, which involves the three steady states 0, 8 and 1.

Such a strategy is far from obvious due to the instability of @ for the corresponding ODE.
The main idea is to use the staircase method, together with a fine analysis of the phase
plane showing that there is a path of steady states linking 0 and 6 if and only if L < L*.
Actually, because the controls must be non-negative, 0 is not an appropriate steady state
and we shall need to find, again by phase plane analysis, another globally asymptotically
stable steady state y;n;+ close to 0 such that a path of steady states still links y;n:: to 6.
Finally, we will also explain why there is a minimal time for controllability: one cannot
hope to reach 6 in arbitrarily small time.

Outline of the chapter. The chapter is organised as follows. In Section 4.2, we
focus on the case of 0 and 1. Phase plane analysis allows us to recover the existence of a
threshold and to find an explicit formula, together with some estimates. The problem of
controllability towards 6 is investigated in detail in Section 4.3, where we first recall the
staircase method before using it with the help of phase plane analysis. Finally, Section 4.4
is devoted to confirming the theoretical results by numerical experiments, together with
presenting some byproducts and perspectives which follow from our work.

4.2 Threshold length L* for extinction and invasion

4.2.1 A general result for invasion

We recall that we assume F'(1) > 0 (thus 0 and 1 do not play the same role in the bistable
case).

Proposition 4.1. Whether [ satisfies (H1) or (H2), (4.1) is controllable in infinite time
towards 1.

Proof. As explained in the introduction, Matano’s Theorem 4.1 and the parabolic compar-
ison principle combined imply that (4.1) is controllable towards 1 in infinite time if and

only if the only solution to
w(0) =1, w(L) =1,
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4.2. Threshold length L* for extinction and invasion

with 0 < w < 1 on [0, L], is the constant 1. The equation —w,, = f(w) is a second-order
ODE which can be rewritten as w, = z, 2z, = —f(w), and there is a solution to the previous
equation if and only if there are curves (w(z),w'(x)) in the phase portrait (w,w’) starting
and ending on the axis w = 1, which satisfy 0 < w < 1. In both cases, (H1) and (H2), the
only such a curve is the trivial one: w = 1.

For completeness, we give an analytical proof. Assume there is a such a function 0 < w < 1
which is not identically 1. Then there is xg € (0,L) such that w reaches its minimum,
satisfying w(zg) < 1. Since w'(zg) = 0, the conservation of the energy 2w’ + F(w) yields
$(w'(0))? + F(1) = F(w(zo)) which implies F(w(zo)) > F(1). If f satisfies (H1) or (H2)
with F'(1) > 0, the last inequality imposes w(xg) = 1, a contradiction. If f satisfies
(H2) together with F(1) = 0, then w'(0) = 0. Then w would solve the second-order
ODE —wy, = f(w) with w(0) = 1, w'(0) = 0, meaning that w would be identically 1 by
Cauchy-Lipschitz uniqueness, a contradiction. ]

Remark 4.1. In the case (H1), a Lyapunov functional exists and can be used to prove
convergence to 1 [138]. Indeed, consider the solution to

Yt — Yzz = f(Y),
y(t,O) =1, y(ta L) =1,

and, for ¢ > 0, the functional V(¢ fo (y(t,z) — 1 —In(y(t,z))) dz. Then

6975/:_/0 (5 ) /f W

Up to our knowledge, however, no such Lyapunov functional has been exhibited in the
case (H2).

N
o

4.2.2 A general result for extinction

Let us first note that in the case (H2) and if F'(1) = 0, then the argument given for the
state 1 in the previous section works similarly for 0, because the phase plane shows that 0
is the only solution to

—Wgy = f(w),
w(0) =0, w(L) =0,

Thus, F(1) = 0 is a particular case for which (4.1) is controllable in infinite time towards
0 regardless of L. We now assume F'(1) > 0 for the rest of this section.

Let us introduce some notations. In what follows, we will need to invert the function F'.

In case (H1), F is increasing, and thus its inverse F~! is well-defined, mapping [0, F(1)]
onto [0, 1].

In case (H2) and if F/(1) > 0, F' decreases from 0 to F'(#), and then increases from F(6) to
F(1) > 0. There is thus a unique 6; € (0, 1) such that F'(¢;) = 0. In case (H2), we choose
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Chapter 4. Control of the 1D monostable and bistable reaction-diffusion equations

to denote F'~! the inverse of F' on [0, 1] which maps [0, F(1)] onto [#1,1]. If F(1) = 0, we
set 1 = 1.

Proposition 4.2. In cases (H1) and (H2), there exists L* such that
o if L < L*, (4.1) is controllable towards 0 in infinite time,
e if L > L*, (4.1) is not controllable towards 0 in infinite time.

Furthermore,

L*= inf

€(0,F(1)) \[/ \/a—i

At this stage, we do not know yet that L* > 0, nor what happens if L = L*, but this will
be addressed in the next subsection.

Proof. We know that (4.1) is controllable towards 0 in infinite time if and only if the only

solution to
—Wgy = f(w)7
w(0) =0, w(L) =0,

with 0 < w < 1 on [0, L], is the constant 0. There is a non-zero solution to the previous
equation if and only if there are curves (w(x),w'(x)) in the phase portrait (w,w’) starting
and ending on the w’-axis having length L exactly, with the starting and ending points
different from the origin.

Let us parametrise such curves by their starting point (0,v2a) where a € (0, F(1)]. If
these curves end on the w'-axis, the end-point is (0, —\/ﬁ) and we denote L(«) the time
required for them to reach this end-point. By symmetry, this is also twice the time for this
trajectory to reach the w-axis, at a point which we denote y™**(«). To illustrate these

curves, we refer to Figure 4.1 for a schematic view of the phase portrait, given in the case
(H1).

Finally, we use the fact that y increases from 0 to ™ (a), which makes of y a C!-
diffeomorphism from [0, $L(c)] onto [0, ()], allowing us to compute

L(e)

ymuz(a)
L(oz):2/2 dz:Q/ di,/.
0 0 Yy

The energy %(y')* + F(y) is conserved along trajectories, so that F(y™%(a)) = a, and
inverting this yields ™ (a) = F~!(a). We also have ¢/ = v/21/a — F(y), and we arrive at

\f/ W

It is easy to check that this integral is finite, except, as we will see, for « = F'(1). Thus, L*
is well-defined. From this formula, one clearly infers that if L < L*, there is no curve other
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4.2. Threshold length L* for extinction and invasion

> L F(y) = F()
>-> TraJectory linking 0 and 0

—Vaa +

—/2F(1) A

FIGURE 4.1: Phase portrait in the monostable case (here f(y) = y(1 — y)), with the trajectory of

energy ;y’Q + F(y) = F(1) and an example of trajectory parametrised with a.

than 0 linking two points on the w’-axis such that the corresponding trajectory satisfies
0 <w < 1. Thus, if L < L*, (4.1) is controllable towards 0 in infinite time.

To prove the second point, we compute L(F( =2 fo — W ___ — 40 because
VFL)-F(y)

F(1) — F(z) ~ FT,(I)(I — 2)¥ where k > 2 since F'(1) = f(1) = 0. Consequently,
z— :
L(F(1)) = 40 leading to L(ar) — 400 as a tends to F(1). Owing to the continuity

of @ — L(a), this implies the existence of a non-zero stationary solution to (4.3) (with
u = v = 0) and equivalently, the non-controllability of (4.1) towards 0 in infinite time, as
soon as L > L*. O

Remark 4.2. Since o — y™*(a) is increasing with «, we can instead parametrise by
B = y™*(«) leading to the alternative formulae

L* = inf \[/
8€(0,1) A\ F

and

L* = inf f/
Be(61,1) \/ F

in cases (H1) and (H2) respectively.

4.2.3 Estimating L*

Let us start by giving a global bound for L*, valid both in cases (H1) and (H2).
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Proposition 4.3. It holds that

™

fmeson (142)

Proof. Let 0 < yo < 1 be given in L>°(0, L) and consider the solution to (4.1) with null-

boundary Dirichlet values. For R := max,¢(q 1] (%), we can bound

L* >

Yt — Yoz = [(y) = <f(yy)> y < Ry on (0,L).

Subsequently, y is a subsolution of the equation
2t — Zpr = Rz,

z(t,0) =0, 2(t,L) =0,
From the comparison principle for parabolic equations, we deduce y(¢,z) < z(t,z). Now,

using the Hilbertian basis of L?(0,L) formed by eigenvectors of the operator A : z
—zze — Rz, it is standard that

l2(t, )20,y < H?JOHL2(0,L)€7)‘1t
where A is the first eigenvalue of A, given by \; := —R + Z—Z Thus it is clear that
z(t,+) — 0 independently of yy as soon as L < ﬁ. O

In case (H1), it is possible to obtain the actual value of L* under an additional sufficient
condition on the function f.

Proposition 4.4. Let f satisfy (H1) be a C? function. Further assume

f2=2Ff on|0,1]. (4.5)
Then
==
£(0)

The hypothesis clearly applies to concave functions, hence the following corollary.
Corollary 4.1. Let f satisfy (H1). If f is strictly concave on [0,1], then L* = ;(0). In
particular, if f(y) = y(1 —vy), then L* = .

Proof (of Proposition /.4). Let us first prove that a — L(« ) is 1ncreas1ng on (0, F(1)). We
first change variables by setting u = aF'~1(y), yielding L(a) = v2a fo E) (W) g, Now

Vi—u
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4.2. Threshold length L* for extinction and invasion

we compute the derivative of the previous expression for o € (0, F(1))

()
(@) / l—u d + 2 / f—u dz
/ (o) + 2(au)(F~1) P (au) du
" Um i ‘

If F~1(2) + 22(F~1)®)(2) > 0 for all z € (0, F(1)) our claim is proved. Computing the
derivatives, we find

~1y/(, SF-1@) () — 1 _ 9. F'(F'(2)
(F )( )+2 (F ) ( ) f(F_l(Z)) (1 2 (f(F_l(z)))2>

Changing variables again through z = F(y), the last quantity is non-negative on (0, F'(1))

if and only if 1 — 2F(y) ]{;((Z)) > 0 on (0,1), which is exactly the hypothesis (4.5).

At this stage, we can claim that

= lim L(«),

a—0

and it remains to compute the limit. Recall that

r/ —Vaa [ 2 L

o VI—uf(F ! (au))
. (2 / _
Since F(y) ~ F 2(0) y? = J’§0)y27 Fl(z ) f/(O) As a consequence, f(F~1(z)) Ko
fI0)F~1(z) 0 /2f'(0)z. Finally, we arrive at f(F—l(au)) il 2af’( . leading to
1 1 T
L(a / du =
S T b Ve VR0
whence the result. O

From the previous result, we know what happens for L = L*: there is no obstacle to the
convergence to 0.

Corollary 4.2. Let [ satisfy (H1) and (4.5). Then (4.1) is controllable towards 0 in
infinite time if and only if L < L*.

We now turn our attention towards the case (H2), for which there is no simple formula.
When F (1) =0, we set L* = +00 as a convention, i.e., (4.1) is controllable in infinite time
towards 0, whatever the value of L for this particular value of F'(1).

Proposition 4.5. Let f satisfy (H2) and F(1) > 0. Then a — L(a) reaches a minimum
at some point of (0, F(1)).
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Proof. We define g(«) := %L(a) = fOF_l(a) \/ad_iyizr(y) to get rid of the constant, and split

the integral in two on the intervals [0,60;] and [f1, F~!(a)], and change variables in the
second integral as in the monostable case to uncover

Mty L) (aw)
ofe)= [ a_F(y)+\6/0 L g,

We first note that the second integral converges to 0 when « tends to 0, while the first

d _ £/(0
\/_7%7@) = +o00 because F(y) o é)yQ.
L(a) = v2g(a) is a minimum, reached inside (0, F(1)). O

one converges to f091 Thus, the infimum of

From the previous result, we know what happens for I = L*: there is an obstacle to the
convergence to 0.

Corollary 4.3. Let f satisfy (H2). Then (4.1) is controllable towards 0 in infinite time if
and only if L < L*.

4.3 Controlling towards ¢ in the bistable case

In this Section, we assume the function f to be of type (H2). We will see that if and only
if L < L*, it is possible to build a control strategy steering any initial state in finite time
towards the constant steady state 6.

Existence of a minimal time for controllability. Before doing so, a simple argument
suffices to explain why it is not possible to steer the system to 6 in arbitrarily small time.
For simplicity, assume that yo € C([0, L]), and first that yg is strictly above 0 at least at
one point in space inside €. As usual, whatever the controls, we can write y(t,-) > z2(¢,-),
where z(t, ) starts from yo but with zero Dirichlet boundary conditions.

Since the trajectory z(t,-) is smooth in time, it requires a positive time ¢; to be uniformly
below 0, and so if there exists a time 7" and a control strategy such that y(T,-) = 6,
there must hold that T > t;. If yg is below 6 somewhere inside (), we argue similarly by
comparing to the trajectory associated with Dirichlet boundary controls equal to 1.

4.3.1 Control along a path of steady states

We will say that a steady state y associated with static controls u, v is admissible if

0<u,v<l1.

This property will be of great importance because we shall need to make small variations
around the controls #, ¥ when making use of the staircase method.
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4.8. Controlling towards 0 in the bistable case

Finally, we will say that there exists a path of steady states linking two steady states y;
and g if there is a set of steady states S and a continuous mapping

v:[0,1] — S

such that v(0) = y1, (1) = y2, where S is endowed with the C([0, L])-topology. The
corresponding 1-parameter family of controls will be denoted by (u(s),v(s))o<s<1-

We start by giving a local exact controllability result, which holds uniformly given a family
of steady states and rests on the local controllability for a single steady state, well known
in the 1D case [116] and since then generalised [55, 91|, see for example [132] for a full
derivation. We stress that the controls provided by this result do not necessarily lie in
[0,1]. We also emphasise that such a uniform result is possible because, by definition,
steady states are taken to be between 0 and 1.

Lemma 4.1. Assume that we have a set of steady states § € S associated with controls
u,v. Let T > 0 be fized. Then there exist constants C(T) > 0, 6(T) > 0 such that for all
geS, forall0 <yo <1 in L>®(0,L) with

190 = 9l < O(T),
there exist controls u,v € L*(0,T;R) such that the solution of (4.1) starting at yo satisfies
Furthermore,

max (Ju(t) —al, [u(t) = v]) < C(T) lyo = gl on (0,T).

With this lemma, we can now explain the staircase method. Applied with a path of
admissible steady states, it ensures that one can steer any steady state to another one by
controls with values in [0, 1].

Proposition 4.6. Assume that there ezists a path of admissible steady states (Us)o<s<i

associated with controls (s, Us)o<s<1- Then there exists a time T > 0 and a control strategy
u,v € L*(0,T;]0,1]) such that the solution of (4.1) starting at go satisfies

y(T, ) =Y1.

The proof simply goes by applying a finite number of times the local controllability result
along the (compact) path of steady states.

Proof. We take T'= 1. By continuity, dy := ming<s<1 (s, Us, 1 — s, 1 — 05) > 0. We choose
an integer N large enough such that for all k =1,..., N,

<&,
00

Yre—1 — Y
N

L.
N

where € will be defined below.
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For k =1,..., N, let ug, v be the controls in L>°(0,1;R) such that the solution of (4.1)
starting at yx—1 reaches exactly ¢y at time 1. These controls are such that
N N

max (’uk(t) —u

’Uk(t) — v%

)

on [0,1]. In particular, ug(t) > ux — C(1)e > 0 for € small enough. We prove similarly
that ug is bounded away from 1, gnd the reasoning for vy is the same. At this stage, it
suffices to define (u,v) = (ug(t — k), vi(t — k)) for t € (k,k + 1) to obtain the desired
control. O

4.3.2 Phase portrait in the case (H2)

To define a path of steady states linking an appropriate state (say yiniz) to the state 6,
phase plane analysis is again instrumental. We will indeed consider a path of steady
states (ws)o<s<1 (such that wy = yini and w; = ) by choosing a path of initial conditions
s € [0,1] = (ws(0),w’(0)) in the phase plane. For some L fixed, the corresponding controls
are s € [0,1] — (ws(0),ws(L)), but there is no reason in general that 0 < ws(L) < 1.

However, if 0 < ws(L) < 1 for all s € [0,1], it yields a path of steady states, defined by
the controls s € [0,1] — (ws(0),ws(L)). The continuity of the mapping s — wjs is ensured
by continuity of solutions of ODEs with respect to initial conditions. To ensure that the
chosen path of initial conditions does not violate 0 < ws(L) < 1, we must analyse further
elementary properties of the phase portrait in the case (H2), an example of which we depict
on Figure 4.2.

Y > 3y?+Fy) =F(1)
1,72
> 5Y°+F(y) =0
V2E() >-> Trajectory linking a and a
mem 7 Region I"
9 y
22727720 y
o[ X 4 ?f o, 1

)%

/)V/

—/2F(1) |

FIGURE 4.2: Phase portrait in the bistable case (H2). (Here, f(y) = y(1 —y)(y —6), 6 = 1.) The
hatched region is I', delimited by the trajectory of energy %y’z + F(y) = 0. Also depicted: the
trajectory of energy %y’2 + F(y) = F(1) and an example of a trajectory starting and ending at a.
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There are two curves of importance in the phase portrait for (H2). The first one is defined
by the energy 3y + F(y) = F(1), while the second has energy 1y/2+ F(y) = 0. Note that
if one starts with an initial condition along the first curve (resp. the second curve), it takes
an infinite time (here, length), for the corresponding solution to the ODE —w” = f(w) to
reach 1 (resp. 0).

We define I" to be the region defined by the set of points (x,y) such that |y| < \/—2F(z),
that is, those delimited by the second curve. The important result in what follows is that
any initial condition (w(0),w’(0)) inside T is such that the corresponding trajectory w(x)
remains indefinitely between 0 and 1 (actually, between 0 and 6;).

Finally, let us fix some a € [0,1]. We look at all the trajectories starting with w(0) = a
and outside the interior of I', namely with /—2F(a) < w/'(0) < v/2(F(1) — F(a)). In
accordance with notations of the introduction, we define L, to be the minimal time for
such trajectories to reach a again. Note that with this definition, we clearly have Lo = L*.

4.3.3 The control strategy induced by phase plane analysis

First recall the simple static strategy to try and reach 6, which consists in setting 6 on the
boundary. With the notations introduced in the previous Subsection 4.3.2, this is the case
if and only if L is below the threshold Ly < L*. Consequently, this strategy is suitable but
works only for smaller domains when compared with the one we are about to introduce.

Let us now define the control strategy for L < L*, based on the staircase method. The core
idea is to find a path of steady states between 0 and 6, which, as we shall see, is possible if
and only if L < L*. However 0 is not admissible so that we must instead resort to another
close admissible steady state. We will build an admissible steady state y;,;: such that

® yinit can be reached asymptotically for any initial condition,
e there exists a path of admissible steady states linking ;,;: to 6.

The key lemma in order to obtain such a state is the following.

Lemma 4.2. Let L < L*. Then for any € < 61 small enough, the solutions 0 < w < 1 of

{_wx:p = f(w))

w(0) =€, w(L) =e. (4.6)

are in T, namely they must be such that |w'(0)] < \/—2F(¢).

Proof. With the notations of Subsection 4.3.2, L. tends to Lo = L* when ¢ tends to 0,
and thus we can choose € small enough such that L < L(e) < L*. Consequently, by the
very definition of L(g), there is no solution to (4.6) other than those in T'. O

Theorem 4.2. (4.1) is controllable towards 0 in finite time (or infinite time) if and only
if L < L*.
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Proof. We fix L < L* and some initial data 0 < yo < 1 in L*°(0,L). Assume that € > 0
is small enough so that the conclusions of Lemma 4.2 hold true. The idea is to first use
static Dirichlet controls u(t) = wv(t) = e for a long time, because Lemma 4.2 ensures
that the trajectory will converge to some steady state y;n;; in I', independently of the
initial condition. Such a steady state can then be reached exactly because of the local
controllability result. Finally, the fact that ;. is in I' allows us to find a path of steady
states linking it to 6, so that it remains to use the staircase method.

First step. We start by approaching a steady state y;n;; in I'. Consider the equation

Yt — Yzz = f(y)a
y(t,O) =&, y(ta L) =g,
y(0) = yo.

Then, by Theorem 4.1, the solution must converge to a steady state with Dirichlet boundary
conditions (e,e). By Lemma 4.2, this is some state in I', which we denote yini. In
particular, for any n > 0, there exists ¢y > 0 such that for ¢t > to, ||y(t, ) — Yinitllo < 7-
Thus, we start by taking u(t) = ¢, v(t) = € on (0,%9) (7 and the corresponding to will be
fixed appropriately in the next step).

Second step. We now make use of Lemma 4.1 with for example time 1 and choosing 7
(and corresponding tg) such that C(1)n is small enough for ¢ — C(1)n > 0 to hold. This
provides controls @, ¢ in L*°(0, 1; [0, 1]) such that defining u(t) = a(t — to), v(t) = v(t — to)
on (tg,tg+ 1), we have y(to + 1, ) = Yinit-

Third step. We build a path ¢ of initial conditions linking the initial conditions associated
with yinit, i.e. (€,9,,;(0)), and 6, i.e., (6,0). The simplest choice is the straight line,
illustrated by Figure 4.3 below.

V2F(1) |

—/2F(1)

FIGURE 4.3: The path c¢ linking the initial conditions for ¥;,;; and those for 6.
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We denote v the path of admissible steady states associated with ¢, and it now just re-
mains to follow this path: by Theorem 4.6, there exist a time Ty and controls ug, vg in
L*°(0,Tp; [0, 1]) bringing yini to 6. We set u(t) = uo(t — (to + 1)), v(t) = vo(t — (to + 1))
on (tg+ 1,tg + 1+ Tp) and T = tog + 1 + Typ. The controls u and v are indeed such that
y(t, ) reaches exactly 6 at time T

We now prove the converse and assume L > L*. We know that there exists a non trivial
solution 0 < w < 1 to

—Wgy = f(w)a

w(0) =0, w(L) =0,

As already pointed out when it came to controlling towards 0, for any control strategy
u(t), v(t), the solution of (4.1) with yo > w satisfies y(t,-) > w. If we had found a control
strategy bringing us in finite (or infinite time) towards 6, we would have w < 6. Let us
prove that w must take values higher than . Let us denote xg € (0, L) such that w reaches
its maximum. Then w'(zg) = 0 and w”(x¢) < 0, from which we infer f(w(x)) > 0. Thus,
w(zp) must either be 0, or in [#1,1]. It cannot be 0, 6 (nor 1) because together with
w'(xg) = 0, Cauchy-Lipschitz uniqueness would yield w = 0 or w = . Thus w(xg) > 6,
and our claim is proved. ]

4.4 Numerical simulations, comments and perspectives

4.4.1 A numerical optimal control approach
We consider the case (H2), and look for numerical control strategies to reach the state 6
with the goal of both

e illustrating the theoretical results,

e investigating alternative strategies to the staircase one.

To this end, we consider the following optimal control problem for some final time 7" > 0:
minimise Cr(u,v) = [ly(T,-) = 0|72 1,

over controls u,v € L*(0,T710,1]), and where y solves (4.1).

We are interested in seeing whether, for a given L > 0, we can find some T" > 0 such
that this optimal control problem leads to a very small cost: this will correspond to a
strategy such that y(7,-) is very close to 8. We do not need to reach 6 exactly because we
know that, once very close to it, there is a control strategy to reach it exactly, given by
Lemma 4.1. In some instances, we will also force the controls to be equal to # to illustrate
when this control strategy suffices to reach 6.

To study this optimal control problem from a numerical point of view, we use direct
methods. In a few words, the idea is to discretise the whole problem both in time and
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space, through discretisation parameters Ny and N,, and to solve the resulting high but
finite-dimensional optimisation problem. This last step is done through the combination
of automatic differentiation softwares (with the modelling language AMPL, see [60]) and
expert optimisation routines (with the open-source package IpOpt, see [173]).

All the numerical experiments will be led with

1 x x
fy) =yl —y)(y—0), 9—§,ZM—01(Z)+08(1_Z>
N, =60, N; = 400.

For this function f and this value of 6, using the formula for L*, we find numerically
L* ~ 10.43. As for the threshold Ly (above which setting 6 on the boundary makes 6
globally asymptotically stable), we find Ly ~ 6.29.

We start by taking L. = 5 < Ly and impose 6 on the boundary. For T' = 20, we indeed
find that this is enough to approach 6, see Figure 4.4.
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FIGURE 4.4: Static strategy v = v = 6 and resulting state at times 0, %, %, % and T for

L=5< Ly, T = 20.

For Ly < L =8 < L* and T' = 20 (or larger final times), the static strategy is not enough
as already known theoretically and evidenced by the upper graphs of Figure 4.5. The
lower graphs show the optimal control, as obtained numerically, to reach #: the interesting
feature is that it oscillates very quickly around 6 near the final time T". This is a common
feature when controlling a heat equation to zero [104]. Also worth mentioning is the fact
that controls take small values for a long time, which is reminiscent of the first long phase
of our staircase strategy with u(t) = v(t) = € for a small e.

For L =12 > L* and even for a large final time 7" = 100, the control strategy minimising
the cost does not bring the final state close to 8, see Figure 4.6. One can see that the control
is close to 0 for a long time, trying to bring the solution down but it remains blocked by
a non-zero solution to the stationary problem with zero Dirichlet boundary conditions.

About taking same Dirichlet controls u = v. One important feature reflected
by these simulations is that the optimal controls © and v are actually very close to one

86



4.4. Numerical simulations, comments and perspectives

S

<
A=
(S

=5

=
RE

02 1 o2l J

8 o

<
—_——

I

BRI

0.4

0.2} U

FIGURE 4.5: Constant controls v = v = 6 (upper) or optimal controls u, v (lower) and resulting

state at times 0, %, %, % and T for Ly < L =8 < L*, T = 20.

another, almost equal after some time. Further simulations (not shown here) performed
with © = v indeed indicate that it is possible to design a control strategy with u = v to
reach 6, whenever L < L*. It remains an open problem to prove it, because we stress again
that the strategy developed in Section 4.3 is such that, in general, u # v.

4.4.2 Comments and perspectives

Other boundary conditions and steady states. As a byproduct of our analysis, we
also have proved results for

Yt = Yz = f(y)>
y(t, 0) = u(t)v ya:(tvL) =0,

y(0) = yo,

namely the system where there is only one control at z = 0, while a Neumann boundary
condition is enforced at the other end of the domain. Indeed, the same phase plane analysis
shows that it is controllable towards 0 in infinite time if and only if (putting u(t) = 0 at
the left end) L < %* in the monostable case (L < %* in the bistable case, respectively).

Simulations not shown here suggest that this system can be controlled to 6 if L < % in
the bistable case, and it is an open problem to prove it (as our control strategy requires to
act on both ends).
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FIGURE 4.6: Optimal controls u, v and resulting state at times 0, %, %, % and T for L =12 > L*,

T = 100.

Also note that our approach would also work it we had Neumann controls instead of
Dirichlet controls. It can also be used to reach other stationary states, while the strategy
as well as possible obstacles and corresponding threshold values are all readable on the
phase plane.

The multi-D case. Understanding what happens in the previous case would be critical
in view of tackling the problem in higher dimension. It is indeed natural to think of
situations where the control acts only on a part of the boundary, while the rest of the
boundary is endowed with Neumann conditions.

If the control acts on the whole boundary, the problem of controllability towards 0 again
leads to analysing whether only the trivial solution solves the stationary problem, because
the result of Matano has been generalised [156]. Then, the threshold phenomenon is already
known [105]. In this work, it is stated for

—Ay=Af(y) in Q,
y =0 on 0N

where the parameter related to the domain size is A. However, there are up to our knowl-

edge no explicit formulae for the threshold value, although bounding like in Subsection 4.2.3

still works.

For the control towards 1 and in the monostable case (H1), the Lyapunov functional
introduced in Remark 4.1 works in arbitrary dimension [135].

Feedback control. The control strategy designed for 6 is not constructive when it comes
to the staircase part, but it would be possible to design it in feedback form, by adapting
the results of [12]. The whole control procedure would then be completely constructive,
except for the time required for the solution to be close enough to y;ni+ so that the local
exact controllability result can be applied with controls between 0 and 1.
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Optimal control for chemotherapy
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Chapter 5

Theoretical and numerical study of
the optimal control problem (OCP1)

In this Chapter, we investigate the optimal control (OCPq) in the integro-
differential case (namely g = Bc = 0), both theoretically and numerically.
We manage to carry out the theoretical analysis in a smaller class, using the
asymptotic analysis result from Chapter 1 which entails that with constant
doses, we will reach Dirac masses. Then, the system becomes arbitrarily close
to an ODE one for which the PMP with state constraints can be applied. The
structure of the optimal controls is obtained and confirmed by the numerical
results, conveying the idea that it is necessary to use low doses for a long time in
order to let the tumour be sensitive enough for the maximum tolerated doses
to work efficiently. All these results are presented in the article Asymptotic
analysis and optimal control of an integro-differential system modelling healthy
and cancer cells exposed to chemotherapy, jointy written with Jean Clairam-
bault, Alexander Lorz and Emmanuel Trélat, and published in the Journal de
Mathématiques Pures et Appliquées [139].

5.1 Introduction

One of the primary causes of death worldwide is cancer [151]. Cancer treatment encounters
two main pitfalls: the emergence of drug resistance in cancer cells and toxic side effects
to healthy cells. Given these causes of treatment failure, designing optimised therapeutic
strategies is a major objective for oncologists. In this chapter, we develop a mathematical
framework for modelling these phenomena and optimally combining therapies.
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Chapter 5. Theoretical and numerical study of the optimal control problem (OCPy)

5.1.1 Overview and motivation

The most frequently used class of anti-cancer drugs are chemotherapeutic (cytotoxic) drugs,
which are toxic to cells, leading to cell death. For example, platinum-based agents kill
dividing cells by causing DNA damage and disrupting DNA replication [$6]. Another class
of drugs are cytostatic drugs, which slow down cell proliferation without killing cells. For
example, trastuzumab is a cytostatic drug used in breast cancer treatment that targets
growth factor receptors present on the surface of cells, and inhibits their proliferation [31].
Despite this obvious functional difference between the two classes, cytostatic drugs, such
as tyrosine kinase inhibitors, can also be cytotoxic at high doses [145].

It is a well documented fact that cytotoxic agents can fail to control cancer growth and
relapse [72, , |. First, eradication of the tumour cell population is compromised by
the emergence of drug resistance, due to intrinsic or acquired genotypic and phenotypic
heterogeneity in the cancer cell population |9, 24, 66, |, because a subpopulation of
resistant cells survives and proliferates, even in the presence of further treatment with
identical [152], or higher doses [134]. Second, chemotherapeutic treatments have unwanted
side effects on healthy cells, which precludes unconstrained treatment use for fear of un-
wanted toxicities to major organs. It is therefore a challenge for oncologists to optimally
and safely treat patients with chemotherapy.

The medical objective of killing cancer cells together with preserving healthy cells from
excessive toxicity is routinely translated in mathematical terms as finding the best thera-
peutic strategies (i.e., below some maximum tolerated dose, referred to as MTD) in order
to minimise an appropriately chosen cost function. There are many works in mathemati-
cal oncology focusing on the optimal modulation of chemotherapeutic doses and schedules
designed to control cancer growth, e.g. [2, 13, 11, 91, 98, 96, 97, 95, , , |.

Since using ordinary differential equations (ODESs) is a common technique for modelling the
temporal dynamics of cell populations, the mathematical field of optimal control applied to
ODEs has emerged as an important tool to tackle such questions (see for instance |151] for
a complete presentation). In these ODE models, toxicity can either be incorporated in the
cost functional as in [11], or by adding the dynamics of the healthy cells [141]. One simple,
but rather coarse, paradigm used to represent drug resistance in such ODE models is by
distinguishing between sensitive and resistant cancer cell subpopulations |14, 98]. Herein,
the main tools available to obtain rigorous results are the Pontryagin maximum principle
(PMP) and geometric optimal control techniques |1, , ) |.

Adaptive dynamics is a natural theoretical framework for the representation of phenotypic
evolution in proliferating cell populations exposed to anti-cancer drugs and tumor micro-
environmental factors. Non-Darwinian evolutionary principles have also been proposed to

take into account drug resistance phenomena [133]. Adaptive dynamics is amenable to
modelling these principles as well. To this end, stochastic or game-theoretic points of view
(see [34, 78]) are standard in adaptive dynamics. Apart from ODEs, partial differential

equations (PDEs) and integro-differential equations (IDEs) represent other deterministic
approaches. The latter ones represent our focus. For an introduction to PDE and IDE
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models in adaptive dynamics, we refer the interested reader to 129, |.

We show that our model is consistent with clinical observations on the effect of constant
infusion of high doses |20, 72], and we address the optimal control problem of such IDE
models. Our study has a potential impact for oncologists and mathematical biologists,
since it provides an accurate and robust understanding of possible optimal strategies.

5.1.2 Modelling and overview of the main results

We recall that we here consider the system presented in the General Introduction, in its
integro-differential form, namely

on
5 (t.2) = R (2. pu (8), po(t), ua (1), uz(h) nir (t, @),
5.1)
onc (
W(t .’,17) = R¢ (x7 pC(t)v ,OH(t)> ul(t)7 u?(t)) nC(ta I’),
with the intrinsic growth rates defined as
Rar(e. o, psun,ua) o= 20— (01— wipa (o),
Ro(x, pos pr, ut, ug) i= % —do(x)le —uipc(z),
the non-local coupling as
Iy :== agapn + ancpc, Ic:=acupa +accpc,
with
1 1
pu(®) = [ e s po(o) = [ et ds
0 0
The system starts from the initial conditions
Also recall that we assume
ag < ag. (5.2)
and
0<agc <agg, 0<acy < acc. (5.3)

Asymptotic behaviour for controls in BV ([0,+00)). Our first aim is to show that
our model reproduces the following clinical observations: when high drug doses are admin-
istered, the tumour first reduces in size before regrowing, insensitive to further treatment.

The following statement is our first main result: using Lyapunov functionals as in Chapter 1
we achieve a complete description of the asymptotic behaviour of system (5.1), with a class
of asymptotically constant controls.
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Theorem 5.1. Let uy, us be any functions in BV ([0,400)), and let a1, tg be their limits at
+o00. Then, for any positive initial population of healthy and of tumour cells, (pr(t), pc(t))
converges to some equilibrium point (p%5, ply), which can be explicitly computed. Further-
more, ng and nc concentrate on a set of points which can also be explicitly computed.

The explicit values can be found in Section 5.2, where this result is proved. If u; = 0,
the sets of points on which ny and ngo concentrate are independent of @y. This is due
to the fact that the phenotypic variable z models resistance to cytotoxic drugs. If uc
vanishes identically on some interval [1 — ¢,1] (meaning that full resistance is possible),
this theorem explains why, in the long run, high doses are not optimal. This means that
our mathematical conclusions are in agreement with the idea that the standard method
used in the clinic, namely administering maximum tolerated doses, should be reconsidered.
Alternatives are currently extensively being investigated by oncologists, e.g., metronomic
scheduling, which relies on frequent and continuous low doses of chemotherapy [10, 29, ].

Theorem 5.1 thus motivates the optimal control problem (OCP17) of searching for the best
possible functions u; and us to minimise the number of cancer cells within a given horizon
of time, with

0 < uy(t) <™, 0 < ug(t) < uy™, (5.4)

and we recall the two state constraints

pu(t)
o) + po(®) = 1 >

together with
pu(t) > 0pm(0). (5.6)

It might seem more natural to study the problem in free final time, but as explained later
on, the mapping T' —— pc(T) (where pco(T) is the optimal value obtained by solving
(OCP1) on [0,T]) is decreasing in 7. This implies that the optimal control problem in
free final time T is ill-posed and does not admit any solution. The other implication is
that when solving the optimal control problem in free final time ¢; under the constraint
ty < T (where T is a horizon), then the optimal solution will be such that ¢t; = T". This is
why we focus on an optimal control problem in fixed final time.

In this chapter, we perform a thorough study of (OCP7), both theoretically and numeri-
cally. Recall that the theoretical analysis is made is made in

Br = {(um@) € Ar, (ur(t),uz(t)) = (u1,u2) on (0,71), T —T1 < TQM}

where T3 is given.

The reason for this restriction to this class of controls comes from the answer to the
following question: given a specific tumour size (i.e., a given number of cancer cells),
what would be the optimal phenotypic cellular distribution in order to minimise the tumor
burden at the end of the time interval? Proposition 5.1 shows that, for a very short time,
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it is always better that the cancer cell population be concentrated on some appropriate
phenotype, i.e., that the initial population be a Dirac mass at some appropriate point.

From Theorem 5.1, we know that it is possible to asymptotically reach Dirac masses with
constant controls. The combination of these two results justifies the analysis in Br. In
this class of controls, our second main result characterises a quasi-optimal strategy in large
time. The precise result and hypotheses are given by Theorem 5.2 in Section 5.3.

In order for Theorem 5.2 to hold, an important assumption we make is that when cancer
cells are concentrated on a sensitive phenotype, the maximum tolerated doses will kill more
cancer cells than healthy ones. Without this assumption, it is not clear whether one can
expect the same strategy to be optimal, nor whether the patient can efficiently be treated.

We also emphasise that, for these IDEs, a PMP can be established but would not lead to
tractable equations. The key property to still be able to identify the optimal strategy in
Br is that the long first phase allows us to use Theorem 5.1: both populations concentrate
and their dynamics on the last phase are (approximately) governed by ODEs, as proved
in Lemma 5.4. The second phase can thus be analysed with ODE techniques, here the
Pontryagin maximum principle (see [I, , |). This is done in Proposition 5.2.

More concretely, Theorem 5.2 says that:
the quasi-optimal strategy consists of:

o first, administering constant doses to the patient, over a long time. The
role of the first long-time arc is to allow the cancer cell population to
concentrate on a sensitive phenotype. From a mathematical point of view,
this means that the healthy and tumour cell populations have (almost)
converged to a Dirac mass.

e second, during a short-time phase, following a strategy composed of at
most three arcs. If the first phase is such that the constraint (5.5) is
saturated, then there can be a first arc along this constraint. The maximal
amount of drugs is administered until the constraint (5.6) saturates. The
last arc is along this constraint, with an appropriately chosen cytotoxic
drug infusion which leads to a further decrease of the number of cancer
cells.

Numerically, we solve the problem (OCP17) in Ap. The simulations confirm the theoretical
results and show that, with the chosen set of parameters, the strategy indeed approximately
consists of these two phases for T large. We also compare the optimal strategy with a
periodic one, and verify that the former performs better than the latter.

Furthermore, the numerical results suggest that for generic parameters, the optimal choice
of constant controls on the first phase is such that the constraint (5.5) is saturated. Thus,
the second phase possibly starts on this constraint.

Another important property highlighted by the numerical simulations is that, given the
choice of parameters made, pc can decrease arbitrarily close to 0 once the cancer cell
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population has concentrated on a sensitive enough phenotype. We thus find a strategy for
which T'+—— pc(T) is decreasing to 0; hence, there would be no solution to (OCP1) if the
final time T were let free.

This is the first time that a mathematical model based on integro-differential equations
demonstrates that, within our modelling framework, immediate administration of maximal
tolerated drug doses, or a periodic treatment schedule, is not an optimal solution for
eradicating cancer. Here, we prove that it is better to allow the phenotypes to concentrate,
before administering maximal doses.

The chapter is organised as follows. Section 5.2 is devoted to the proof of Theorem 5.1 and
to numerical simulations showing how the model can reproduce the regrowth of a cancer
cell population. Using these results, we have theoretical and numerical grounds for our
claim that constant doses are sub-optimal and we then turn our attention to (OCPy). In
Section 5.3, several arguments are given to justify the restriction to the class By, with a
long first phase. The rest of the section is then devoted to proving Theorem 5.2. The
numerical solutions of (OCPq) in Agp are provided in Section 5.4. They are compared to
periodic strategies. In Section 5.5, we conclude with several comments and open questions.

5.2 Constant infusion strategies

This section is devoted to the asymptotic analysis of the IDE model (5.1), in order to
specifically understand the effect of giving constant doses on the long run.

5.2.1 Asymptotics for the complete model: proof of Theorem 5.1

Now, let us take into account the complete coupling between healthy and tumour cells.
For the remaining part of this chapter, we assume for simplicity that both n% and nOC are
continuous and positive on [0,1]. A further technical assumption is needed to prove that
convergence and concentration hold, namely that the functions are Lipschitz continuous:

ri, o, di, do, pr, e € C*1(0,1). (5.7)

We use the Lyapunov functional technique introduced in Chapter 1, which needs to be
slightly adapted to the fact that controls are asymptotically constant, not only constant.

Recall that the limits of pgr, pc and the sets on which ng, no concentrate are defined as
follows. We invert the system

agppy +ancpe = Iy,
acupy +aceps =12,
where I77 > 0 is the smallest nonnegative real number such that

ru(z)

_ @ < dy ()1,
— tpp(x) < dg(x)IF
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and I > 0 is the smallest nonnegative real number such that

ro(x)

N T <d Ix.
Ty upc(z) < do(v)ld

Furthermore, if this convergence holds true, then ny (resp. n¢) concentrate on A (resp.
Ac) defined as

Ag = {$ S [0, 1], 17:{0%1[)@2 — alHH(l“) — dH(aj)IIo{O = 0},

Ao = {x e [0, 1], % — Gy pe(z) — do(a) I = 0}.
Proof of Theorem 1. We adapt the proof of Chapter 1 for these BV controls: we choose
any couple of measures (n3,n%) in M*(0,1) satisfying fol n(x) dr = p>°, and also

supp(n;) C Am, supp(ng) C Ac. (5.8)
For i = H,C, and m; := d%, we define the Lyapunov functional as

V(t) == AgVu(t) + A\cVe(t),

where

v - | mi(a) @ () + ) — (@) o

g (tv :‘C)
with positive constants Ag and Ao to be adequately chosen later.

In what follows, we skip dependence in t in the functions Ry and R¢ to increase readability.
This time, we have

dv, 1
Tf = / mu(x) (Rg (z, pa, po,ut, u2) — Ry (x, pg, p&¥, w1, u2)) [ng(t, ) — ngg (x)] dx
0
1
4 / mi(z) Rig (@, 055, 9%, un, w) [ (£ 7) — 055 (@) d
0

The first term is simply

1
/ mpy(x) (Ru (x, p, pc,u1,u2) — Ry (z, pgy, p&&, w1, u2)) [ng (t, ) — ngy ()]
0

1
= /0 my(x)du(x) lann(pfr — pr) + anc(pd — po)] nu(t,x) — ng (x)] do

= —apgn(py — pu)? — anc(pF — pc) (P — pu)
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The second term can also be written as

1
Bu(t) = / () Bt (2, 65, 5251, u2) (g (4, ) — 5 (@) da
0
1
- / st (2) Rig (235 085 1, 82) [t (1 7) — n5(2)] de
0
1
4 / mar(@) (Rez (2, 935 035 un, un) — Rz (0, p35 38 i, @) [ (1, 2) — n5 (@) o
0

1
- / i (2) Ry (2, 655 pS 11, 1) mpg (£, @)
0

+/01mH(x) |:7”H(x) < ! ! ) + p () (U — 1) | [na(t, ) — ng (v)] de,

1+aguy 1+ agis

where we use (5.8) for the last equality. Note that the first term in the last expression is
nonpositive by definition of (p37, p&¥), and the second goes to 0 as t goes to +oo. Conse-
quently, the decomposition

Bi=B;+E;, i=H,C, (5.9)

holds, with By, Be nonpositive, and Ep, Ec which asymptotically vanish. This decom-
position will be important in the last step.

Eventually, we have:

dVv 1
— =——XTMX + AgByg + Ao Bgo
dt 2
o0 —
with M = ATD + DA, X = (péi pH), D= (AH 0> and A = <aHH “HC) .
pc — PC 0 Ac acH acc
We choose Ay := and \¢ := as in Proposition 1.2 of Chapter 1, so that det(M) >

aAHC

0 by assumption (5.3).

aCH

1
Our aim is to prove that —§X TMX converges to 0 as t goes to 400, which will yield the

convergence of (pm, pc).

We have as in Chapter 1 the lower estimate V' (t) > —C (In(¢) + 1), which uses assump-
tion (5.7).

We now set

1
G:= —iXTMX +2(AuBu + M¢Be) .

Differentiating GG, we no longer find that G is non-decreasing as in Chapter 1, as new terms
come up from the derivatives of uy, us:

d(; dUQ du1
—_— = — — — .
— <a(t) o + b(t) g > (5.10)
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where a and b are bounded functions defined by

1
alt) = 22— /0 g (2)rm (2) (g (£ 2) — 152 (2)) dae

(1 + OéHUQ)

1 1
+ 2/\CW / me(x)re(x)(ne(t, ) — ng (z)) de,

1
b(t) := 2)\H/ mpg(x)pg(x)(ng(t,z) — ng(x)) de
0
1
+2¢ [ mo(ue()ne(t,2) - nF (@) de
0

We conclude by noting that, by 4 < 1G, it follows that V (t) — <3 fo . From
G(s) =G(t)— f; Cg( ) dz, using (5.10) and by integrating the previous 1nequahty, we have

M 2t//< d“2 —|—b(z)d;t1(z)> dz ds.

Now, using the decomposition (5.9) introduced previously, we obtain:

2‘/(_// ( d“2 —|—b(z)d;t1(z)> dzds — 2 (A Ex + A\cEc)

< —§XTMX + 2 (AHBH + )\030) .

In other words, since the right-hand side of this inequality consists of nonpositive terms,
the claim on the convergence of py and p¢ is proved if we establish that the left-hand side

tends to 0. Vi) — V(0

As a consequence of the lower estimate V/, 2();()

for 2(AgEg + AcE¢). It thus remains to analyse the asymptotic behaviour of the function
N (a( )2 (2) + b(z) L (2 )) dz ds. The analysis relies on the following lemma.
Lemma 5.1. Let ¢ in L>°(0,400), and u in BV ([0,400)). Then

converges to 0. This is also true

lim 1/t tcb(z)u’(z) dzds = 0.

Proof. Let us start by writing

//¢ 2)dzds = //¢ dzds—//qﬁ 2)dzds
/¢ dz—//¢ 2)dz ds

=I(t) — t/OF(s)ds
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where T'(t) = fg ¢(2)u/(2z)dz. The expression above can thus be decomposed as the
function I' minus its Cesaro average. To conclude, it suffices that I' has a limit at +oo,
which in turn is true as soon as ¢u’ is integrable on the half-line. This fact is a direct
consequence of the boundedness of ¢ and the integrability of the derivative of a BV function
on [0, +00). O

This ends the proof of Theorem 5.1.

Remark 5.1. This theorem means that under general conditions, both populations con-
centrate and the total number of healthy (resp., cancer) cells converge. In the case of
constant controls and when there is selection of a unique phenotype in both populations,
it provides a complete understanding of the mapping

(ala a2) — (x%o,x%o7 p?? p?)’

where p3dzee and pgFdgee are the respective limits of ng (t,-) and nc(t,-) in M0,1), as t
goes to +00. In particular, if we restrict ourselves to constant controls and a large time T,
the problem of minimising pc(7T') is equivalent to minimising pg as a function of (%1, 2).

5.2.2 Mathematical simulations of the effect of constant drug doses

Throughout the study, we will consider the following numerical data, taken from [111]:

1.5 3

7“H(C'J) = 1_{_7, TC(QC) = m,

1 1
dy(z) = 5(1 —0.1z), de(z) = 5(1 —0.3z),
agg =1, acc=1, agc=0.07, acy=0.01,
ag =001, ac=1,
uP = 35, P =7,

and the initial data
ni(0,z) = Ky oexp(—(z — 0.5)2/8), nc(0,z) = Koo exp(—(xz — 0.5)2/5),

with € > 0 small (typically, we will take either ¢ = 0.1 or ¢ = 0.01), and where Ko > 0
and K¢ > 0 are such that

pr(0) =2.7, pc(0) =0.5.

The value pg(0) is not the same as in [111]: it is chosen to be slightly below the equilibrium
value of the system with nc =0, u; =0, us = 0, in accordance with the fact that there is
homeostasis in a healthy tissue. Indeed, we start with a non-negligible tumour which must
have (due to competition) slightly lowered the number of healthy cells with comparison to
a normal situation.
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We also define pog(t) := fol(l — z)ng(t, x) de, which may be seen as the total number at

time ¢ of tumour cells that are sensitive, and pcor(t) := fol xnc(t, x) dx, which may be seen
as the total number at time ¢ of tumour cells that are resistant.

Of course, sensitivity /resistance being by construction a non-binary variable, the weights x
and 1 —x are an example of a partition between a relatively sensitive class and a relatively
resistant class in the cancer cell population; other choices might be made for these weights,

e.g., 2 and 1 — 22.

Discussion of the choice for uy and pc. These functions measure the efficiency of
the drugs treatment. The choice done in [111] is

0.2 0.4

pa(P) = o e Hel®) = o

However, with this choice of functions, if we take constant controls u; and wuo, with
up = up™ = 3.5, g = 2,

then we can kill all tumour cells (at least, they decrease exponentially to 0), and no
optimisation is necessary. The results of a simulation can be seen on Figure 5.1. The

5 Curves x = nH{Lx] Curves x > ncvn,le l-\:-pcm
4 1.5
3
1
2
| 0.5
() e —
0 5 10
1 -b jrj,j!_ﬂﬂﬂﬂiﬂﬂlciﬂl 0.6 t po (W (0 3 e p,(0
//--
0.8 0.5 |
0.6 0.4 2
0.4 0.3 -
\\‘a 1 S,
0.2 0.2 ~__ —
0 0.1 0
0 5 10 0 5 10 0 5 10

FIGURE 5.1: Simulation with @; = 3.5 and %y = 2, in time T = 10. At the top, left and middle:
evolution in time of the curves x — ng (¢, x) and x — ne(t, x), with the initial conditions in black,
and the final ones in red. At the right, top and bottom: graphs of t — pc(t) and of ¢ — pp(t). At

the bottom, left and middle: graphs of ¢ #Jr(?c(t) and of t — p;cs(%).

population of tumour cells is Gaussian-shaped, decreases exponentially to 0 while its center
is being shifted to the right: it means that tumour cells become more and more resistant as
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time goes by. This is in agreement with the fact that cells acquire resistance to treatment
when drugs are given constantly. However, although the proportion of sensitive cells ¢ —
P;Cs(%) is quickly decreasing, the drugs are still efficient at killing the cells. This is not
realistic, as it does not match the clinically observed saturation phenomenon. Most cancer

cells have acquired resistance and any immediate further treatment should have no effect.

In the simulation above, there is no saturation because the function u¢ is continuous and
positive over the whole interval [0, 1] and is not small enough close to 1. In order to model
this saturation phenomenon, we choose to modify the model used in [111], by modifying
slightly the function p¢c. The new function pc that will throughout be considered is defined

by
0.9
pole) = max (072+06x? - 17”) -

On Figure 5.2, the former function pc is in blue, and the new one is in red. This new

FIGURE 5.2: Former function pe in blue, and new function p¢ in red.

function pc is nonnegative and decreasing on [0, 1], and vanishes identically on a subinterval
containing x = 1.

With this new function, the simulation of Figure 5.1, with @y = 3.5 and ue = 2, is
completely modified, as can be seen on Figure 5.3. Indeed, this time, the strategy consisting
of taking constant controls @; = 3.5 and %y = 2 is not efficient anymore and does not allow
for (almost) total eradication of the tumour. In sharp contrast, we observe on Figure 5.1
that the tumour cells are growing again, moreover concentrating around some resistant
phenotype.

Conclusion on constant controls. The simulations show that choosing constant doses
too high leads to the selection of resistant cells, and then, to regrowth of the cancer cell
population if these cells can become insensitive to the treatment. With the notations of
Theorem 5.1, it is because among constant controls, (u]***, u5'*) does not minimise pg.

However, it is quite clear that choosing the optimal constant dose (@i, 42) to minimise
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FIGURE 5.3: Simulation with 4; = 3.5 and @y = 2, in time 7" = 10, with the new function p¢.

pg leaves room for improvement, as the choice (ui***,uy'®") is still the optimal one for
sensitive cells. Therefore, it makes sense to allow u; and ug to be any functions satisfying
(5.1) as in (OCP1), which we will study both from the theoretical and numerical points
of view in the next two sections.

5.3 Theoretical analysis of (OCP;)

Before analysing (OCPq), let us first consider a much simpler ODE model for which we
can find the solution explicitly in order to develop some intuition.

5.3.1 Simplified optimal control problems

We consider the ODE

% = (r — dp(t) — pu(t))p(t), (5.11)
p(0) = po > 0.

(C1) Optimal control problem: minimise p(T") over all possible solutions of (5.11) with a
L'-constraint on u, i.e.,

T
/ u(t) dt < ubmee (5.12)
0
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Lemma 5.2. The optimal solution for problem (C1) is
Uppt = ul,maa:(st:T.

Remark 5.2. The statement can be misleading: we actually prove that there is no optimal
solution, but rather that the problem leads to an infimum. Still, writing ugy; = ubmaers, o
makes sense as a way to obtain the infimum is to take a family (u.).~0 in L! which converges
t0 Ugpt, for example u, = éul’max]l[T_&T].

Adding another the constraint, we have a second optimal control problem

(C2) minimise p(T') over all possible solutions of (5.11) with the L'-constraint (5.12) and
a L°°-constraint

u < 2,0 MmaT

We assume u®™T > 1M gince otherwise it is clear that the optimal strategy is
u M Lo,y

ul,maz

Lemma 5.3. We define T1(T) := T — 'swmaz- The optimal solution for problem (C2) is

uop = uoo,max ][{ [T1 ,T]} .

The proofs of these two results can be found in Appendix 5.6.

Remark 5.3. The previous lemmas on simplified equations give some insight on two
important features:

o for large times, constant controls lead to concentration, as evidenced by Theorem 5.1. As
explained more rigorously further below in Lemma 5.4, when the populations are concen-
trated on some single phenotypes, the integro-differential equations boil down to ODEs,
for which the last results and standard techniques from optimal control theory apply.

e for ODE models, it is optimal to use the maximal amount of drug at the end of the time-
window if there is a L' constraint on the control. Avoiding the emergence of resistance will
indirectly act as some L' constraint, which is why this result also provides some interesting
intuition on the optimal control problem (OCP1q).

5.3.2 Assumptions and further remarks

Let us start by mentioning a possible alternative state constraint for (OCPy).

Remark 5.4. Alternatively to (5.5), we might want to directly control the number of
cancer cells and replace (5.5) by
po(t) < C™me* (5.13)

for some C™** > 0. The set of constraints (5.5)-(5.6) on the one hand, and (5.13)-(5.6) on
the other hand, are similar. Although we focus on the first one in the sequel, our analysis
applies to the other set of constraints.
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We now make several important additional assumptions which will be used throughout
this section, all relying on the notations of Theorem 5.1. Our first assumption is that

for any 0 < up < u"™, 0 < ug < uy'®™, Ay and Ac are reduced to singletons.  (5.14)

In this case, recall that Theorem 5.1 provides a mapping (a1, u2) — (2%, 2, p37, P& ), and
with a slight abuse of notation, we will omit the dependence in (@1, u2) in the following
final assumptions:

whenever iy, Uy are admissible (i.e., such that neither the constraint (5.5) nor
the constraint (5.0) is violated), we require that the solution of the ODE system

dpu

W = RH (aj?{Oa pH)p07u§namvu5nam) PH,
dpc
= e (@& pe, prsui™  uy' ™) po,
with initial data (pg, p37), has the following property:
d d d po
—po <0, —ppg <0 and —— < 0. 5.15
i’ at” dt py (5.15)

The assumption (5.15) means that both populations of cells decrease but that the treatment
is more efficient on cancer cells. In some sense, this is a curability assumption and it will
be crucial in the sequel.

We now motivate the choice of restricting our attention to the class Br by giving two
results.

5.3.3 Optimality of a concentrated initial population for a small time

Here, we assume that for any 0 < po < p®*, 0 < pg < P, 0 < up < v and
0 < ug < uy™™,
x +— Reo(z, po, pr,u1, u2) has a unique minimum. (5.16)

For a given initial amount of cancer cells p > 0, we define:

1
Ay = {noc € M'(0,1) such tha‘c/0 ng(z) de = p%} .

For n?, € A, and given n% in M1(0,1), final time t; > 0, and controls uy, ug in BV (0,t¢)
satisfying (5.4), we consider the associated trajectory (ng(:,z),nc(-,)) on [0,s] solution
to the system (5.1) starting from (n%,nd).

We consider the following minimisation problem

inf inf  po(ty).
O<uy () Sufr*® nOCGAp 0 ( f)
O<ua (t)Sudr*® ¢

In other words, for a fixed initial tumour size, we aim at tackling the following question:
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what is the cancer cells’ best possible repartition in phenotype?

A simpler (and instantaneous) version of the previous optimisation problem for ¢; small is

d
inf inf pc(
0Sur<uf™™ nd.eA, dt
0<U2<u'nl(ll

0), (5.17)

for which the solution is easily obtained, and given in the following proposition.

max

Proposition 5.1. Let g := R¢ ( P2, pY, uf . We define xc by {xc} := argming
and ﬁ% = poodmc. The optimal solution for the optimisation problem (5.17) is given by

ugnaa:)

(e o 0.5, . (5.18)

Proof. For any 0 < up < ul™**, 0 < ug < uj™®, n% € Ap o

de 1 1
dt(0>:/0 Re (z, p, phy, u, uz) n%(ﬂf)dHC?/O 9(z) né:(z) dw

with equality if and only if u; = u]"**, ug = ugy**®*

We also have fol g(z)nd fo (zc)nd(z )da; = g(xc),oc and it remains to prove
that there is equality if and only if nc = pcdpc If nc # pcémcthere exists a € supp (no)
a # xc: it is therefore possible to find € > 0 such that both z¢ & [a — €,a + €] and

f[a €,a+¢] nC( )d$ > 0.
This implies

1
/ (9(2) — glac)) nl(x) da > / (9(2) — glac)) nd(z) dz > 0,
0 la—e,a+e€]

which concludes the proof. O

For (OCP1), the previous Proposition means that, very close to T', the best shape of the
cancer cell density nc(t,-) is a Dirac mass. As it was proved in Theorem 5.1, it is possible
(in arbitrarily large time) to reach Dirac masses with constant controls. The combination
of these two results is our motivation for the restriction to the set Brp.

5.3.4 Reduction of IDEs to ODEs at the end of the long first phase

Because of the previous result, it makes sense to steer the cancer dell density as close as
possible to a Dirac mass. As it was proved in Theorem 5.1, it is possible (in large time
limit) to reach Dirac masses with constant controls. Our aim is now to prove that if we
give constant controls (@, ug) for a long time, the dynamics of the total number of cells
(pH, pc) are arbitrarily close to being driven by a system of ODEs, a result which comes
from the concentration of the IDE on (2%, xg). The rigorous statement is given hereafter:
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Lemma 5.4. We fixT> > 0, 0 < 4y < u*™ and 0 < 4y < uy'®®. We consider any controls
(u1,u2) defined on [0, Ty +T»] as follows: they are constant equal to (u1,uz2) on [0,T1], and
any BV functions on [T1,T1 + Ts] which satisfy (5.4).

Let (ngr,ne) be the solution of (5.1) on [0,Ty + Ts], with corresponding (pm, pc). Then

lim  sup max(|pw — pul, |lpc — pcl) =0,
Ti—=+00 1y T +T3]

where (pr, pc) solves the controlled ODE system

dpy ~ 5
% = Ry (2%, pu, po, w1, uz) pr,
dpc ~ 5
W = RC (:U%O,pc,PH,U17U2) PC

defined on [Ty, Ty + T»], starting at Th from (pu(Th), pc(T1)).

Proof. Let € > 0. We focus on the equation on ny which we integrate in z for any
te [Tl,Tl + Tg]:

dog 1
gt:/ Ry (z, pr, po,ur, u2)nm(t, v) dx
0
= Ry (2%, pH, pcsu1,u2) pH
1
+/ (Ru(z, pu, pc,ut,u2) — Ry (2%, pu, po,ut, u2)) nu(t, x) dr
0

For the first term, we write

Ry(zg, pu, po,wr,u2)pn = Ru (2, pr, po, ur, u2)pn + Ru (25, pr, pos ui, u2)(pu — pu)
dﬁH ~ e 0
= ==+ pudn (i) (=amn(pn — pr) — anc(po = po))

+ Ry (2%, pu, pc,ut, u2) (pg — PpH)
This means we end up with
d

g \Pr = pr) = prdu (@) (—ann(pn — pr) — anc(pc — pe))

+ Ry (2%, pu, pc,ut,u2) (pg — pH)
1
+ / (RH(Q%PH’ pPC,u1, UQ) - RH (x?foﬂ pH?ﬁCaulqu)) TLH(t,l’) dr.
0

We look at the last term separately: the first two ones are linked to the discrepancy between
p and p, while the last one will be small because ny is concentrated if 77 is large enough.
Setting w := max (|pg — pul, |pc — Pc|), we have the differential inequality

d ~ 1
£|PH — pu| < Cw +/ (Ru(z, pu, po,ut,u2) — Ry (2%, pu, po,ut, u2)) nu(t, x) dr
0
(5.19)
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for some constant C' > 0. The last term can be decomposed as

1
1+ agus

1
/0 (rg(z) —rg(z%)) na(t, z) de
1 1
o [ Gunle) = pa @) na(t) do = T [ (dnla) = du @) nat, o) do
0 0

Note that uy, m and Iy are all bounded on [T7,7T + T3]. Thus, if for any generic

function ¢, fol (o (x) — o (x})) nu(t, x) dr is arbitrarily small, so is the last quantity.
To that end, we write the solution of the IDE in exponential form

np(t,z) =ng(Th,x)exp </T Ry (z, pu(s), pc(s),ui(s),ua(s)) ds) ,

where the exponential is uniformly bounded on [0,1] x [T, T} + T3], which means that
o @) = 6n(@5) na(t ) da| < C [} 16n() = 6 (@F)|n(T1,2) do. Since

nu(T1,-) converges to pfpdzee in M1(0,1) as T} goes to +oo, this quantity is arbitrarily
small. Plugging this estimate into (5.19) and writing a similar inequality for the equations

on the cancer cells, we obtain for 77 large enough %’ < Cw + . We conclude by applying
the Gronwall lemma, together with the fact that w(T}) = 0. O

5.3.5 Analysis of the second phase

According to the previous results, for large 7' and admissible constant controls (@1, u2),
we arrive at concentrated populations whose dynamics are driven by a system of ODEs.
This naturally leads to considering the following optimal control problem, on the resulting
ODE concentrated in (%, x ), starting from (p%f, p&) at t = 0. For readability, we write
g for g (x37) (resp., gc for g(z(y)) for any function gg (resp., gc), and we stress that all
assumptions made in this subsection are made for all possible admissible constant controls
(’l_Ll, ﬂg) .

The ODE system of equations now reads

dpr _ ( TH

dpc ( rc
dt 1+ agus

—dply — ) , _
HiH umhi PH dt 1+ agus

RH RC

—dclc —uipc )Pc-

(5.20)
For a given T3¥ > 0, we investigate the optimal problem of minimising pc (¢ ¢) forty < ™
and controls (ui,ug) which satisfy (5.4), as well as the constraints (5.6) and (5.5). The
constraint (5.5) rewrites 2¢ < v with
PH
~ 1-0ghc

7 Orc
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Assume that there exists an optimal solution which is the concatenation of free and con-
strained arcs (either on the constraint (5.6) or (5.5)), with associated times (¢;)1<i<p- In
particular, we thus assume without loss of generality that the parameters are such that

both constraints do not saturate stmultaneously on an optimal arc. (5.21)

Then, by the Pontryagin maximum principle for an optimal control problem with state
constraints (see [170]), there exists a bounded variation adjoint vector p = (pg, pc) defined
on [0,tf], a scalar p? < 0, non-negative functions 7; and 7o and non-negative scalars v;,
i=1,..., M such that if we define the Hamiltonian function by

H(PHaPCapvaCHUl,UQ)
= puRupn + pcRepe +mOuply — pu) +n2(pc — vpu)
THPHPH | TCPCPC >

= —pgdygl — podol,
paHAglgpg — pocdclicpc + (1+aHu2 T+ acig

— (puprpE + popope) w + mOupl — pr) + ma(pc — vpm),
we have
1. p, p° m, m2 and the (v;),_, ,; are not all zero.

2. The adjoint vector satisfies

d O0H

WH _ 97 _ (—apadapn + Ru) + acadepepc + n1 + 2,
dt opr

dpc oH

—_— = ——— = —pC (—accdcpc + Rc) + CLHCdeHPH — 12,
dt opc

with pg(ty) =0, po(ts) = p°.

3. t —> m(t) (resp. t —— m2(t)) is continuous along (5.6) (resp. (5.5)), and is such that
mOupYy — pr) =0 (resp. ma(pc —vpw) = 0) on [0,t].

4. Forany i = 1,..., M, the Hamiltonian is continuous at ;. If ¢; is a junction or contact?
point with the boundary (5.6) (resp. with the boundary (5.5)), pu(t]) = pu(t;) + vi,
pe(tf) = po(ty) (vesp. pr(t)) = pu(t;) + yvi, po(t) = po(t;) — vi).

5. The controls u;, us maximise the Hamiltonian almost everywhere.

We now make several technical assumptions (for all admissible constant controls (@1, u2))
by requiring
KH pcorHdH — pHOCHC (5.22)

pe paAccde — poagcdy

(assuming first pcagpdy > ppacude, acoprde > agopcdm),

pm, pe >0, (5.23)

2The starting and ending points of a boundary arc are called junction points if they are distinct, and
contact points if they coincide (i.e., if the arc is reduced to a singleton).
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QHPCTH < QCUHTC, CHUHTC < QCUCTH (5.24)

2 QHTHHC — CCTCHH

(acrgpe—agropm) (uy ™)+ 2(rguc — ropm )uy ™ + < 0. (5.25)
agocC

Note that the two last assumptions are satisfied as soon as z—g is very small, at least

compared to “Z. This amounts to saying that cytostatic drugs specifically target the

cancer cells better than cytotoxic drugs do.

This last necessary condition motivates the definitions

¢1 := pHPHPH + fCPCPC,
and (abusively, since this quantity also depends on t)

b(usg) = THPHPH rcpcpc
" 14 agus 14 acuy’

Let us first analyse a constrained arc on (5.6), whenever it is not reduced to a singleton.
Arc on the constraint (5.6).

First note that po = /’;—g P = Z—EGHp% is bounded from above by v 0 p%. If we differen-

tiate the constraint, we find that w; and us are determined by

rH 0
— —d 0 — =0,
1+ ants vagafrpy + ancpc) — vipH

together with the fact that

THPHPH + rcpcpc
1+agus 14+ acus

pcpo< TCWH THIC )

(u1,ug) € arg max < — (kHPHPH + poPCPC) Ul)

= arg max —
& wr \1+oacuy 1+ agu

One can check that (5.24) and (5.25) are sufficient conditions to have decrease of the

function uy > 11%’2’22 - 1?2’:122 In particular, ug = u5"* if pc < 0, ug = 0 if pc > 0.

Thus, the maximisation condition is equivalent to maximising —¢iu; if po does not vanish

on the arc. Hence, ¢1 = 0 when this condition on p¢ is fulfilled. We also obtain u; in

feedback form along the arc, and when pc does not vanish it is given by:

b,v 1 TH 0
uy = — | —— —du(aggb a
1 o <1+aHU u(anpOupy + HC’PC))
where v = 0 or v = u5'** depending on the sign of pc. We assume that this is an admissible
control, i.e., that it satisfies

0 <ub? < e (5.26)

max

for v = 0 and v = u3'*, and any 0 < po < VQHp%. If pc > 0 and uy = 0, the dynamics
of pc on the arc (5.6) are given by

dpc 1
_— — d
TR (ry — dypc) po
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with
rq = (repm — rupc) + (appdppc — paacude) Ouply, dy = (acopnde — apopcdn)

which we assume to be positive. This autonomous ODE leads to a monotonic behaviour
of po. In order to ensure that the boundary control u; = uli’o is not enough to prevent the
increase of po we assume the following

Td

s (5.27)

YOy <

The previous hypothesis implies that po will increase on an arc on (5.6) when pc > 0.
Arc on the constraint (5.5).

If we differentiate the constraint, we find that Ry = R¢, i.e., u; and uo are related to one
another by

"H drrpm(amm + ) e
_— a a — U =
1+ aguy HPH\OCHH T YAHC 1HH 1+ acug

—depu(vace + acm) — uipc.
We are now set to prove the result:

Proposition 5.2. Assume (5.2), (5.14), (5.15), (5.21), (5.22), (5.23), (5.24), (5.25),
(5.26), (5.27) and that there exists an optimal solution which is the concatenation of
free and constrained arcs (either on the constraint (5.6) or (5.5)), with associated times
(ti)1<i<pr- Then, the last three possible arcs are:

e a boundary arc along the constraint (5.5).

T

e a free arc with controls uy = u*** and up = uy**”,

e a boundary arc along the constraint (5.6) with ug = uy***.

The proof is technical and can be found in Appendix 5.7.

5.3.6 Solution of (OCP;) in By for large T: proof of Theorem 5.2

Recall that we want to solve (OCP) for controls (u1,u2) € By for large T and small T3V,
(T)

a choice motivated by the previous results. For a given T', we denote (ﬂl ,UgT)> a choice
of optimal values for the constant controls during the first phase.

Theorem 5.2. Assume the hypotheses of Proposition 5.2. Then asymptotically in T and
for T2M small, there exists at least one solution to (OCPy) in By. More precisely, there ex-

ists (ﬂipt, agpt, Té’de), (u‘fde, ugde) € BV (O, TQOde) such that if we define the control (uq,us)
by

_opt —opt di
Uy, Uy on (0,1 — Tg%)

(ugde(t — T + T§%), ug®(t — T + T9%)) on (T —T5%,T),

(u1,u2)(t) = {
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then up to a subsequence we have

lim (C’T(ul,UQ) — inf CT(ul,u2)> =0,
T—+00 (u1,u2)€Br

meaning that (uy,usz) is quasi-optimal if T is large enough. Furthermore, on (T — Tgde, T)
the optimal trajectory trajectory obtained with (uy,us2) is the concatenation of at most three
arcs:

e a quasi-boundary arc along the constraint (5.5),

xT

e a free arc with controls uy = u*** and ug = uy"**,

e a quasi-boundary arc along the constraint (5.6), with ug = uy***.

Remark 5.5. By quasi-boundary arc, we mean that the quasi-optimal control is such that
(pH, pc) almost saturates the constraints, i.e., up to an error vanishing as T' goes to 400.

Proof.
Up to a subsequence, still denoted 7', we can find <1‘f1’p b ug’ t) such that (ﬂgT), ﬂgT)> con-

verges to (a({p t ug’ t) as T — +o0o. These values for the constant controls yield asymptotic

phenotypes (:v?ft,mgpt) thanks to Theorem 5.1. Then, for any choice of time To < TQM

and BV controls (u1,us) on (T — 15, T),

lim sup max (|pg — pul, |pc — pc|) =0, (5.28)
T—+o00 [T*TQ,T}

with the notations of Lemma 5.4: p is obtained from the IDE system, while p is obtained

from the ODE concentrated on <x})§t, a:ocpt). This is a consequence of a slight refinement of

(T)

Lemma 5.4. Indeed, for T large, the IDE is almost concentrated on some (xg), TH ) asso-

ciated to <17,§T), E;T)>. The formulae for these quantities given by Theorem 5.1 show that

(xg), :L'(CT)) converges to (:p‘gt, :Uocpt>, hence the concentration of the IDE on (x;?t, xocpt>

and the result (5.28).

As a consequence, the optimal strategy for the ODE, obtained by Proposition 5.2 is also
optimal for the IDE, up to an error vanishing as 1" goes to infinity. We denote T2Ode < T 2M ,
(u‘l’de, ugde) € BV (0, T z"de) the solutions of this optimal control problem. The last state-
ments of the theorem are then a direct consequence of Proposition 5.2 and the assumption
that T: 2M is small, since the IDE and ODE trajectories are arbitrarily close. O

5.4 Numerical simulations

In this section, we solve (OCPq) numerically in the full class Ap. We will compare the
results with the previous section, and check that alternative strategies to the one given in
Theorem 5.2 are indeed sub-optimal when T is large.
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5.4. Numerical simulations

5.4.1 Numerical simulations of the solution to (OCP;)

For a survey on numerical methods in optimal control of ODEs, we refer to [167].

Here, we use direct methods which consist in discretising the whole problem and reducing
it to a "standard" constrained optimisation problem, and we refer to Chapter 6 for a more
detailed presentation of the approach. For the simulations, we take 6yc = 0.4, 6y =
0.6, ¢ = 0.1. We let T take the value T" = 60 to complement the graph already given in
the Introduction for T" = 30. The results are reported on Figure 5.4. These simulations
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FIGURE 5.4: Simulation of (OCPy) for T' = 60.

clearly indicate that for the chosen numerical data, if T" is large enough, then the optimal
controls are such that:

e the optimal control u; is first equal to 0 on a long arc. Then, on a short-time arc,
up = u"® and then to a value such that the constraint (5.6) saturates;

e the optimal control us has a three-part structure, with a long-time starting arc which
is a boundary arc, that is, an arc along which the state constraint (5.5) is (very
quickly) saturated. It corresponds to an almost constant value for the control wug.
The last short-time arc coincides with that of uq, and along this arc ug = u3'**.

We denote by t5(T) the switching time, defined by largest time such that u(¢) = 0 for all
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t <ts(T).

According to the numerical simulations, as 7" tends to 400, both z +— ng(ts(T),x), © —
n(ts(T), z) converge to (weighted) Dirac masses. Since the controls u; and ug are almost
constant on (0,t5(7")), this is in accordance with Theorem 5.1. The cancer cell population
is then concentrated on a phenotype on which the drugs are very efficient.

More precisely, as T tends to 400, the optimal strategy seems to tend to a two-piece
trajectory, consisting of:
e a first long-time arc, along the boundary #Jr(?c(t) = 0pc, with uy(t) = 0 and with
a constant control use, at the end of which the populations of healthy and of cancer
cells have concentrated on some given sensitive phenotype;

e a second short-time arc along which the populations of healthy and cancer cells are
very quickly decreasing with u; = u"**, ug = u5'**, before the constraint on pg

saturates and u; switches to a boundary value allowing pc to keep decreasing.

We also find that the mapping 7' —— pc(T") (where po (7)) is the value obtained by solving
(OCP1) on [0,7]) is decreasing. This is because our parameters are such that, once
concentrated on a sensitive phenotype, the cancer cell population satisfies a controlled
ODE for which there exists a strategy letting pc converge to 0. Because our model is
exponential, we cannot reach 0 exactly but for very small values of pc, one can consider
that the tumour has been eradicated.

Remark 5.6. In order to avoid additional lengthy hypotheses, we did not give conditions
under which the strategy established in Theorem 5.2 can further be identified. However,
the numerical solutions show that, for generic parameters, it can be expected that:

e the constant controls on the first phase are such that at the end of the first phase, we
have saturation of (5.5),

e the second phase is of time duration 73 and starts with a constrained arc along (5.5).

5.4.2 Comparison with clinical settings

As explained before, our results advocate for a first long phase which must be all the
more long for an initially heterogeneous tumour (with respect to resistance). They also
apply to 'born to be bad’ tumours [159], with high initial heterogeneity with respect to
genes or phenotypes in general. Indeed, the heterogeneity or homogeneity we address
here is related to one phenotype defined by resistance towards one category of cytotoxic
drug. In this sense, our use of the term heterogeneity is unambiguous, functionally defined,
and cannot be superimposed on other more classical uses, defined by the accumulation of
mutations, such as in [52, 62, 159].

This being said, we are ultimately concerned with the application of our optimal control
methods to the improvement of classical therapeutic regimens in which repeated courses
of chemotherapy are delivered to patients with cancer. To this end, we keep the previous

114



5.4. Numerical simulations

parameters, that are in particular relevant to represent an initially heterogeneous tumour,
and we propose for possible implementation in the clinic a quasi-periodic strategy such as
in the example defined below:

pHp fpc = Opc, we follow the drug-holiday strategy by choosing u; = u1 =

0, uo = g = 0.5 obtained in the previous numerical simulations.

e Aslong as

e Then, as long as pg > 0y pr(0), we use the maximal amount of drugs. As soon as
pr = 0mpr(0), go back to the drug-holiday strategy.

The implementation is straightforward, Figure 5.5 shows an example for T" = 60. This
strategy allows to maintain the tumour size below some upper value and to prevent resistant
cells from taking over the whole population. However, the tumour is not eradicated and
this strategy is far from being optimal: pc(T) is slightly below 1, to be compared to the
value obtained with 7' = 60 (see Figure 5.4) with the optimal strategy, which is around
1.107°. It is another proof of the importance of a long first phase. It also shows that, at
least with our parameters, the last arc on the constraint (5.6) obtained in the previous
simulations is instrumental in view of significantly decreasing the tumour size. To assess
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FIGURE 5.5: Quasi-periodic strategy, for T" = 60.

the importance of the saturation of the constraint pg = 6y pg(0), we complement the

previous strategy with an arc on this constraint, with us = u5'**, and adequately chosen
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feedback control u; obtained from the equality d'g—tH = 0. We go back to the drug-holiday
strategy as soon as p¢ starts increasing again, since it is a sign that the tumour has become
too resistant. We choose T' = 100 to have enough cycles; the corresponding results are
reported on Figure 5.6 below. They tend to show that po can be brought arbitrarily close
to 0 after enough cycles, meaning that there is a chance for total eradication of the tumour.
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FIGURE 5.6: Second quasi-periodic strategy, for 7" = 100.

5.5 Conclusion

5.5.1 Summary of the results

By analysing a controlled integro-differential system of cancer and healthy cells structured
by a resistance phenotype, we have mathematically investigated the effect of combined
chemotherapeutic (cytotoxic and cytostatic) drugs on a tumour. Since we chose a biologi-
cally grounded modelling for the resistance phenomenon and took the healthy tissue into
account, our approach is tailored for understanding and circumventing the two main pit-
falls in cancer therapy: resistance to drugs and toxicity to healthy tissue. The goal of our
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analysis was indeed twofold: check that our model can reproduce the possible deleterious
effect of chemotherapy when MTDs are used (the standard clinical strategy), and propose
alternative (optimised) infusion protocols.

Since MTD can first strongly reduce the size of the tumour which then starts growing again,
we addressed the first question through an asymptotic analysis of the model. This was
performed in Theorem 5.1, which showed that both populations converge, while the cells
concentrate on some phenotypes. The proof of convergence and concentration, presented
in Section 5.2, relies instead on a suitably defined Lyapunov function. Interestingly, the
approach could incorporate controls which are not only constant, but also asymptotically
constant.

The rest of the chapter was then devoted to addressing the second question, by considering
the optimal control problem (OCP7) of minimising the number of cancer cells on a given
time interval [0, 7], keeping the tumour size in check and limiting damage to the healthy
tissue. In Section 5.3, we gave several rigorous mathematical arguments to explain why,
when T is large, a good strategy is to first steer the cancer cell population on an appropriate
phenotype by first giving constant doses for a long time. These arguments justified a
restriction to a smaller class of controls for which we managed to identify an asymptotically
optimal strategy in large time, presented in Theorem 5.2.

In Section 5.4, we showed through numerical simulations that, when T’ increases, the
optimal solution is indeed increasingly close to a two-phase trajectory. The first very
long phase consists in giving low doses of drugs in order to let the cancer cell population
concentrate on a given sensitive phenotype. The doses are chosen as low as the constraint
on the relative tumour size allows it. Our results advocate for a first long phase which
must be all the more long for an initially heterogeneous tumour (with respect to resistance).
During the second phase, we numerically recover the expected trajectory, given by Theorem
5.2: high doses are given (MTD as long as the constraint on the healthy tissue does not
saturate) and the cancer cell population quickly decreases.

5.5.2 Possible generalisations

Other extensions than those already introduced in the general presentation of the thesis
(advection term, mutation term which will be considered in the next Chapter) are worth
mentioning. A possibility is a mixed deterministic/stochastic framework, namely using a
piecewise deterministic Markov process (PDMP [17], see [111] for the optimal control of
this class of equations). In these models, mutations are stochastic jumps between determin-
istic (and phenotypically reversible) models, each jump becoming less and less rare in the
course of phenotypic evolution in the deterministic processes. Furthermore, the probabil-
ity of jump would depend exclusively on (and as an increasing function of) the phenotype
structure variable, that would thus bear a quantitative meaning of malignancy, or pheno-
type plasticity entraining genetic instability (this last point is discussed with references

in [36]).
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A final extension would stem from the fact that tumours are also very heterogeneous
in space (for example, because cells at the outer rim and cells at the centre of a tumour
spheroid encompass very different metabolic conditions; more genenerally, high heterogene-
ity depending on space has been experimentally shown in solid tumours [62, |, which
should lead to also structure the populations of cells according to an added space variable.
Another modelling advantage of such representation is that the interaction between the
tumour and the healthy tissue is itself spatial, since part of it essentially happens at the
boundary of the tumour, through direct contact. For possible cancer models taking both
phenotype and space into account, we refer to [ , , ]

5.6 Appendix A: proofs for the simplified optimal control
problems

Proof of Lemma 5.2

Proof. Using the family wu. defined in Remark 5.2, we obtain the corresponding p.(7),
which can be computed exactly, as well as its limit. It is given by

l,max)

Popt (T) = popt(Ti) EXp(—/j,u

where pop is the function obtained through % Popt (t) = (r — dpopt (t)) popt(t) for t < T, and

popt(o) = pPo-
Now, let any wu satisfy (5.12). The solution of (5.11) with w is thus a subsolution of that
satisfied by popt, leading to p < pope on [0,7'). Using u > 0, we also have

o) oo [ e — dp(s)) is) expl—pu ).

Since popt(T~) = po exp (fOT(r — dpopt($)) ds) and p < popt, this implies p(T") = popt(T).
Let us now investigate the possible case of equality to prove that the infimum is not
attained: the foregoing equality implies that there is equality if and only if fOT uds = uHme
(the contraint is saturated) and

e ([ = antonas) =exw ([0 dpontsn as).

whence p = pope on [0,T). As p is continuous, p(T") would be given by taking u = 0, which
is not optimal. O
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Proof of Lemma 5.3

Proof. To account for the L' constraint (C1), we augment the system by defining another

state variable y, whose dynamics are given by % = u, leading to:
dp dy
Py —dp— A
o = (r—dp—pu)p, - =u,
p(0) = po, y(0) = 0.
The constraint (C1) thus rewrites y(T) < ub™mae,
According to the Pontryagin maximum principle (see [136]), there exist absolutely contin-

uous adjoint variables p, and py, on [0, 7], and p° < 0, such that:

dp OH dp OH
—f == —(r—2dp— pu)py, — 7 = =

a0y a - oy 0

where the Hamiltonian is

H(p,y,pps Dy, w) :=pp (r — dp — pw) p + pyu = (r — dp) pp + u (py — pppp) -

Thus, py, is some constant, and p, does not change sign on [0, 7.
The maximisation of the Hamiltonian leads to defining the switching function ¢ := p, —
1ppp- w is thus equal to u>™** whenever ¢ > 0, equal to 0 whenever ¢ < 0.

The transversality condition is that the vector <]Z; P ) (T) —po <[1)) must be orthogonal to
Y
the tangent space of {(p,y) € R%,y < U1 maz} at the point (p(T),y(T)).

First case.

If y(T) < ul™ then the transversality conditions imply p,(T) = po and p, = 0. p° # 0
since otherwise we would have (p,, py,p°) = 0. Thus, in this case, p,(T) < 0 and p, is
negative on the interval [0,7]. The switching function ¢ is therefore positive on the whole
[0,T], which would imply uv = u®™% . This is a contradiction since a consequence is

f(;f u(s) ds = umET > ylmaz,

Second case.

If y(T) = ub™% we still have p,(T) = po. As in the first case, we cannot have p, = 0.
Let us first remark that ¢ cannot be positive nor negative on the whole interval, since
otherwise u = u°>"™%* 4 contradiction, or u = 0, which is clearly not optimal. If pg = 0,
pp = 0, so that ¢ has the sign of p, # 0, a contradiction. Therefore, p, < 0 on [0,7] as
before, and this implies p, < 0 to ensure that ¢ changes sign.

The derivative of ¢ is given by % = —,udppp2 > 0. Thus, ¢ is increasing and u is bang-
bang with one switching only. The fact that y(7') = fOT u(s) ds = u>™% imposes that this
switching happens at T37(T') as announced, which ends the proof. O
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5.7 Appendix B: proof of Proposition 5.2

Proof. If the constraint (5.5) does not saturate on the whole [0,t¢], we distinguish on
whether the last arc is a free arc or a boundary arc on (5.6).

First case: the last arc is a boundary arc on (5.0), not reduced to a singleton.
In this case, tpy =ty and there can be a jump on the adjoint vector at t.

Let us start by proving the following:

Lemma 5.5. p® < 0.

Proof. We argue by contradiction and assume p® = 0. We first look at the interval
[tar—1,tf], and assume, also by contradiction, that vp; > 0. Then pH(tJT) = —vy <0,
hence p’c(t;) < 0, leading to pc > 0 in a right neighbourhood of ¢¢. From assumption
(5.27), this means that pc decreases locally around ty, a contradiction since ts is free (a
better strategy would be to stop before pc starts increasing): vy = 0.

Now, let us prove that pr, pc and 1, vanish identically on [tar—1,tf]. If we have pc(tg) > 0
(resp., pc(to) < 0) for some tg € [tar—1,t5), we define the maximal interval [ty, t*) on which
pc > 0 (resp., pc < 0), with po(t*) = 0. In this case, we know that the switching function
¢1 vanishes on [tg, t*], hence py factorises with pc. Coming back to the equation on pc, we
have p, = Bope on (tg, t*), for some function S¢. Since pe(t*) = 0, this imposes pc = 0
on the interval, a contradiction. Thus p¢c is identically 0 on the whole (tp7—1,t¢), and so
are py (from the equation on pc) and 7; (from the equation on pg).

We now analyse the arc [tas—2,tar—1]. From the previous step, we know that ¢ (ta/—1) = 0.
If var—1 > 0, then ¢1(t,;_;) < ¢1(tar—1) = 0, thus u; = ui"** locally on the left of tpr_.
Similarly, maximising ¢ (us) imposes ug = u5**. Also, H (tpy—1) = 0, and H (t;, ;) =
—vpm—1Ry (tJT/I_l) pr(tar—1). By continuity of the Hamiltonian, we get Ry (ti/[_l) = 0.
At the left of tjr_1, w1 and uo saturate at their maximal values. At the right of t3;_1,
Ry = 0 but this imposes u; < u"* or uy < uy*™ since, owing to (5.15), py decreases for
the maximal values. Thus, 0 = Ry (t3;_;) < Ru(tm—1) = 0, a contradiction. Finally, we
have proved vy;_1 = 0.

Standard Cauchy-Lispchitz arguments, together with the result py(t,,_;) = pc(ty;_,) =0
yield that py and pe are also identically null on the interval [tp;—o,tpr—1]. Repeating these
arguments on the whole [0,¢s], we find that p, p°, n1, 12 and the (Vi)izl,...,M are all zero,
in contradiction with condition 1 given by the PMP (see Section 5.3). O

Thus p° < 0 and we set p° = —1. This normalisation is allowed because the final adjoint
vector (p(ts),pY) is defined up to scaling. Again, we start by analysing the PMP on
[tamr—1,tf]. From po(ty) < 0, we know that ug = uy** and ¢ = 0 locally around ¢¢. This
implies py > 0 also locally around ¢;. In particular, v); = 0. Using the same reasoning as
before with p, = Bcpc, we get this time that pc and py have constant sign on (tp—1,t¢):
pc < 0 and pg > 0.
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T

Let us now first assume vpr—1 > 0. Then ¢1(t;; ;) < 0, leading to u; = uj"** close to

tay—1. If vpr_q is such that py (tJT/[_l) < 0, then clearly the maximisation of ¥ (uz) leads
to ug = ui'*. At tpr—1, we would thus have continuity of us and not u; since u; < uf***
on [tyr—1,ty] from assumption (5.26). In such a case, it holds true that there can be no
jump on the adjoint vector (see for instance [18]), which is contradictory unless vps_1 is

such that pgy (t];[_l) > 0, which we assume from now on.

Let us now analyse the interval [tp/—2,tpar—1], on which we will prove that u; = u]"**,

uy = uy'**. Because 71 and 72 vanish on such an interval, it is easy to prove from standard
Cauchy-Lipschitz uniqueness arguments that pc < 0 and pg > 0 on [tar—2,trr—1]. Also,
because of (5.22) the inequality

rc _ bH poorHdH — pHACHC
pH Mo pHOGCCAC — poarcdH

(5.29)

is satisfied on [0,t7]. Let us prove that this implies ¢1 < 0 on (ta—2,tm—1). For that
purpose, we will prove that whenever ¢;(tg) = 0, its derivative satisfies ¢} (to) > 0. Note
that we already know that ¢1(t,,_ ;) < ¢1(tar—1) = 0. For such a time ¢y we indeed obtain

pa(pcarndy — pracude) pr(to)

¢/1 (tO) — (pC'ZCIj (tO) [

— pe(pracede — MCaHCdH)PC(tO)} :

Combined with (5.29), this yields ¢ (to) > 0, as announced. Thus u; = u]*** on the whole
[trr—2,tar—1]-
For ws, the proof is a bit more involved because the dependence is not linear. In what

follows, we generically denote ¢y, ) = Aupupu+Acpopc for positive constants Ay, Ac.
With this notation the previous established result writes ¢(MH7 pe) < 0on (tar—2,tar—1)-

We need to maximise ¢ (up) = FHEIEL 4 TCECFC

the opposite sign of P(ug), where

as a function of ug, whose derivative has

P(u) = aHaC¢(acrH,aHrc) U2 + 2<aHaC)¢(rH,rc) U+ ¢(aHrH,acrc)7

which has discriminant A = —agacrgpapuarerepc(ac — ag)? > 0 on (0,tf). We
consider two cases, depending on the sign of ¢( ), ayre)- Note that (5.2) implies the order

¢(aHrH,acrc) < ¢(7”H,T‘0) < (b(acrH,aHrc)' From (524> and (bl < 07 P(O) = ¢(aHrH,acrc) <
0.

Let us first assume @ (qory, ayro) < 0, in which case all the coefficients of the polynomial
are negative. Let us denote uy the greater root of this polynomial. Since the coefficient in
front of u? is negative, the function 1) is increasing with us on (u4,+00). We cannot have
u4 = 0 because of the signs of the coefficients: u5'* maximises the function of interest. If

P(acri,anre) = 0, it 1s easy to see that the same result holds.

Now, let us assume that ¢(qeryy, ayre) > 0. Because P(0) <0, P(uy'®®) < 0 is a sufficient

max

condition for uy*®* to maximise 1)(ug). For any Ay > 0, A\¢ > 0, ¢1 < 0leads to ¢y, x) <
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(e — )\Cuy)%. Applying this to P(u3'**), we find

peo

(amac(acrupc — agrepm) (ug™)?

+2(amac)(ruapc — ropu) v+ (anrapc — acrepn))-

We conclude that P(u3'*") < 0 thanks to (5.25).

Thus, we have proved that, on (tar—2,ta—1), ur = ui’® and ug = uh'*®. Note that the

result actually implies v3;_1 = 0. However the same reasoning with vy;_1 = 0 works and
we obtain u; = u"*® and up = u4'**. From assumption (5.15), Z—g increases backwards.
If this ratio reaches the value =, i.e., if the system saturates the constraint (5.5) (if not,

tyr—2 = 0), then we have a potential boundary arc on (5.5) on (tar—3,ta—2).
Second case: the last arc is a boundary arc on (5.6), reduced to a singleton.

Note that, again, t); = ty. This case is handled as the previous one: p° cannot be 0 and
¢1(t]7) < 0. Because of this result, the whole reasoning made above in the previous case
applies: there is an unconstrained arc with u; = u7*** and u5'**. If there is a previous arc,
it is a constrained arc on (5.5).

Third case: the last arc is a free arc.

Again, the same kind of arguments are enough to prove that p® < 0, and u; = uf*** and
ub"™ on this arc. If there is a previous arc, it is a constrained arc on (5.5). O
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Chapter 6

A homotopy strategy in numerical

optimal control, application to
(OCPy).

The goal of this Chapter is to provide a suitable approach for the numeri-
cal solution for the full optimal control problem (OCPy). With A. Olivier,
we develop a general method in numerical optimal control, relying on direct
methods but consisting in working first at the continuous level. The idea is
to simplify the problem by setting appropriate parameters to 0, in order for
a PMP to yield precise information. At the discrete level, this provides us
with a suitable starting point for a homotopy. When applied to the problem
(OCP,), this technique allows to discretise the equations much more finely,
and to check that our results in the integro-differential case are robust to the
addition of modelling genetic instability. This work has led to the submit-
ted article Combination of direct methods and homotopy in numerical optimal
control: application to the optimisation of chemotherapy in cancer |124].

6.1 Introduction

The motivation for this work is the article [139], namely the previous Chapter 5. In this
work, the numerical resolution of the optimal control problem was made through a direct
method, thanks to a discretisation both in time and in the phenotypic variable. It led to
a complex nonlinear constrained optimisation problem, for which even efficient algorithms
will fail for large discretisation parameters because they require a good initial guess. To
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overcome this, the idea was to perform (with AMPL and IpOpt, see below) a continuation
on the discretisation parameters, starting from low values (i.e., a coarse discretisation) for
which the optimisation algorithm converges regardless of the starting point.

A clear optimal strategy emerged from these numerical simulations when the final time
was increased. It roughly consists of first using as few drugs as possible during a long
first phase to avoid the emergence of resistance. Cancer cells would hence concentrate
on a sensitive phenotype, allowing for an efficient short second phase with the maximum
tolerated doses.

The model of the previous chapter did not include any genetic instability, having in mind
that epimutations which are believed to be very frequent in the life-time of a tumor. Our
aim here is to numerically address the optimal control problem with the mutations modeled
through diffusion operators, i.e., the full problem (OCP7) with B, Bc > 0.

However, the previous numerical technique already failed (even without Laplacians) to get
fine discretisations when the final time is very large: the optimisation stops converging
when the discretisation parameters are large. The values reached for the discretisation in
time were enough to observe the optimal structure, in particular all the arcs that were
expected for theoretical reasons.

The addition of Laplacians significantly increases the run-time and again fails to work once
the discretisation parameters are too large when the final time itself is large, and some arcs
become difficult to observe. We thus have to find an alternative method to see whether
the optimal strategy found in Chapter 5 is robust with respect to adding the effect of
mutations.

This chapter is devoted to the presentation of a method which, up to our knowledge, is new.
In our case, it provides a significant improvement in run-time and precision, and shows
that the optimal strategy keeps an analogous structure when mutations are considered.
The method relies on the two following steps:

e first, simplify the optimal control problem up to a point where we can show that,
thanks to a Pontryagin Maximum Principle (PMP) in infinite dimension, the optimal
controls are bang-bang and thus can be reduced to their switching times, which are
very easy to estimate numerically. This is equivalent to setting several coeflicients to
0 in the model.

e second, perform a continuation on these parameters on the optimisation problems
obtained with a direct method, starting from the simplified problem all the way back
to the full optimal control problem.

It allows us to start the homotopy method on this simplified optimisation problem with
an already fine discretisation, actually much finer than the maximal values which could be
obtained with the previous homotopy method.

Numerical optimal control and novelty of the approach. Discretising the time
variable, control and state variables to approximate a control problem for an ODE (which
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is an optimisation problem in infinite dimension) by a finite-dimensional optimisation prob-
lem has now become the most standard way of proceeding. These so-called direct methods
thus lead to using efficient optimisation algorithms, for example through the combination
of automatic differentiation softwares (such as the modelling language AMPL, see [60])
and expert optimisation routines (such as the open-source package IpOpt, see [173]).

Another approach is to use indirect methods, where the whole process relies on a PMP,
leading to a shooting problem on the adjoint vector. Numerically, one thus needs to find the
zeros of an appropriate function, which is usually done through a Newton-like algorithm.
For a comparison of the advantages and drawbacks of direct and indirect methods, we refer
to the survey [167].

For both direct and indirect methods, the numerical problem shares at least the difficulty of
finding an initial guess leading to convergence of the optimisation algorithm or the Newton
algorithm, respectively (it is well known that Newton algorithms can have a very small
domain of convergence). To tackle this issue in the case of indirect methods, it is very
standard to use homotopy techniques, for instance to simplify the problem so that one
can have a good idea for a starting point as in [33, 39], or to change the cost in order to
benefit from convexity properties, as in |61, 26]. Besides, when studying optimal control
problem for ODE systems, a common approach is to use of so-called hybrid methods, in
order to take advantage from the better convergence properties of the direct method and
the high accuracy provided by the indirect method. We refer to [167, 23, , | for
further developments on this subject.

We have found the combination of direct methods and continuation (such as the one done in
Chapter 5) to be much less common in the literature, see however |23]. For a mathematical
investigation of why continuation methods are mathematically valid, see [167].

It is however believed that direct methods typically lead to optimisation problems with
several local minima [167], as it could happen for the starting problem (with low discreti-
sation), which has yet no biological meaning. This implies one important drawback of
a continuation on discretisation parameters with direct methods: although the algorithm
will quickly converge in such cases, one cannot a prior: exclude that one will get trapped
in local minima that are meaningless, with the possibility for such trapping to propagate
through the homotopy procedure.

Our approach of simplifying the optimal control problem so that it can be analyzed with
theoretical tools such as a PMP is a way to address the previous problem and to decrease
the computation time. The simplified optimal control problem, once approximated by
a direct method, will indeed efficiently be solved even with a very refined discretisation.
Therefore, another original aspect of our work, due to the complex PDE structure of the
model, is the use of the PMP in view of building an initial guess for the direct method, in
contrast with the hybrid approach we described for ODE systems, where direct methods
serve to initialise shooting problems.

More generally, we advocate for the strategy of trying to simplify the problem, testing
whether a PMP can provide a good characterisation of the optimal controls. Then con-
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Chapter 6. A homotopy strategy in numerical optimal control, application to (OCPy).

tinuation with direct methods are performed to get back to the original and more difficult
one. We believe that this can always be tried as a possible strategy to solve any optimal
control problem (ODE or PDE) numerically.

Recalling the optimal control problem. The system of equations describing the
time-evolution of the density of healthy cells ng (¢, ) and cancer cells ngo(t, x) is given by
Oty gy = [ TH@ T () — wy (D ()| mg () + B A ()
ot \0¥ = 1+ agus(t) H H L) HH H\L, HANH(L, X),

onc re(x)
— (¢ =|—————d Io(t) — t t A t
5C(0) = |5 de@e(t) - (O ()] nelt.o) + fednc(t.o),

starting from an initial condition (n%,nd) in C([0,1])?, with Neumann boundary condi-

tionsinz =0 and z = 1.

Finally, for a fixed final time 7" we consider the optimal control problem (OCP;7) of
minimising the number of cancer cells at the end of the time-frame

inf pc(T)

as a function of the L® controls ui, us subject to L constraints for the controls and two
state constraints on (pm, pc), for all 0 <t < T

e The maximum tolerated doses cannot be exceeded:

0 < up(t) <ul™™, 0< ug(t) < up™.

e The tumor cannot be too big compared to the healthy tissue:

pH(t)

——— >0y, 6.1
pr(t) + pc(t) (61)
with 0 < Oy < 1.
e Toxic side-effects must remain controlled:
pu(t) = 0upr(0), (6.2)

with 0 < 0 < 1.

Remark 6.1. In practice, other objective functions can be deemed pertinent. For example,
if there is no hope of actually getting rid of the tumour, the goal might be to try and control
its size on the whole interval. Thus, we will also consider objective functions of the form
of convex combinations

T
)\0/0 pc(s) ds + (1 — Ao)pc(T),

where 0 < A\g < 1. For A\g = 0, we recover the previous objective function, while for A\; =1
only the L' norm of p¢ is considered.
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Outline of the chapter. The chapter is organised as follows. Section 6.2 presents the
simplified optimal control problem together with the application of a Pontryagin Maximum
Principle in infinite dimension which almost completely determines the optimal controls.
In Section 6.3, we thoroughly explain how direct methods for the optimal control of PDEs
and continuations can be combined to solve a given PDE optimal control problem. These
techniques and the result of Section 6.2 are then used to build an algorithm solving the
complete optimal control problem. In Section 6.4 the numerical simulations obtained
thanks to the algorithm are presented.

6.2 Resolution of a Simplified Model

6.2.1 Simplified Model for one Population with no State Constraints

We here introduce the simpler optimal control problem. Its precise link with the initial
optimal control (OCP7) will be explained in Section 6.3. It is based on the equation

onc

26 1,2) = | < 5 = de(a)p(t) = oy (9| not.a), (6.3)

1+ acus(t

starting from nd,, where pc(t) = fol nc(t, ) de. We denote by (OCPyg) the optimal control
problem

inf T
w2 pc(T)

where U is the space of admissible controls

U = {(u1,u2) € L*=([0,T],R) such that 0 < u; < u]"**, 0 < ug < ujy*, a.e. on [0,T]}.

6.2.2 A Maximum Principle in Infinite Dimension

General statement. Let T be a fixed final time, X be a Banach space and ng € X, U
be a separable metric space. We also consider two mappings f : [0,7] x X x U — X and
0,7 x X xU — R.

We consider the optimal control problem of minimising an integral cost, with a free final
state n(T"):

T
inf J(u(-)) ::/0 Ot n(t),u(t)) dt,

ueU

where y(-) is the solution® of

a(t) = F(t,n(),u(t), n(0) = no.

3Note that the evolution equation has to be understood in the mild sense

n(t) =no + /0 f(s,n(s),u(s))ds.
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In [102, Chapter 4], necessary conditions for optimality are presented, for such problems
(they are actually presented in [102] in a more general setting, but for the sake of simplicity,
we restrict ourselves to the material required to solve (OCPy)). The set of these conditions
is referred to as a Pontryagin Maximum Principle (PMP).

Under appropriate regularity assumptions on f and f°, it states that any optimal pair
(m(-),u(-)) must be such that there exists a nontrivial pair (p°,p(-)) € R x C([0,T], X)
satisfying

P’ <0, (6.4)
5(0) = =5 (6,(0), 1), 1, (1), (65
H(t,n(t),7(t),p", p(t)) = max H(t,7(t), v, ", p(1)), (6.6)

where the hamiltonian H is defined as H (¢, n,u,p,p°) := p°fO(t, n,u) + (p, f(t,n,u)).
Remark 6.2. If the final state is free, (6.4) can be improved to py < 0% and we have the
additional transversality condition:

p(T) = 0. (6.7)
Besides, if the final state were fixed, there would be additional assumptions to check in

order to apply the PMP, assumptions that are automatically fulfilled whenever n(T') is
free. We refer to [102, Chapter 4 - Section 5| for more details on this issue.

Application to the problem (OCPy). By applying the PMP, we derive the following
theorem on the optimal control structure.

Theorem 6.1. Let (nc(-),u(-)) be an optimal solution for (OCPyg). There exists t1 €
[0, T[ and ty € [0,T[ such that

u (t) = uTax]l[thT}v U2 (t) = ugwm]l[tZ:T]'

Proof. Let us define U := {u = (u1,u2) such that 0 < u; < u", 0 < wup < uy*}. Given
a function v € L*([0,T],U), the associated solution of the equation (6.3) belongs to
C([0,T],C(0,1)), which can be seen as a subset of C([0,7T],L?(0,1)). We define X =
L?(0,1).

First, we notice that minimising the cost pc(T') is equivalent to minimising the cost pc(T)—
pc(0) (as the initial number of cells is prescribed), and it can be written under the integral
form:

T
pelT) = pel0) = [ oty

/ / One(t,x) drdt

= [ [t ~ et - wetayutt] o) dsa

4An extremal in the PMP is said to be normal (resp. abnormal) whenever p° # 0 (resp. p° = 0). Here,
it means that there is no abnormal extremal.
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6.2. Resolution of a Simplified Model

Thus, in view of applying the PMP, we define the function f°: X x U — R by

fO(n,ur,ug) = /01 [TC(I) —do(x)p — MC(JU)UI} n(x) dz,

14+ acus
where p := fol n, and the hamiltonian is then defined by

H(n,u1,u2,p,p°) = p° f(n,ur, us)

+ /Olp(x) [rc(x) —dc(z)p — ,U«C’(x)ul} n(z) dz.

14+ acus

Since (nco(+),u(+)) is optimal, there exists a non trivial pair (p°,p(-)) € R x C([0,T7], X),
such that the adjoint equation (6.5) writes:

ﬁp(tw) _ [ ro(x)

ot I+ acus@ P uc<x>u1<t>] (p(t 2) + 1)

1
+/0 d(z)n(t, z) (p(t,z) —i—po) dx.

Owing to Remark 6.2, we know that p° < 0.
Let us set p := p + p°, which satisfies

op

T X 1
P10y = — [ 9 de(@)o - uc<x>u1<t>] i)+ [ dain(t.0)(t.a) do.

1+ acus(t)

The transversality equation (6.7) yields p(T,-) = 0, i.e., p(T) = p°.

Then, in order to exploit the maximisation condition (6.6), we split the hamiltonian as

1
H(tan(t)aul(t)7u2(t)7p(t)7p0) = _(/0 p(t,$)dc($)nc(t,$) d:E)p(t)

P2(t)

—ntot) +

where the two switching functions are defined by

1 1
b1(t) = /0 pe(@)ne (b 2)p(t 2) do,  ds(t) = /0 ro(@)ne(t 2)p(t, z) da.

Thus, we derive the following rule to compute the controls:
o If ¢1(t) > 0 (resp. ¢2(t) > 0), then uy(t) = 0 (resp. uz(t) = 0).

o If ¢1(t) <O (resp. ¢2(t) < 0), then uy(t) = ul"* (resp. ua(t) = uh*®).
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We compute the derivative of the switching function:

1
oy (1) = /0 o) et 2)i(t, 2) + ne(t,2)d(t, 2)) da

_ ( /0 e (@ne(t. ) dm) ( /0 do(@)no(t, o)t 2) dw) .

We know that fol pe(x)ne(t,x) dx > 0, so that the sign of ¢/ (t) is given by the sign of

1
/0 do(z)ne(t, z)p(t, x) de.

Let us set 91 (t) := fol do(x)ne(t, x)p(t, z) dz. The same computation as before yields

s - (| Cdo(@ne(t.) i) o)

Therefore, the sign of ¢ (t) is constant, given by the sign of

1 1
i (T) = /0 do(z)ne(T,x)p(T, x) dz = /0 do(z)ne (T, z)p® dz < 0

since p® < 0. This implies that the function ¢ is decreasing on [0,7]. Since at the final
time, ¢1(T) < 0, we deduce the existence of a time t; € [0,7) such that ¢1(¢) > 0 on
[0,¢1], and ¢1(t) < 0 on [t1,T]. The same computation yields the same result for ¢o, for
some time to € [0, 7. O

6.3 The Continuation Procedure

6.3.1 General Principle

We here recall the principle of direct methods and of continuations for optimisation prob-

lems. Together with Theorem 6.1, we then derive an algorithm to solve the problem
(OCPy).

On direct methods for PDEs. Let us give an informal presentation of the principle of
a direct method for the resolution of the optimal control of a PDE. Assume that we have
some evolution equation written in a general form on [0,7] x [0, 1] as
on 0

3¢ (62) = f(t,n(t), ut)) + An(t, 2), n(0) =n’,

where T is a fixed time, A is some operator on the state space, f some function which
might depend non-locally on n, u a scalar control, ¢t € [0,T], and x € [0, 1] is the space
or phenotype variable. The possible boundary conditions are contained in the operator A,
which in our case will be the Neumann Laplacian.
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6.3. The Continuation Procedure

Consider the optimal control problem

1%Jrelzgg(n(ifj)),

where T is fixed, as a function of u € Y := {u € L*>([0,T],R), 0 < u(t) < «™** on [0,T}.

Further assume that we have discretised this PDE both in time and space through uniform
meshes 0 <tg <1 <...<tn,:=T,0=129 <21 <...<axp, =1, and that we are given
some discretisations of the operator A (resp. the function f, g) denoted by A (resp. fa,
gn), where h := NLT With a Euler scheme in time, if one writes formally n(t;, z;) = n;j,
u(t;) = u; and n; := (n;;)o<j<n,, we are faced with the optimisation problem

inf
ucnf g (nn,),

subject to the constraints

Nit1j = Nij + hfni(tinij,w) +hAp(ng), nio=n’(x;), 0 < u; < u™™
for all 0 < @ < Ny, 0 < j < Np. Note that fy, (¢, n;,u;) stands for the function
fn(ti,nij,u;) evaluated at ;.

On continuation methods for optimisation problems. The optimal control
problem of a PDE becomes a finite-dimensional optimisation problem once approximated
through a direct method, such as the one presented above. Let us denote P; this prob-
lem. As already mentioned in the introduction, the numerical resolution of such a problem
requires a good initial guess for the optimal solution. The idea of a continuation is to
deform the problem to an easier problem Py for which we either have a very good a priori
knowledge of the optimal solution, or expect the problem to be solved efficiently.

One then progressively transforms the problem back to the original one thanks to a contin-
uation parameter A, thus passing through a series of optimisation problems (Py). At each
step of the procedure, the optimisation problem P4y is solved by taking the solution to
Py as an initial guess.

6.3.2 From (OCP;) to (OCPy)

Let us consider (OCP1) and formally set the following coefficients to 0:

B, Bc, acH, O, OHC-

Note that by setting S and ¢ to 0, we also imply that the Neumann boundary conditions
are no longer enforced.

When doing so, the equations on nco and ng are no longer coupled since the constraints do
not play any role and the interaction itself (through acyr) is switched off. Consequently,
the optimal control problem with all these coefficients set to 0 is precisely (OCPy).
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We now define a family of optimal controls (OCP)) where A € R* has each of its com-
ponents between 0 and 1. It is a vector because several consecutive continuations will be
performed (in an order to be chosen) on the different parameters. For A = (X\;);;<4, We
use the subscript A for the parameters associated to the optimal control problem (OCP)),
and they are defined by:

5%\) = MBw, 5(0/\) = M Bc, a(é\l){ = \acH, 9(0)}){ = \30cH, 99) = \bp.

In other words, A1, A2, A3 and A4 stand for the continuations on the mutations rates, the
interaction coefficient ac gy, the constraint (6.1) and the constraint (6.2), respectively.

6.3.3 General Algorithm

Let us now explain the general approach based on the previous considerations.

Final objective and discretisation. Our final aim is to solve (OCP7) numerically,
with 7" large, and a very fine discretisation in time (N is taken to be large): T, N; and
N, are thus fixed to certain given values. To do so, we will solve successively several
problems (OCP}) with the same discretisation paremeters. Following the general method
introduced about direct methods for PDEs, numerically solving an intermediate optimal
control problem (OCP)) for a given A will mean solving the resulting optimisation problem.
To be more specific, we briefly explain below how the different terms are discretised. Recall
that our discretisation is uniform both in time ¢ and in phenotype z, with respectively N,
and N, points.

e The non-local terms pp, pco are discretised with the rectangle method:

Nz—1

1
1
p(tl) = / n(ti,l‘) dr ~ — Ng,5-
0 N, ]ZO

e The Neumann Laplacian is discretised by its classical discrete explicit counterpart:

Mij+1 = 25 + M1
(Az)?

An(ti, :Ej) ~

We manage to take Ny large enough to make sure that the CFL

N2 1
( )<7’

T
Bo N, 5

is verified. Using an implicit discretisation could allow us to get rid of the CFL
condition but an implicit scheme happens to be more time-consuming. Therefore,
we preferred using an explicit discretisation, as our procedure enables us to discretise
the equations finely enough to satisfy the CFL.

e The selection term (whose sign can be both positive or negative) is discretised through
an implicit-explicit scheme to ensure unconditional stability.
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6.4. Numerical Results

Sketch of the algorithm.

Step 1. We start the continuation by solving (OCPg). Thanks to the result 6.1, finding
the minimiser of the end-point mapping (uj,u2) — pc(T') is equivalent to finding the
minimiser of the application (¢1,t2) — pc(T') where t1 (resp. to) are the switching times

of uy (resp. ug) from 0 to u** (resp. u5'®*), as introduced in Theorem 6.1.

Numerically, we can use an arbitrarily refined discretisation of (OCPy), since the resulting
optimisation problem has to be made on a R%-valued function, which leads to a quick and
efficient resolution.

Step 2. Once (OCPy) has been solved numerically, we get an excellent initial guess to start
performing the continuation on the parameter A. Its different components will successively
be brought from 0 to 1, either directly or, when needed, through a proper discretisation of
the interval [0, 1]. The order in which the successive coefficients are brought to their actual
values is chosen so as to reduce the run-time of the algorithm. The precise order and way
in which the continuation has been carried out are detailed together with the numerical
results in Section 6.3.

Let us make a few remarks on possible further continuations:

e Since the goal is to take large values for T', one might think of performing a contin-
uation on the final time. We again emphasise that the interest and coherence of the
method requires to start with a fine discretisation at Step 1, but we note that it is
also possible to further refine the discretisation after Step 2.

e Finally, it is also possible to consider the cost as introduced in Remark 6.1, which
can be done through a continuation on the parameter Ag.

6.4 Numerical Results

Let us now apply the algorithm with AMPL and IpOpT.
For our numerical experiments, we will use the following values, taken from [109]:

3 () = 15
T 12 YT

ro(x)

do(x) = %(1 —0.32), du(z) = %(1 —0.12),

agg =1, acc =1, agc =0.07, a.g =0.01

ag = 0.01, oo = 1,

0.2 ) 0.9 Lo
= =max| ——— —
R =gm 2 He 072 +0622 )
W = 9 AT — 5,
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Also, we consider the initial data:

—0.5)2 —0.5)2
nH(0795) = KH,O exXp ((xg)) ) nC(O,x) = KC,O exp <(33€)> ,

with e = 0.1 and Ky and K¢ are chosen such that:

pu(0) =27, pc(0) =0.5.

The rest of the parameters (namely Bp, B¢, g and 0g¢) will depend on the case we
consider, and we will specify them in what follows.

Remark 6.3. Note that we have taken u]"* and u5"** to be slightly below their values
chosen in Chapter 5 (which makes the problem harder from the applicative point of view).
This is because we are here able to let T take larger values, for which the final cost obtained
with the optimal strategy pc(T') becomes too small, see below for the related numerical
difficulties.

As for the mutations rates, we have proceeded as follows: we have simulated the effect of
constant doses and observed the long-time behaviour. In the case g = B¢ = 0, we know
from the previous chapter that both cell densities must converge to Dirac masses. With
mutations, we expect some Gaussian-like approximation of these Diracs, the variance of
which was our criterion to select a suitable mutation rate in terms of modelling. It must
be large enough to observe a real variability due to the mutations, but small enough to
avoid seeing no selection effects (diffusion dominates and the steady state looks almost
constant).

Test case 1: T = 60. We set the parameters for the diffusion to Sy = 0.001 and
Bc = 0.0001. The coefficients for the constraints are 6y = 0.4 and 8y = 0.6. For such
numerical values, the optimal cost satisfies pc(T') << 1, which can be source of numerical

difficulties. To overcome this, we introduce the following trick: let us define u}"**" = 1

and u;nax’o = 4. We apply the procedure described in Section 6.2 with the values uTax’O
and ugmm’o. We then add another continuation step by raising them to the original desired
values u** = 2 and u5'** = 5. In the formalism previously introduced, it amounts to
adding two continuation parameters A5 and \g to the vector A\ = (\;)1<;<4. The parameters

associated to the optimal control problem (OCP,) are then defined as:
uvlnax,(/\) = (1— )\5)u71na:v,0 + Agule, u;nax,(/\) =(1- )\G)U?az,o F\eule
More precisely, we perform the continuation in the following way, summarised in Figure 6.1:
e First, we solve (OCPyg), with u]"*"" =1 and u}"**" = 4.

e Second, we add the interaction between the two populations, the diffusion parame-
ters, and the constraint on the number of healthy cells. That is, the parameters ac gy,
Bu, Bc and @y are set to their values.

e Then, we add the constraint measuring the ratio between the number of healthy cells
and the total number of cells, that is Oy¢.
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e Lastly, we raise the maximum values for the controls from u;-mm’o tou™™* (i € {1,2}),
and we solve (OCP7) for T' = 60.

acH = 0.01
Bc = 1073
(OCPO) 5H — 10—3
0g = 0.6
uPar = 2
upr = 5 Onc = 04
(OCPy)

FIGURE 6.1: Continuation procedure to solve (OCP;) for T' = 60.

Actually, for this set of parameters, only four consecutive resolutions are required to solve
(OCP,) starting from (OCPyg). That is, the components of the continuation vector A\ =
(Ai)i<i<e are brought directly from 0 to 1, taking no intermediate value, in the order
schematised on Figure 6.1. We will study further in the chapter a case for a larger final
time, for which having a more refined discretisation is mandatory.

On Figure 6.2, we plot the optimal controls u; and us at the four steps of the continuation
procedure. We also display the evolution of the constraint on the size of the tumor com-
pared to the healthy tissue (6.1). We can clearly identify the emergence of the expected
structure for the controls, namely a long phase along which the constraint (6.1) saturates,
followed by a bang arc with u; = u["** and uy = u5'**, and a last boundary arc along
which the constraint (6.2) saturates. Throughout this section, we will use a red solid line
in our figures for (OCPq), a green solid line for (OCPg) and a dotted style for anything
refering to (OCP)).

Remark 6.4. We would like to emphasise here that our procedure enables us to use a
much more refined discretisation of the problem than what was done in Chapter 5. More
precisely, we discretise with N; = 500 and N, = 20 points in our direct method. For such
a discretisation, directly tackling (OCP7) with the direct method fails.

Remark 6.5. Note that the constraint pg/pmr(0) > 0.6 does not saturate until the last
step of the continuation, when raising the maximal value of the controls. Therefore, when
we add it at the beginning of the procedure, it is not actually active.

Test case 2: T'=80. Whereas one could believe that raising the final time from T" = 60
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—  (OCPy)
— (ocpy)
-------- Intermediate steps

21 1 5 —
L 47 )
151 1
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0.9
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0.7

pc PH

poten gl pr(0) 081 1
0.5 |
07l |
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0.3 1 06l |
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t t

FIGURE 6.2: Intermediate steps of the continuation procedure for the test case 1.

to T' = 80 does not much increase the difficulty of the problem, we noticed that several
numerical obstacles appeared. In the following, we consider a discretisation with Ny = 250
and N, = 12 points, in order to keep the optimisation run-time reasonable. Besides, in
order to test the robustness of our procedure, we consider a more restrictive constraint on
the number of healthy cells: we choose 6 = 0.75 (0.6 in the first example).

First, we use the same numerical trick as explained in our first example, reducing the
maximal value for the controls to u’fmx’o = 0.7 and ugmz’o = 3.5. For given values of u"**
and u35'**, the optimal cost po(T') decreases when T' increases. This is why we now use

smaller values of uTam’O and ugwx’o, compared to the first example where we set them to
respectively 1 and 4.

We performed the continuation in the following way, summarised in Figure 6.3:
e First, we solve (OCPy), with u]"**” = 0.7 and uj"**" = 3.5.

e Second, we add the interaction between the two populations (via the parameter acpr),
and the constraint measuring the ratio between the number of healthy cells and the

total number of cells (6.1) is introduced at the intermediate value 92‘)0 =0.3.
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( acg = 0.01

(0T L Ouc = 0.3
{ Onc = 0.4

(OCPy) ( upes — 2
By = 1073 uper = 5
Bc = 1074 L 0y = 0.75

FIGURE 6.3: Continuation procedure to solve (OCPy) for T' = 80.

e We then raise it to its final value of 8y~ = 0.4.

e As a fourth step, we simultaneously add the constraint (6.2) on the healthy cells and
raise the maximal values for the controls from u***° to u"** (i € {1,2}).

e Lastly, we add diffusion to the model, via the parameters Sy and B¢, and we solve

(OCPy) for T = 80.

At this point, we need to make two important remarks concerning this continuation pro-
cedure.

Remark 6.6. The order in which we make the components of the continuation vector A =
(M\i)1<i<e vary from 0 to 1 is different from the order we presented for 7' = 60. For instance,
we noticed that the diffusion makes the problem significantly harder to solve, although the
Laplacians where discretised using the simplest explicit finite-difference approximation.
Therefore, we only added it at the last step of the continuation.

Remark 6.7. Whereas for T' = 60, raising the (\;)1<i<¢ directly from 0 to 1 was enough
to solve (OCP;), it became necessary to use a more refined discretisation for 7" = 80.
This fact justifies the principle of our continuation procedure, as each step is necessary to
solve the next one, and thus (OCP1) in the end. For instance, on Figure 6.4, we display
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"""" Asfc =0

-------- Nsfrc = 0.3
-------- AsOpc = 0.35
-------- A3bpc =04

0.8 |
PC’TPH 61 |
04f i .

FIGURE 6.4: Evolution of the constraint (6.1) during continuation.

the evolution of the constraint (6.1):

pr(t)
el + p®) =

when raising the continuation parameter A3 from 0 to 1. On Figure 6.5, we display
the evolution of the controls u; and us when raising their maximal allowed values from
(u’lmr’o, ugmx’o) to (uf"** uf*®®). For the sake of readability, we do not show all the steps
of the continuation, but only some of them. It clearly shows how the structure of the

optimal solution evolves from the simple one of (OCPg) to the much more complex one
of (OCPy).

Finally, we display on Figure 6.6 the evolution of ng, when applying the optimal strategy
we found solving (OCP1). In black we represent the initial condition nc (0, -), and with
lighter shades of red, the evolution of n¢(t,z) as time increases.

One clearly sees that the optimal strategy has remained the same: the cancer cell popula-
tion concentrates on a sensitive phenotype, which is the key idea to then use the maximal
tolerated doses. In other words, the strategy identified in Chapter 5 is robust with respect
to addition of mutations. An important remark is that the cost obtained with the optimal
strategy is higher with the mutations than without them: this is because we cannot have
convergence to a Dirac located at a sensitive phenotype, but to a smoothed (Gaussian-
like) version of that Dirac. There will always be residual resistant cells which will make
the second phase less successful.
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6.4. Numerical Results
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FIGURE 6.5: Raising the maximal values u{"**, u5*** for the controls.
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FIGURE 6.6: Evolution of n¢ for the optimal solution of (OCP).

Test case 3: T' = 60, more general objective function. The optimal strategy
obtained with the previous objective function pc(7") might seem surprising, in particular
because it advocates for very limited action at the beginning: giving no cytotoxic drugs and
low loses of cytostatic drugs. To further investigate the robustness of this strategy, let us
also consider the objective function Ag fOT pc(s)ds+(1—Xo)pc(T) as introduced in Remark
6.1, for different values of Ag. To ease numerical computations, we take Sy = Bc = 0,
u" =2, uy'® =5, and finally N, = 20, N; = 100. The results are reported on Figure 6.7.
For \g = 0.5, the L' term is dominant in the optimisation and the variations of pc are
smaller over the interval |0,7[. However, although there is a significant change in the
control ug which is always equal to u5'*, u; has kept the same structure: an arc with no
drugs, a short arc with maximal doses and a final arc with intermediate doses. The only

(though important) difference is that the first arc is not a long one as before.

We infer from these numerical simulations that the optimal structure is inherent in the
equations: there is no choice but to let the cancer cell density concentrate on a sensitive
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FIGURE 6.7: Plot of the optimal controls and optimal trajectories for different values of )y, for
T = 60.

phenotype if the goal is to eradicate the tumour at time T'. Since at Ag = 0.5, the integral
term dominates, we also consider other convex combinations with smaller values of Ag up
to 0, for which uy takes intermediate values before being equal to u5'**, while u; = 0 on a

longer arc.

Among these families of objectives (depending on Ag) and their outcomes, it is up to
the oncologist to decide which one is best, depending also on what is not modeled here,
for example metastases. We see that a balance between po(T) and fOT pc(s) ds provide
interesting strategies curbing tumour growth, but not killing it.

Further comments on the continuation principle. A continuation procedure is an
option for many related problems. Let us illustrate our point with an example: we have
presented a procedure to solve (OCP17), for some initial conditions n(}{ and nOC. Suppose
that we wish to solve (OCPq) for some different initial conditions ﬁ(l){ and ﬁ%. Biologically,
this could correspond to finding a control strategy for a different tumor. A natural idea
is then to use a continuation procedure to deform the problem from the initial conditions
(nY,nd) to (A%, nd), rather than applying again the whole procedure to solve (OCP1)
with ﬁ% and fzoc. We successfully performed some numerical tests to validate this idea: if
we dispose of a set of initial conditions for which we want to solve (OCP7), it is indeed
faster to solve (OCPq) for one of them and then perform a continuation on the initial
data, rather than solving (OCP7) for each of the initial conditions. More generally, any
parameter in the model could lend itself to a continuation.
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Part IV

Spheroid formation and Keller-Segel
equations
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Chapter 7

Turing instabilities in chemotaxis for
spheroid formation

The purpose of this chapter is to explain patterns observed in cultures of cells
in a 3D structure mimicking the extracellular matrix. We show that chemotaxis
is a good candidate by analysing a Keller-Segel system with nonlinear sensitiv-
ity, which exhibits Turing patterns. These patterns indeed prove to be a good
qualitative match with the experimental ones, as evidenced by 2D simulations.
This chapter is a very preliminary version of an article in preparation, written
jointly with Federica Bubba, Nathalie Ferrand, Luis Neves de Almeida, Benoit
Perthame and Michéle Sabbah, a tentative title being A chemotazis-based ez-
planation of spheroid formation in 3D structures mimicking the extracellular
matriz.

7.1 Introduction and biological data

The 3D culture of cells is progressively becoming preferred over 2D cultures for in vitro
experiments, because it is closer to the environment cells encounter in vivo, namely that
of the extra-cellular matrix (ECM). Regardless of the chemical engineering process for the
creation of these 3D scaffolds, the typical behaviour of cells inside them is aggregation [99].
The fact that different types of patterns can emerge depending on the type of cells is now
well documented [90, 157].

The aggregation process and type of aggregates is already interesting from the point of
view of theoretical biology, since it can shed light on how normal cells move and organise
spatially in the ECM. It has also great importance in cancer biology, in order to understand

143
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tumour progression in a more realistic experimental scenario. The focus is in particular
on metastases, since it is crucial to understand how cells can organise to escape a given
organ, having in mind that cells creating metastases move in clusters and not alone [30]. In
this direction, a natural question is the following: how do normal healthy cells, epithelial
cancer cells or invasive cancer cells compare regarding the type of pattern exhibited?

Experimental setting. The experiments performed at the Laboratoire de Biologie et
Thérapeutique des Cancers by Michéle Sabbah and Nathalie Ferrand were made with 3D
hydrogels. They are cylinders of radius a = 5mm, of small height h = 2mm.

The cell lines used are breast cancer cell lines, the MCF7 breast cancer cell line (epithelial
cells) and the MCF7-sh-WISP2 cell line of invasive breast cancer cells (mesenchymal cells).
Note that the latter cell line is obtained by the former after knock-down of the protein
WISP2, which regulates cell adhesion, migration, proliferation and differentiation. We
refer to [59] for a detailed study of invasive properties of the MCEF7-sh-WISP2 cell line.

The MCFE7 or MCF7-sh-WISP2 cells are put at the top of the hydrogel so that they can
enter the 3D structure by gravity and spread inside it. The different initial numbers of cells
considered are 10000, 25000, 50000, 75000 and 100000. The hydrogel is put in a growth
medium renewed every 2 or 3 days. At days 4, 8, and 14 (denoted respectively by J4, J8
and J14), a 2D image is obtained thanks to an EVOS imaging station. The number and
size of patterns are estimated by a dedicated software.

An overview of the experimental results. First, cells tend to spread uniformly in
the whole structure. It is only after this very quick first phase that, in most cases, cells
have formed patterns at day J4, in accordance with the results observed in the literature.
These patterns are close to being round in the MCF7 case, while for the other cell line, the
structure is less compact, more elongated, see a comparison in Figure 7.1 below. This is
why, as in previous works, we shall slightly abusively refer to these patterns as spheroids.
A typical spheroid has a radius of around 100 gm, and contains an estimated number of
5000 cells.

The common dynamical features exhibited by all the experiments (apart from the special
case of 100000 cells which we shall discuss below):

e From J4 to J8, the number of spheres is almost constant, while the average size of
spheres slightly increases.

o At J14, the number of spheroids has almost doubled, while their average size has
remained constant.

In the meantime, cells grow unboundedly as long as they have enough space since the
medium is renewed. Note, however, that this growth is less important from J4 to J8
than it is after J8. It has already been reported that growth is typically inhibited by the
formation of spheroids, except at their periphery [175].

The case of 100000 seeded cells is a bit specific: no patterns are observed and all cells tend
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(4)

FI1GURE 7.1: 2D image of spheroids in the hydrogel, formed by MCF7 cells after 8 days of culture
(left panel) and by cells from MCF7-sh-wisp2 after 4 days of culture (right panel), courtesy of N.
Ferrand and M. Sabbah.

aggregate to outside the hydrogel. Such aggregates are reported to escape the hydrogel
also for lower seeding numbers, but only after enough time. Finally, let us mention that
although the number and size of spheroids increases with the initial number of cells for
10000, 25000 to 50000 cells, it remains constant from 50000 to 75000: some plateau has
been reached.

Mathematical modelling for patterns in the ECM. The aim of this work is to
propose a minimally-parametrised continuous model amenable to reproducing these pat-
terns. Mathematical models for cells in the extracellular matrix are numerous, and belong
to two main distinct categories, see for instance [111] for a review. The first category
is that of discrete models, or agent-based models (lattice-based or not), where each cell
is individually modelled and its behaviour is defined by probabilistic laws. The second
one is that of continuum models, typically based on ODEs or PDEs which can be either
phenomenological or derived from physical or chemical laws [125].

To the best of our knowledge, however, works on the formation of patterns by cells in the
ECM have focused on finely describing the cell-matrix adhesion, while chemotaxis is not
necessarily a feature of these models. In the PDE models of [125], for example, there is
no chemotaxis and patterns are obtained, but at the expense of assuming that ECM fibers
have a specific orientation. No patterns are reported when the ECM is isotropic. In the
lattice-based models of [175] developed precisely for patterns of hepatocarcinoma cells in
3D scaffolds, cell diffusion, cell division, cell-cell adhesion and cell-scaffold adhesion are
taken into account, but not chemotaxis.

Here, we choose a different approach by modelling chemotaxis, reducing the cell-hydrogel
modelling to a diffusion term (thus assuming that the 3D structure is isotropic). In our
case, well-documented chemoattractants are the chemokines CXCL12 and CXCLS8 [119)],
the first one (resp. the second) being believed to be mostly expressed by MCFE7 cells (resp.
MCF7-sh-wisp2 cells).
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The model has very few parameters and, as we shall see, the condition for pattern formation
has a simple expression in terms of the parameters.

7.2 Chemotaxis model and spheroid formation

7.2.1 The Keller-Segel model

We now introduce the model, namely the Keller-Segel system for the density of cells n and

chemoattractant density c:

% — DiAn+ xV - (p(n)Ve) = rn, (71)
%—DgAc:an—Bc, .

in Q endowed with Neumann boundary conditions, starting from (n°, ¢%), with initial mass
Jo n® = M. Here  C R3 is the hydrogel, a cylinder with small height (thus taking Q C R?
as a disk is a good approximation).

The first main ingredient is diffusion: cells can move randomly at rate D1, thanks to the
scaffold. The second ingredient is chemotaxis: cells move in the direction of the gradient of
chemoattractant, of density ¢, the movement strength being measure by x, and depends on
a possibly nonlinear function ¢(n), which we shall specify later on. The chemoattractant
is produced by the cells themselves at rate «, is naturally depleted at rate 5, and diffuses
at rate Ds. At variance with other works, we again emphasise that we do not explicitly
model cell-scaffold adhesion and stick to a simpler diffusion term.

Finally, cells grow at rate r, and we will keep a simple exponential growth term rather than
a logistic one because nutrients are constantly being brought to them, and for the time-
scale of interest, there is enough space for cells to grow. There is also a hidden parameter
in the model, namely the total mass of the initial condition M := ﬁ Jo nO(x)dr. We
will assume that the initial condition is close to being homogeneous, namely n® ~ M, as
observed quickly after cells have been seeded.

Upon changes of time and space variables t = g—;t, T = Dﬁﬂz and appropriate scalings
for n and ¢, namely

(,D1, |B a(,Di, |8
n(t,z) =n| b=t/ —=—x |, c(t,z) = =¢| =1,/ =—2x |,
(t,2) (Dz D2>()5<D2 D,
and writing again n for n1, ¢ for ¢ we find a minimally parametrised version:

t (7.2)

%—? — An+ AV - (p(n)Ve) = ron,
e —Ac=n—c,
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where only three parameters A, € and rg remain, given by

ay Dy r

- Ee=—,T0= —.
0 56

= b E - )
BDy Do
€ is thus typically small because the chemoattractant diffuses much faster than cells, while
A depends on the ratio D%, which measures the relative importance of diffusion and at-
traction.

A

Although we will consider the growth term in simulations, we will neglect it for the investi-
gation of Turing instabilities. Then, when it starts near the homogeneous initial condition
n® =~ M, ® ~ M, this system has a homogenous (in space) solution, given by

=M, =M,

the (linear) stability of which we now investigate in detail.

7.2.2 Condition for Turing instabilities

Around the homogeneous steady-state (7, ¢), the linearised system without growth reads

3 (7.3)

9n — An+ Ap(M)Ac =0,
€5 —Ac=n—c,

We denote (p)r>1 the orthonormal basis of L?(Q) made of the eigenfunctions of the
Neumann Laplace operator associated with eigenvalues (\g)g>1, namely

{—A% = Ak,

M _
v = 0.
Projecting the linearised equation (7.3) on the orthonormal basis (¢ )k>1 through

n(ta ) = Z ak’(t)djk? C(ta ) = Z bk(tﬁﬁk’
we find
a;(t) = —)\kak(t) + A(,O(M))\kbk(t),
b (t) = —Aibi(t) + ar(t) — b(t).
Looking for exponentially increasing (in time) solutions, we must test whether there are
solutions in the form (ay(t), b (t)) = e*(al, b)) with real part R(\) > 0. This is equivalent
to finding a solution A with R(\) > 0 for (Ax — AId)X = 0 with
0
— % (M Ap(M)A
() (2 )

€

Since Tr(Ay) < 0, it easy to check that Ay has such an eigenvalue A if and only if det(Ay) <
0, which is equivalent to
ax
M+ 1< Ap(M) = p(M)——,
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a condition which does not depend on Ds.

Thus, we have the following result (owing to A; = 0):
Proposition 7.1. The state (M, M) is Turing unstable if and only if

D
S PD

e (7.4)

(M)

We denote u = Ap(M) — 1, so that Turing instability is equivalent to u > 0.

Remark 7.1. If we were to try and analyse Turing instabilities for the model with the
growth term, the system should be linearised around the homogeneous (in space) solution
given by

M
o 1+ Ero
Turing instabilities around time-dependent homogeneous steady states has attracted at-
tention in the case of growing domains, at the expense of more involved computations and
concepts that are beyond the scope of this chapter [114].

n(t) := Me™, &(t) : <€roe_§ + erot) .

7.2.3 Turing unstable modes

The observed mode. In practice, when there are kg unstable modes, those that will
be observed are the ones associated with the highest eigenvalue A. For each 0 < k < ko,
we denote )\z the highest eigenvalue of Ag, and we investigate how it depends on Ag.
For convenience, we set x := A, and we are led to analyse the variations of the function
x5 A(2) = L(t(2) + /t2(z) — 4d(z)) where t(z) = Tr(Ay) = — (L + 1)z — 1, d(z) =
det(Ak) = @

At the zeroth order in €, we find

A () ~ zu,
z+1
the derivative of which has the sign of —2% — 22 + u. Recall that 0 < x < u (since we are
assuming that the kth mode is unstable, namely \x < p), and we find that the maximum
of AT(z) on (0, ) is reached at —1+ /T + u. As a consequence, we find that when A\ < u
for 1 < k < ko and at the zeroth order in ¢, either the mode k* — 1 or k* will be observed,
where k* is defined by A\g«_1 < =1+ T+ 1 < A\gs.”

Computing the modes explicitly. Since {2 has a particular shape, eigenvalues and
eigenfunctions can actually be explicitly computed. We first consider the case of the
2D simulations, namely when € is a disk of radius a. It is then standard that, after
separation of variables in polar coordinates ¢ (x,y) = f(r)g(f), the equation —Ay) = \¢p
with Neumann boundary conditions is equivalent to g(6) = A cos(mf)+ B sin(m@) for some
m € Z and p f(%) must solve the Bessel equation p?y” (p) + py'(p) + (p*> —m?)y(p) = 0

®The actual mode observed is k* — 1 (resp. k*) if AT (Age—1) > AT (Agx) (resp. AT(Arx—1) < AT (r)).
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with 3/(0) = 3/(vAa) = 0. This yields, up to a constant, to the result f(r) = J,(V/Ar)
where J,,, is the first kind Bessel function of order m. The boundary conditions impose
m # %1 (because J},(0) = 0 for all m except 1 and —1), while, denoting 7, , the pth zero

of the derivative of J,,, we find A = (Bm’p)2.

a

Summing up, we obtain

()
m,p — a )

Ymp(r,0) = T, (ﬂz*’r) (Acos(mb) + Bsin(mb)),

a family indexed by m € Z \ {£1}, p € N*. Unless m = 0 for which the eigenfunction is
unique after normalisation, the eigenspace associated to A, is of dimension 2.

Similar computations for the case of a cylinder of height h and radius a lead to the result

Bm.p 2 I\ 2
Ampr = (=22 )+ ()
7p7l < a + h
Iz

Ympi(1,0,2) = JIm (&;’pr) (A cos(mb) + Bsin(m#)) cos <h>’

a family indexed by m € Z\ {£1}, p € N*, [ € N. The multiplicity of eigenfunctions is the
same as in the previous case (1 if m = 0 and 2 if not).

If h is small, we will typically not see the eigenvalues with high frequency in the z variable,
and thus only the modes with [ = 0 will be observed. An interesting and relevant conse-
quence is that from the point of view of Turing instabilities, it is a good approximation to
neglect the z variable and focus on Q C R? as a disk for simulations.

Choosing the nonlinearity. From the previous computations, we uncover that u =
Ap(M) —1 has the same monotony as ¢ in terms of the initial mass: hence, we expect that
there should be more spheroids for higher values of ¢ (M), all other parameters being fixed.
Experiments have shown that the number of spheroids increases with M, and reaches a
plateau at 50000, 75000 seeded cells. For 100000 cells, there are essentially no spheroids
in the hydrogel since most of them have escaped it. It is not clear whether it proves that
no patterns are exhibited in this situation.

However, we can already assert that the classical linear sensitivity ¢(n) = n is not an
appropriate modelling choice. This is why we will instead consider either the logistic
function ¢(n) = n(1 — %) or the exponential one ¢(n) = ne”%. The first one has been
proposed long ago to prevent overcrowding |75, |, since the density K plays the role
of a maximal packing above which movement by chemotaxis is shut down. The second is
less classical but has the advantage of flexibility because it does not impose an a priori

maximal density.
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7.3 Comparison of 2D simulations with experiments

In this section, we perform several numerical simulations, and for simplicity, all simulations
will be done with the adimensionalised system, with parameters, K, M, € and A, as well
as the radius a of the disk in these 2D simulations. Simulations for the model with growth
have ry as an additional parameter. We shall always fix in the forthcoming simulations the
following values:

M=01 ¢=110"2% K =1, a=40.

The initial condition is always taken to be a small perturbation of the homogeneous steady
state (M, M). The value of A will vary depending on the simulation. All simulations have
been done using the software Freefem++ [73]|, with finite elements P1 basis functions,
dt = 0.01 and a mesh made of around 40000 triangles.

7.3.1 Pattern formation and agreement with the theoretical results

Let us start by providing a typical simulation exhibiting Turing instability with spheroidal
patterns, in the logistic case ¢(n) = n(l — #). We take A = 50, for which we expect
patterns since p = Ap(M) — 1 = 3.5 > 0. We report the results from times ¢ = 5 to
t = 8 on Figure 7.2. From time ¢t = 0 to t = 5, only the constant state is visible. From
t = 6 onwards, patterns very quickly become visible, first at the periphery and then,
centripetally, everywhere in the domain. Most of them have formed at ¢t = 8.

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

(D) (E) (¥)

FIGURE 7.2: Simulation of the cancer cell density (satisfying 0 < n < 1 up to numerical errors)
for the Keller-Segel model (7.2) without growth, with A = 50 and a logistic sensitivity function,
from times t =5 to t = 8.
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7.8. Comparison of 2D simulations with experiments

For the exponential function, the results are close and it is not clear whether one of the
two is better. Simulations not shown here also exhibit round patterns are also obtained,
but there are more of them and they are smaller. This is also in agreement with the Turing
instability condition, since for the same K, we always have ne kK > n(l — ). Thus, all
other parameters being equal, w is larger in the exponential case than in the logistic case.

7.3.2 Pattern formation with growth

Once patterns have formed, a long transient phase starts, during which spheroids slowly
merge, in accordance with some theoretical results obtained in 1D [137]. From the ex-
perimental point of view, this peculiar phenomenon is not relevant since it requires long
time scales during which growth will take over. We now provide some simulations with the
growth term rgn, in Figure 7.3. The exponential sensitivity function is preferred over the
logistic one, since growth can make densities exceed the value 1 (and then the advection
term would make cells go in the opposite direction of Ve in zones of densities higher than
1), which is not an appropriate modelling.

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

(a) (B) (¢)
FIGURE 7.3: Simulation of the cancer cell density (which approximately ranges from 0 to 5 up

to numerical errors)for the Keller-Segel model (7.2) with growth, with A = 40, ro = 0.1 and
exponential sensitivity function, at times t =5,¢t =6 and t = 7.

We finally provide a comparison with a simulation with a lower value for A, in order to
investigate the effect of a change of parameters modelling differences between the more
adhesive MCF7 cells with the more invasive MCF7-sh-WISP2. The rationale is that,
assuming that the sensitivity strength measured by x is roughly the same for both cell
lines, the diffusion constant D; is expected to be higher for the MCF7-sh-WISP2. In the
absence of growth, the Turing pattern constant p will thus be larger for MCF7 cells than
it is for MCF7-sh-WISP2: we expect less spheroids, and of bigger size for the latter.

Figure 7.4 compares spheroids for values A = 20 and A = 30. It indeed shows that, even
with the growth term, the spheroids are bigger and less numerous for a smaller A. It can
be interpreted as them being less compact, a feature which is coherent with experiments.
Another interesting feature is that the geometry has also changed, as structures look less
round.
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FIGURE 7.4: Simulation of the cancer cell density (which approximately ranges from 0 to 5 up to
numerical errors) for the Keller-Segel model (7.2) with growth, with A =20 (A) and A = 30 (B)
at times t = 15 and t = 10 respectively.

7.3.3 Conclusions and perspectives

Our 2D simulations show a good ability at qualitatively reproducing the patterns obtained
experimentally. Contrarily to other modelling approaches, the salient feature is not cell-
scaffold adhesion, which we reduce to a diffusion term, but instead chemotaxis. We thus
hypothesise that it is a key phenomenon responsible for these aggregates.

Once a nonlinear sensitivity function has been chosen, the monotony of the Turing insta-
bility constant p, as a function of the diffusion Dj, is qualitatively consistent with the
differences observed between MCF7 cells and MCF7-sh-WISP2 cells. The number, size,
and to a lesser extent, the shape of spheroids match well, at least for days J4 and J8. Going
further in this direction would require to analyse Turing instabilities in the presence of the
growth term, since it is not the same for both cell lines, building up on works carried out
for growing domains [114].

The model has however difficulties in showing more flexibility in the size of patterns. To
quantify that, the numerical results have also been analysed with the software counting
spheroids, and the distribution (in size) of spheroids does not match very well: while
the standard deviation was of the order of the average size for experiments, we find that
standard deviation is about one third of the mean size in simulations. Numerically, we also
did not manage to account for the important increase in the number of spheres at day J14.

Finally, we remark that the numerical schemes (based on finite element methods) do not
preserve desirable properties, such as positivity of the solution, nor that it should be below
1 in the absence of growth and with a logistic sensitivity. The difficulties at preserving
these bounds are mostly seen at the sharp interfaces between zones of high densities (the
spheroids), and zones of low densities (the rest). We address this problem in the next
chapter.
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Chapter 8

Numerical analysis of schemes for
the 1D Keller-Segel equation

In this work with Federica Bubba, Luis Neves de Almeida and Benoit Perthame,
we provide two finite-volume schemes for the 1D Fokker-Planck equation and
parabolic-elliptic Keller-Segel equation with a nonlinear sensitivity. They are
obtained either by following the Gradient-Flow structure or by a rewriting
inspired by the Scharfetter-Gummel discretisation, so that the schemes preserve
energy, steady states and bounds at the semi-discrete level. An implicit-explicit
(in time) scheme is then proposed by tuning the discretisation of each term
in order to obtain appropriate monotony ensuring that the scheme is well-
posed and still preserves the important properties at the discrete level. This
has been accepted under the name FEnergy and implicit discretization of the
Fokker-Planck and Keller-Segel type equations [22].

8.1 Introduction

Taxis-diffusion and aggregation equations are widely studied in the context of biological
populations (see [120, 77, 74, 32| for instance). They describe cell communities which react
to external stimuli and form aggregates of organisms (pattern formation), such as bacterial
colonies, slime mold or cancer cells. The Patlak-Keller-Segel model [37] is the most famous
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system and we are interested in the following generalisation

gu D [0u _ p(u)dv] =0, z e (0,1),t>0,
%_(p(u)% =0, forz=0or1, (8.1)
u(z,0) = u’(z) >0, z € [0,1].

Here, u(x,t) > 0 represents the density of a given quantity (e.g., cells or bacteria popula-
tion) and the initial data u%(z) is a given nonnegative smooth function. As for the function
v, which models a molecular concentration, we choose either the case of the Fokker-Planck
(FP in short) equation, where v(x) is known

v

= >0, — € L™(0,1),
v:=v(x) o c (0,1)

or the case of the generalised Keller-Segel (GKS in short) equation, where
v(x,t) = /K(ac, y)u(y,t)dy, K(x,y) a smooth symmetric kernel. (8.2)

Depending on the modelling choice for ¢(u), solutions to (8.1) can blow-up in finite time
depending upon a critical mass (see [122, 16]) or reach stationary profiles in the form of
peaks or plateaus [137] (pattern formation by Turing instability). The high nonlinearities
due to the advection term make problem (8.1) mainly intractable through analytical meth-
ods. Thus, it is important to dispose of reliable numerical methods avoiding non-physical
oscillations and numerical instabilities even when dealing with non-smooth solutions. The
main properties that one wishes to preserve in a numerical method are

(P1) positivity property, since we are dealing with densities or concentrations,

u(z,t) >0, (8.3)

(P2) mass conservation, because no-flux boundary conditions are imposed,

/0 1 u(z,t) = /0 1 W (z)dz, (8.4)

(P3) preservation of discretised steady states of the form

glw)=p+v,  g'(u)= () (8.5)
where p is a parameter related to the mass of u, and
(P4) energy dissipation
d 1
demy <o, )= /0 G(u) — ruo] da, (8.6)
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8.1. Introduction

where G(u) is a primitive of g(u) and the value of  differs for the two cases we study here,
namely

k=1 (FP case), K= (GKS case). (8.7)

N =

The aims of our work are first to recall two points of view for the derivation of the above
energy inequality, second to use them for the construction of conservative, finite volume
numerical schemes preserving energy dissipation to solve equation (8.1), third to make
numerical comparisons in the case of complex patterns in order to distinguish physical
instabilities from numerical artifacts. The two different derivations of the energy dis-
sipation use two symmetrisation strategies: the gradient flow or the Scharfetter-Gummel
approaches. It turns out that they lead to two strategies for discretisation of problem (8.1).
We prove that the proposed schemes satisfy properties (8.3)—(8.6) and because we build
implicit schemes, there is no limitation on the time step in the fully discrete case.

There exist other works which propose schemes for the resolution of problems in the
form (8.1). For instance, finite elements methods are used, see [117] and references therein.
Optimal transportation schemes for Keller-Segel systems are introduced in [15]. The pa-
pers [31] and [30] propose a finite-volume method able to preserve the above properties,
including energy dissipation, at the semi-discrete level or with an explicit in time discretisa-
tion, using the gradient flow approach. The symmetrisation using the Scharfetter-Gummel
approach is used in [106] where properties similar to ours are proved. However, the results
do not include sensitivity saturation. To the best of our knowledge, our work is the first
to propose implicit in time methods, without time step limitation (CFL condition), for
which we are able to prove that, under generic conditions, the energy decreases at both
semi-discrete and discrete level. Moreover, we build an alternative to the gradient flow
approach applying the Scharfetter-Gummel strategy [118] for the discretisation of drift-
diffusion equations (8.1) with a general saturation function ¢.

The chapter is organised as follows. In Section 8.2, we present in more details our as-
sumptions for the equation (8.1). We also explain some modelling choices in particular
for the nonlinearity ¢(u) and on the choice of the kernel K. 8.3 is devoted to the in-
troduction of the two approaches, gradient flow or Scharfetter-Gummel, and to how we
use the continuous version of energy dissipation to derive the schemes. In Sections 8.4
and 8.5, we show how the aforementioned two approaches lead to two different numerical
methods, developed from the semi-discrete (only in space discretisation) level to the fully
discretised scheme. In particular, using a general result recalled in 8.8 about monotone
schemes, we prove that the proposed schemes are well-posed and satisfy the fundamental
properties (8.3)—(8.6). These theoretical results are illustrated in Section 8.6 by numerical
simulations: we compare the gradient flow and the Scharfetter-Gummel schemes with the
upwind approach, typically used to solve this kind of models.
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Chapter 8. Numerical analysis of schemes for the 1D Keller-Segel equation

8.2 Assumptions and notations

The standard biological interpretation of (8.1) (|76, 120, 130]) provides us with some further
properties of the nonlinearities which we describe now.

Chemotactic sensitivity. The function ¢(u) is called chemotactic sensitivity. It de-
termines how the random movement of particles of density w is biased in the direction
of the gradient of v. In order to include the different choices of ¢, as ¢(u) = u as in the
Keller-Segel or drift-diffusion model, or the logistic case p(u) = u(1—u), or the generalised
case p(u) = ue™", we use the formalism

p(u) =wp(u),  with  P(u) >0,  ¢'(u) <O.
More precisely, we consider two cases for the smooth function v,
P(u) >0, Yu > 0, (8.8)

or

Y(u) >0 for 0<u< M, (M) = 0. (8.9)

In the case (8.9) we only consider solutions which satisfy u € [0, M].

It is convenient to introduce the notations

u 1 u
mm:é@wm, am:Ag, (8.10)

where a is a constant that enables to get rid of the integration constant and depends on
the choice of ¢. For instance, for the standard case ¢(u) = u, a = 1 and one obtains
g(u) = In(u) and G(u) = wln(u) —u. For functions ¢ satisfying (8.8), a natural hypothesis
which is related to blow-up is the following
Leni 400, gw) — +oo, (8.11)
(p U— 00

an assumption which, as we see it later, appears naturally when it comes to the well-
posedness of numerical schemes.

Note that under assumption (8.8) and if ¢ is bounded, solutions exist globally and are
uniformly bounded [10]. Under assumption (8.9), if 0 < u® < M, the solution is also
globally defined and satisfies 0 < u(t,-) < M for all times [74].

Expression of the drift v. The convolution expression for v as a function of u
has been widely used in recent studies [1, 8, 13]. It also comes from the Keller-Segel
model [77, 87, 130], where the equation for the cells density in (8.1) is complemented with
a parabolic equation for the chemoattractant concentration v. Since the chemoattractant
is supposed to diffuse much quicker than the cells density, we can consider a simplified
form of the Keller-Segel system and couple (8.1) with the elliptic equation for v

—%:u—v, z € (0,1),
%:0, z=0or 1.
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8.3. Energy dissipation

This equation leads to (8.2) using the Green function given by the positive and symmetric
kernel K (z,y) defined as

1
_ T —x Y 2—y _
K(z,y)=A(e"+e®) (¢ +e*7Y), z<y, )\—72(62_1).

Notations for numerical schemes. We give here our notations for discretisation. We
consider a (small) space mesh size Ax = %, I € IN. The mesh is centered at z; = iAx,
with endpoints x; /o = (i + 1/2)Az for i = 1,...,I — 1. Therefore, our computational
domain is always shifted and takes the form (%, (I+ %)Aw) Finally, the mesh is formed
by the intervals

o1
Ii:(l",%,%ur%)v xi+5:<z+2>Ax.

As for time discretisation, we consider (small) time steps At > 0, and set t" = nAt. The

approximation of u(x,t), interpreted in the finite volume sense ([19, 101]), is denoted by
uy R 1/ u(z, t")dx
¢ Az I; ’ .
Integration on the interval I; yields fluxes Fer% S (% — (u)%) N fori=0,...,1 -1

through the interval interfaces.

8.3 Enmergy dissipation

Energy dissipation is the most difficult property to preserve in a discretisation and methods
might require corrections [34]. Therefore, it is useful to recall how it can be derived
simply for the continuous equation. We focus on two different strategies, that lead to two
different discretisation approaches, the gradient flow approach and the Scharfetter-Gummel
approach.

The gradient flow approach to energy. Using the notations (8.10), the equation for
u can be rewritten as

so that
(o) =) 5 = (9(0) = 0) 5 ot 2=
19 d(g(u) —v)? (g(u) —v)7?
= Sor [‘P(U) ! O } — ¢(u) [ ! O ]
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Chapter 8. Numerical analysis of schemes for the 1D Keller-Segel equation

Consequently, we find, in the Fokker-Planck case

a [ L Talg() — )]
i ), [G(u) — uwv(z)|dx = —/0 o(u) [&c} dr <0,

and in the generalised Keller-Segel case

d ! 1 L A(g(u) —v)]?
i ), G(u) — §uv(x,t)]d:c = _/0 o(u) [8:{:] dx <0,

because, thanks to the symmetry assumption on K and by using the definition (8.2) of v,
we have

[ [ K@t < [ [ K ® 2 uany = 34 [ [ K@t ou.0.

The Scharfetter-Gummel approach to energy. Inspired from the case of electric
forces in semi-conductors, the equation for w can be rewritten as

ou 0 Deg(w)—v
Ou 0 | gl (2|
5% " Ba [e o(u) o ] 0, (8.13)
so that
du 0 deg(w—v]
_ ) — — 2 | pv—g(uw)
(9(u) —v) 5 = (9(w) —v) 5~ [e plu) =
0 deg(w—v] 9eIW=v 9 (g(u) — v)
_9 et 9@ () 2| g g
2 [(g(u) v)e”™ I p(u) =5 e’ p(u)—- o ra—

It is immediate to see that the last term has the negative sign while the time derivative
term is exactly the same as in the gradient flow approach.

At the continuous level, these two calculations are very close to each other. However, they
lead to the construction of different discretisations. The gradient flow point of view is used
for numerical schemes by [32], the Scharfetter-Gummel approach is used in [106].

8.4 Semi-discretisation

The mass conservative form of (8.1) leads to a finite volume type semi-discrete scheme

du; ]
0 b L Fiapn(t) = Fioap®] =0, i=0,..,1, t>0,

(8.14)
Fyo(t) = Frpqp0(t) = 0.
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8.4. Semi-discretisation

We use the definition (8.7) for k and set for i =0,...,1
Ez(t) = G(uz) — RU;0;.

The semi-discrete energy is then

Ealt) = Az Z E;(t).

8.4.1 The gradient flow approach

Using the form (8.12) of equation (8.1), we define the semi-discrete flux as

(Pz .
Fii1)2(t) = X;/Q [9(uis1) —viger — (g(wi) —vy)], i=1,...,] —2. (8.15)

The precise expression of ¢; 1/ is not relevant for our present purpose which is to preserve
the energy dissipation property. However, for stability considerations it is useful to upwind,
an issue which we shall tackle when we consider the full discretisation.

Then, the semi-discrete energy form is obtained after multiplication by (g(u;) — v;) and
yields

T
L

—AwZE

M

(9(ui) —vi)[Fig1/2 — Fi12]
1

T
-

Fi2[(9(uir1) — vig1) — (g(us) —vi)].

i=1

Therefore, we find the semi-discrete form of energy dissipation

2
dEsa -— (9(uis1) — vig1) — (9(ui) — vs)
praae ; Pit1/2 Ar < 0.

8.4.2 The Scharfetter-Gummel approach

We choose to discretise the form (8.13), defining the semi-discrete flux as

e”_g(u)@(u) i
Fi+1/2(t) - _ ( = )7,+1/2 [eg(uﬁl)*viﬂ _ eg(ui)*vi}7 i=1,...,1—2, (8.16)

where, again, the specific form of the interpolant (e“_g(“)gp(u)) is not relevant here.

i+1/2
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Chapter 8. Numerical analysis of schemes for the 1D Keller-Segel equation

As above, the semi-discrete energy form follows upon multiplication by g(u;) —v; and reads

d I -1
%AxZEi(t) =~ (9(us) — vi) [Fiy1/2 — Fi—l/Q]
1=0 1_11:1
= Fipape [(9(uig1) = vigr) — (9(us) —vi)] .
i—1

Summing up, the semi-discrete form of energy dissipation here writes

I-1 . ) )
d€a () ed(Wir)=vitr 9=V (g(ujpr) — vigr) — (g(ug) — v;)
dt —Az z; (e go(u))iH/Q Az Az
and thus we also have % <0.

dt

8.4.3 Discrete steady states

Steady states make the energy dissipation vanish which imposes both in the gradient flow
and the Scharfetter-Gummel approaches that (g(Ui+1) — le) = (g(uz) — vi). In other
words they are given, up to a constant yu, as the discrete version of (8.5),

glu)) =vi+p, Yi=0,...,1. (8.17)

We recall from [137] that in the GKS case, there are several steady states and the constant
ones can be unstable.

8.5 Fully discrete schemes

To achieve the time discretisation, and restricting our analysis to the Euler scheme, we

dui(t) P

write the time difference 2% as “— "+ Therefore, the full discretisation of (8.14) writes

1 A 1 1 .
uf o R [F, — FR =0 =0T
(8.18)

+1 _ pmtl
FI"/2 = F}il/Z =0.

The issue here is to decide which terms (in v and v) should be discretised with implicit or
explicit schemes based on fully discrete energy dissipation. We claim that, apart from the
interpolant, we need to make the terms in w; implicit and, for the GKS case, the terms in
v; explicit, a fact on which we now elaborate.

The computation made in the semi-discrete case, d%t(t) = duét(t) (g(ui(t)) — vi(t)), extends

to the fully discrete setting and leads to the following constraint on the energy

I I
ST(EP = EP) <Ot —uf)(g(ud) — o).

=0 i=0
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8.5. Fully discrete schemes

no._ +1 80 . +1 : .
Here, uf™ = oul + (1 — a)u™" v)" = pol + (1 — B)u;"". The convexity of G(-) imposes
the choice of an implicit discretisation for u, namely a = 0, because

GO — Gul) < gluf ™)l — ).

K3 K3

Regarding the term in uwv, only the case of GKS needs to be fixed and we thus require

1
- Z [(uv);Hl (uv) -2 Z B" ultt — ).
=0

It is natural to try and balance the terms by choosmg a semi-explicit discretisation with
= %, which yields
I I

B n+1 n n+1 n+1 n n\|l _ n+1l n n, n+l
25 [UZ"(UZ fui)f(ui v; fuivi) = E (uZ v — ugv; )
=0
n+1 u? n, n+1
= E KZ]( § UG )

with the last term vanishing due to the symmetry of K.

However, implicit and explicit time discretisations for v can also be considered at the
expense of adding hypotheses on the kernel K. Indeed, for a given 0 < 8 < 1, we find

I
23 [of it — ) -
=0

(uf ot — ) | = (28— 1) Y Ky — ().

As a consequence, an explicit (resp. implicit) scheme is suitable for the time discretisation
of v provided that K is a non-negative (resp. non-positive) symmetric kernel. Since K is a
non-negative symmetric kernel for the Keller-Segel equation (8.2), for simplicity we choose
an explicit discretisation for v.

Finally, we note that the interpolant does not play any role for energy discretisation and
we can use the simplest explicit or implicit discretisation (both in u and v), so as to make
the analysis of the scheme as simple as possible.

8.5.1 The gradient flow approach

We consider the full discretisation of (8.15) and define the fully discrete flux in (8.18) as

n+1 (p(u)?jllﬁ n+1 n n+1 n .
Fz+1/2— A [(g(qu)—viH) — (g(ul )—vi)] , i=1,...,1—2. (8.19)
n+1

At this level, we need to define the form of the interpolant ¢(u);" /2 From the theorem
in 8.8, we use an upwind technique in order to ensure well-posedness and monotonicity

properties of the scheme. Thus, for i =1,...,I — 2, we define

() e uﬂ+1¢(u?j11) when  g(ul™) — g(u ?fﬁ)"‘”zﬂ v >0, (8.20)
ST ety when g(ul ) — g(ufi) + oy — ol <0,
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Chapter 8. Numerical analysis of schemes for the 1D Keller-Segel equation

Proposition 8.1 (Fully discrete gradient flow scheme). We assume either (8.8) and (8.11),
or (8.9) and give the u? > 0. Then, the scheme (8.19)~(8.20) has the following properties:

(i) the solution ul exists and is unique, for allt =0,...,1, and n > 1;
(ii) it satisfies ul! >0, and u' < M for the case (8.9), if it is initially true;
(iii) the steady states g(u;) — v; = p are preserved;

(iv) the energy dissipation inequality is satisfied
2
gt —En < - Z‘P z+1/2 ( ﬁll) - Uzn+1) - (Q(U?H) - Uzn)] :

Notice that this theorem does not state a uniform bound in the case (8.8) and (8.11).

Proof. (i) We prove that the scheme satisfies the hypotheses of the theorem in 8.8. We set

At
n—l—l n+1y __ n+1
A7,+1/2( » Uig1 ) - (ALL‘)2 i+1/2°

Then, the simplest case is when ¢ satisfies (8.9), since clearly u"Jrl =0 and u?“ M are
respectively a sub- and supersolution. When ¢ satisfies (8.8) and (8.11), ?'H = 0 is again
a subsolution, while for the supersolution we choose UZLJA =g YO+ v"). Such a choice
indeed makes the flux terms vanish:

n (p(u)?-‘jll? n n 3e0) n 90( ):Z‘:rll/Q
F‘zji}Q = _T/ (9 (Uz++11) — i) — (9T = )] = N [C—-C]=0.

Thus UZLH is a supersolution as soon as g~ (C + v") = u}, which holds when C' is taken
to be large enough because we recall that assumption (8.11) ensures that g(u) tends to
400 as u tends to +o00.

Moreover, the scheme is monotone since

81Ai+%(ui+17ui4:_11) = (Az)? w0 @) [g(ui) — ol = (9(uf ™) = o] )]+
At n n n n n
~ (Ax)? W“z:ll) [g(uijll) — v — (9(y; ) = )]
At

- (A;U)W(“)ﬁg [—g'(ui )] = 0,

where

0< [a]s = x for 220 and 0> [2] = 0 for >0
R 0 for <0 R for z<0

(ii) Positivity of discrete solutions and the upper bound in the logistic case follow from
the subsolution and supersolution build in step (i).
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8.5. Fully discrete schemes

(iii) Preservation of steady states at the discrete level follows immediately from the form
we have chosen for the fully discrete fluxes.

(iv) For the energy inequality, we remark that the contribution regarding time discretisa-
tion is treated in the introduction of the present section. The space term is exactly treated
as in the corresponding subsection of Section 8.4. O

8.5.2 The Scharfetter-Gummel approach

In (8.18), the fully discrete Scharfetter-Gummel flux reads as

[egm?rf)—v;;l S el I S T )

(8.21)
As for the gradient flow approach, we need the upwind technique to get a scheme which
satisfies the hypotheses in 8.8. Thus, we set for i =1,...,1 —2

- (ev”fg(u”)(p (un+1))

i+1/2 = i+1/2

("D (ur)) ) = e s i (00D ) (0T > o,
i+1/2
(8.22)
and
<6”n*9(“n)<ﬁ(un+1)). 2 uP L (Pl et =90 if (i —vl) — (90D -vr) g,
i+
(8.23)

Proposition 8.2 (Fully Scharfetter-Gummel scheme). We assume either (8.8) and (8.11),
or (8.9) and give the uY > 0. Then, the scheme (8.21)~(8.23) has the following properties:

(i) the solution ul exists and is unique, for allt =1,...,1, and n > 1;
(ii) it satisfies u! > 0, and u' < M for the case (8.9), if it is initially true;
(iii) the steady states g(u;) — v; = pu are preserved;

(iii) the energy dissipation inequality is satisfied
At ~I—1 [ yn—g(un
I v Dl )‘P(“n))iﬂm

oot — o) [(g () — o) — (o () — 28)] <0

Proof. We argue exactly as for the gradient flow approach. O

8.5.3 The upwinding approach

The upwind scheme is driven by simplicity and, in (8.18), the fluxes are defined by

1
1 1 1 .
FZ.TE/Q = "As ulth —u - e(u)iy1/2 (01 — v:‘)} , i=1,...,1—2,
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with

n+1

p(u)iy)s =

u M (ubl)  when o™, — o >0,
{ (uiz1) o (8.24)

KA (A
1 1
;‘jl P(u; n+ ) when vty — v <0,

as in (8.20), but this time depending on the sign of v, ; — v}".

1

Proposition 8.3 (Fully discrete upwind scheme). We assume either (8.8) and (8.11),
or (8.9) and give the uY > 0. Then, the scheme (8.19)—(8.20) has the following properties:

i) the solution u? exists and is unique, for alli=20,...,I, andn > 1;
(2
(ii) it satisfies u}! > 0, and u' < M for the case (8.9), if it is initially true.

Proof. As for the gradient flow approach, the above choice makes the scheme monotone,
because

81Fi+%(“?+1=“?r11) == (_1 - “?jlw (u n+1) [ Vit1 — Y ] —Y(u ?111) [ Vi1 — Y; ]+> 2 0.

Thus, arguing as for the gradient flow approach and relying on the results in Appendix 8.8,
existence and uniqueness of the discrete solution as well as preservation of the initial bounds
follow immediately. O

Thus, choice (8.24) enables to prove that the scheme is well-defined, satisfies u]' > 0 and
preserves the bound u]* < M for the case (8.9), but the energy dissipation inequality is
lost. Also the steady states, in this case, are defined by the nonlinear relation u; 41 — u; =
©(u)i41/2(vit1 — v;) which are usually not in the form (8.17).

8.6 Numerical simulations

8.6.1 The Fokker-Planck equation, p(u) =

We first present the numerical implementation of the Fokker-Planck equation with p(u) =
u. We do not consider the gradient flow approach which requires to solve a nonlinear
fixed point unlike the other methods. The Scharfetter-Gummel and upwind approaches
are linear and can be compared, in fact they only require the solution of a tri-diagonal
system at each time step.

We consider a first case with /D = 24, with I = 100 and an initial density u® = 1. We
take the velocity field as

v=ua(l —z)z—0.3|
In 8.1, we compare the approximate stationary solutions obtained with the upwind scheme
(blue, dashed line) and the Scharfetter-Gummel scheme (red line) with the exact sta-
tionary solution (black line), which in this case has the form u(z) = CeX*(®)/P | with

-1
C = ( fol eXv(@)/D g so that the mass of the solution is constant in time. In this first

case, the two schemes have no significant differences; this is a major difference with the
Keller-Segel equation, as we show it in the next subsection.
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Cells density at t = 9.999000e+01 L> dynamics

= = = Upwind

1.8
Scharfetter-Gummel

1.6

log(u)
k+1_ k) (3
i
>

e

FIGURE 8.1: Left: Comparison of solutions of the Scharfetter-Gummel (red line) and upwind
(blue, dashed line) schemes at time ¢t = 100 with the exact stationary solution (black line) for the
linear Fokker-Planck equation with ¢(u) = u. Right: Dynamics of discrete solutions.

8.6.2 The nonlinear Keller-Segel equation

We turn to the equation (8.1) coupled with (8.2) for two nonlinear forms of the chemotactic
sensitivity function: the logistic form ¢(u) = u(1 — u) and the exponential form ¢(u) =
ue~". The goal is to compare the discrete solutions obtained with the three numerical
approaches presented above when patterns arise, namely when Turing instabilities drive
the formation of spatially inhomogeneous solutions (we refer to [120] for an introduction
to this topic). To this end, we slightly modify the original equation (8.1) to

%_%[p%_x¢(u)%] =0, z € (0,1),¢t>0,
D% _ Xgp(u)g% =0, forz=0or1, (8.25)
u(z,0) = u’(z) >0, x €[0,1],

in order to emphasise the coefficients driving the instabilities: D > 0, the constant diffusion
coefficient and x > 0, the chemosensitivity. The concentration of the chemoattractant v
remains driven by (8.2).

We first consider the logistic case with x/D = 40. We take as initial condition a random
spatial perturbation of the constant steady state u® = 0.5 and solve the equation with 100
equidistant points in [0, 1].

Figure 8.2 shows the evolution in time of the density ] obtained with the Scharfetter-
Gummel (red line) and the gradient flow approach (black, dashed line). After a rather
short-time period, the initial spatial perturbation evolves, as expected, in spatially inho-
mogeneous patterns: a series of “steps” arise in the regions where the concentration of the
chemoattractant is greater. After some time, a structure with a smaller number of steps
forms when the two central plateaus merge. It is worth noticing that, even if the transitions
from one structure to another happen very quickly, the time period during which these
structures remain unchanged grows with the number of transitions that occurred. In [137],

165



Chapter 8. Numerical analysis of schemes for the 1D Keller-Segel equation

t=1 t=10 t=1000
Scarfetter-Gummel
= = = Gradient Flow 0.8 0.8
0.6 0.6 0.6
> F——/‘
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
0 0.5 1 0.5 0.5 1
X X X
t = 2000 t =3500 t =9999
0.8 0.8 0.8
0.6 0.6 0.6
>
0.4 0.4 0.4
0.2 0.2 0.2
0 0 0
0 0.5 1 0 0.5 1 0 0.5 1
X X X

FIGURE 8.2: EVOLUTION IN TIME OF SOLUTIONS to (8.25) in the logistic case p(u) = u(1 — u)
with x/D = 40. We solved the equation with the Scharfetter-Gummel (red line) and the gradient
flow scheme (black dashed line) with I = 100 and A¢ = 1. There is no major difference between

the solutions given by the two approaches.

t=1 t=10 t=1000
Scarfetter-Gummel 1 ] 1 Y
= = = Upwind 0.8 o8| ol |, !
! 1
06 0.6 o6f]" 1|
] i " "
0.4 ' ‘ 0.4 0.4t : | [,
1
0.2 0.2 o2ty '| !
1
0 0 ot
0 0.5 1 0.5 0.5 1
X X X
t =2000 t =3500 t =9999
1
o8 . o8| ! 0.8
1 1 I
061 ! 0.6t ! 0.6
=] 1 1 1 1
041, I 0.4, 1 0.4
1 ! 1 1
0.2 i 0.2 0.2
1 1 1
0 ! 0 0
0 0.5 1 0 0.5 1 0 0.5 1
X X X

FIGURE 8.3: EVOLUTION IN TIME OF SOLUTIONS to (8.25) in the logistic case p(u) = u(1 — u)
with x/D = 40. We solved the equation with the Scharfetter-Gummel (red line) and the upwind
scheme (blue, dashed line) with T = 100 and At = 1. The upwind solution transitions faster from
one metastable state to the following, while the Scharfetter-Gummel scheme preserves discrete
stationary profiles.
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8.6. Numerical simulations

where the inter-transitions patterns are called metastable, this peculiar phenomenon is ex-
plained in details. As for the schemes, Figure 8.2 shows that the Scharfetter-Gummel
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e 2N = " a
. [ —— Scrartter Gummet \
. Y i [ = = = Upwind 09
7

L* dynamics

——— Schartetter-Gummel
= Upwind

A 107

v
i
l 07
i
I

\
I

o 0s

!

[
o1 . h o1
' I

LY ' Y - v/ . o

h l
Vo i
Vot '

= 10
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
x x t

(a) (B) ()
FIGURE 8.4: STATIONARY PROFILES AND DYNAMICS. (A), (B) Comparison of the stationary
profiles of solutions to the Scharfetter-Gummel (red line) and the upwind (blue, dashed line)
schemes at ¢ = 50 and ¢ = 9000. The Scharfetter-Gummel scheme approximates the expected
0-1 plateaus better, while the solution to the upwind scheme has smoother edges. (C) The dy-
o=l

namics of solutions represented by the quantity =TT Peaks correspond to transitions.

The Scharfetter-Gummel and the gradient flow solutions have smaller errors when they reach a
metastable profile.
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FIGURE 8.5: EVOLUTION IN TIME OF SOLUTIONS to (8.25) in the exponential case p(u) = ue ™
with x/D = 24. We solved the equation with the Scharfetter-Gummel (red line) and the gradient
flow schemes (black, dashed line) with 7 = 100 and At = 1. As for the logistic model, the two
schemes give the same solution.

and the gradient flow approaches give the same solution; no difference can be spotted.
This is not true for the upwind approach. In Figure 8.3, we compare the solutions to
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the Scharfetter-Gummel (red line) and the upwind (blue, dashed line) schemes. The up-
wind solution transitions faster from one metastable structure to the following than the
Scharfetter-Gummel one. In fact, as proved above, the latter preserves discrete stationary
profiles which, using the no-flux boundary conditions, solve the equation

ou  x ov
i Dgo(u) o (8.26)

From (8.26), it is clear that, in the logistic case, the expected stationary solutions are 0-1
plateaus (or “steps”) connected by a sigmoid curve which is increasing or decreasing when
v is. We refer again to [137] and also to [53] for a detailed study of the stationary solu-
tions and their properties for the logistic Keller-Segel system. In Figures 8.4a and 8.4b,
we compare two stationary solutions to the Scharfetter-Gummel and upwind schemes, at
time ¢t = 50 and t = 9000 respectively. The Scharfetter-Gummel scheme approximates
the 0-1 plateaus better than the upwind scheme, whose solutions have smoother edges.
Moreover, in 8.4c we compare the L°° dynamics of the three schemes, computing the
quantity Hu” — ! HOO / Hu"‘l HOO for each n. The peaks shown by this figure correspond
to the transitions from one profile to another. Observe that, for both solutions of the
Scharfetter-Gummel and the gradient flow scheme, the two peaks are further away in time
than the ones from the upwind scheme: this confirms that the upwind solution is in ad-
vance when it comes to transitioning. Nevertheless, from ¢ ~ 6000, the relative errors of
the upwind solution are consistently greater that the ones from the two other approaches,
thus confirming that only the Scharfetter-Gummel and the gradient flow schemes preserve
the exact discrete stationary profiles. Notice however that none of the schemes produce
overshoot, due to our upwinding of the term in ¢(u). Next, we consider an exponentially

Cells density at t = 50 Cells density at t = 200 . L™ dynamics
10

o N
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 o 1000 2000 3000 4000 5000 6000
x x t

(a) (B) (c)
FIGURE 8.6: STATIONARY PROFILES AND DYNAMICS. (A), (B) Comparison of the stationary
profiles obtained with the Scharfetter-Gummel (red line) and the upwind scheme (blue, dashed
line) at ¢ = 50 (left) and ¢ = 200. (C) Dynamics of solutions to the three schemes: observe
that the upwind approach, even though it is faster, has greater errors when stationary profiles are
reached.

decreasing form of the chemotactic sensitivity function with x/D = 24. Again, we take as
initial condition a random spatial perturbation of the constant steady state u° = 0.7 and
solve the equation on 100 equidistant points. The evolution in time of discrete solutions
obtained with the three numerical approaches are compared in Figures 8.5 and 8.7. In
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FIGURE 8.7: EVOLUTION IN TIME OF SOLUTIONS to (8.25) in the exponential case ¢(u) = ue "
with x/D = 24. We compare the solutions of the Scharfetter-Gummel (red line) and the upwind
schemes (blue, dashed line) obtained with 7 = 100 and At = 1 for different times.

this model, no initial upper bound for the solution is imposed, so that the cells aggregate
“naturally” where the chemoattractant has the greatest concentration, resulting in profiles
without the plateaus observed in the logistic model. However, solutions face the same kind
of transitions observed before, evolving from one stationary profile to another. As before,
the Scharfetter-Gummel and the gradient flow approaches give the same solutions (8.5),
while the solution of the upwind scheme evolves faster since we cannot expect conservation
of the stationary profiles for this approach (8.7). In Figures 8.6a and 8.6b, we compare sta-
tionary profiles obtained with the different approaches while in 8.6¢ we compare dynamics
of the solutions. This last figure shows that, as for the logistic model, smaller errors can
be expected for the Scharfetter-Gummel and gradient flow approaches when steady states
are reached.

8.7 Conclusion

In the context of the Generalised Keller-Segel system, we have presented constructions
of numerical schemes which extend previous works [106, 32|, built on two different views
of energy dissipation. Our construction unifies these two views, the gradient flow and
Scharfetter-Gummel symmetrisations. Our schemes preserve desirable continuous proper-
ties: positivity, mass conservation, exact energy dissipation, discrete steady states. Being
correctly tuned between implicit and explicit discretisation, they can handle large time
steps without CFL condition.

The present work is motivated by experiments of breast cancer cells put in a 3D structure
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mimicking the conditions they meet in vivo, namely in the extracellular matrix. After a
few days, confocal Images/ of 2D sections show that cells have organised as spheroids, a
phenomenon believed to be driven by chemotaxis. The spheroids can then be interpreted
as Turing patterns for Keller-Segel type models and it is crucial to use appropriate schemes
for them to be distinguishable from actual steady states or numerical artifacts. Comparing
2D simulations of such models with these experimental images will be the subject of future
work.

In fact, it is important to remark that the schemes we presented here in 1D could easily
be extended to rectangular domains, without loss of properties (8.3)-(8.6). However, it
remains a perspective to treat more general geometries in a multi-dimensional setting with
our approach.

8.8 Appendix C: well-posedness for monotone schemes

We recall sufficient conditions for which an implicit Euler discretisation in time can be
solved, independently of the step-size. This is the case for a monotone scheme. The proof
relies on the existence of sub and supersolutions, and thus also yields the preservation of
positivity and other pertinent bounds as we have used in Section 8.5.

We consider the problem of finding a unique solution (U?H) to the nonlinear equation

arising in Section 8.5 which reads

unJrl_un 1 1 1 1
3 7 n o,n n ,n n—+ n4+ n-+ _ .
Al +Am2 F(uj,uiy 0], vl 1, u; ,uiH)—Fi_%}—O,z—l,...,I.
Fn+1
i+d

With simplified notations, we thus consider the problem of finding a solution (u;) (which
stands for u"*1) to

ui—i—AH%(ui,uiH)—Aifé(ui_l,ui) = fi 1=1,...,1, (8.27)

where we assume that the f; are given (it stands for u}') and that the A; are Lipschitz
continuous and, a.e.,

01A2‘+%('7 ) P 07 82141'4_%('7 ) < 07 (828)

and there are a supersolution (U;);=1 .. ; and a subsolution (U;)i=1 .1

sey

Ui+Ai+%(Ui,Ui+1)—Ai,%(Ui—1,Ui) = fi, Ui+A (U Uig)— 4 %(Ui—lvgi) < fi

1 _1(U
2
We build a solution of (8.27) using an evolution equation

du;(t)
dt

+ui(t) + A (), wiga (1) — A1 (uia (1), wi(t)) = fi (8.29)

170



8.8. Appendix C: well-posedness for monotone schemes

Theorem 8.1. Assume (8.28) and the existence of a subsolution and of a supersolution.
Then,

(i) For a supersolution (resp. subsolution) initial data, the dynamics (8.29) satisfies
dﬁét(t) < 0 (resp. d%;t > 0) for all times t > 0, and thus u;(t) is a supersolution (resp.
subsolution) for all tzmes.

(i) A subsolution is smaller than a supersolution.

(iii) a;(t) and w;(t) converge to the same solution of (8.27).

Proof. (i) We prove the statement with the supersolution. We set

du;(t)
at) =" a0 <0
Differentiating the equation, we obtain
dz(t)
dt + Zz(t) + [BIAH% — 82141»_%] ( ) = —82A 1 Zz—l—l( ) + BIAZ._% Zi_1<t).

The solution cannot change sign and thus z;(t) < 0 for all times.
(ii) Consider u, (v) sub (super) solutions. Set w = u—v and we want to prove that w < 0.
We write

I -1 -1
Z(w%)Jr + Z Jipl t ZKH% =0,
K3 3 (2

with

Jip1 = [Aip1 (i, uigr) — Ay 1 (03, uiga)] [sgny (wi) — sgn. (wiga)],

KH-% = [Ai+l(via Uit1) — A (quz-i-l)] [Sgn—i-(wi) - Sgn+(wi+1)]‘

For each of the these terms, we show that Jiy1 20, K 1 > 0, as follows. Only the

case when the + signs in the right brackets are d1ﬂ"erent has to be considered. Assume for
instance that
U = U4, and w11 < Vit1.

Then, we have by assumption (8.28),

[ Ay 1 (wi uigr) = A 1 (visuig)] 20 = Jj1 >0,
[AH%(vi,qu) —A+ (’Uz,’UH_l)] 0 = K > 0
Therefore ) . (w;)+ < 0 and this implies w; < 0 for all 4.
(iii) This is clear since the limits are solutions. O
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