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Résumé

Titre frangais : Systémes a diffusion croisée dans des domaines a frontiére mobile.

Cette thése traite de I'analyse, de la stabilisation et de 'approximation numérique de
systémes d’EDP & diffusion croisée dans des domaines & frontiére mobile. Elle est motivée
par la modélisation d’'un processus de dépdt vapeur pour la synthése de couches minces.
Le travail original est divisé en trois parties.

Un premier travail concerne la stabilisation d’un systéme a diffusion croisée dans un
domaine unidimensionnel en expansion : considérant que ’on peut controler les données
au bord du systéme, nous construisons via la méthode de backstepping des lois de rétro-
action qui stabilisent exponentiellement et méme en temps fini les états stationnaires du
systéme.

Nous étudions dans un second travail le méme systéme couplé & des termes de Cahn-
Hilliard dans un domaine fixe en dimension inférieure ou égale & 3. Nous obtenons des
résultats sur les minimiseurs de 1’énergie de Ginzburg-Landau dégénérée associée et uti-
lisons la méthode d’entropie pour étudier la dynamique en temps long quand la diffusion
domine. Nous introduisons un schéma volumes finis semi-implicite qui préserve la struc-
ture du systéme continu et présentons des résultats numériques en dimensions 1 et 2.

Un troisiéme travail est dédié a une extension du modéle unidimensionnel précédent,
ol nous couplons deux systémes & diffusion croisée via une interface mobile et une loi
d’échange linéaire de type Butler-Volmer. Nous étudions les propriétés formelles du mo-
deéle, en particulier sa structure entropique variationnelle et ses états stationnaires. Nous
introduisons ensuite un schéma volumes finis ot le maillage est localement modifié pour
suivre 'interface. Nous donnons des éléments d’analyse du schéma et illustrons numéri-
quement la dynamique.

Mots clefs : équations aux dérivées partielles paraboliques ; diffusion croisée ; stabilisa-
tion ; analyse numérique ; volumes finis; analyse non linéaire ; modélisation.
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Abstract

English title : Cross-diffusion systems in moving-boundary domains.

This thesis deals with the analysis, stabilization and numerical approximation of cross-
diffusion systems of PDEs in domains with moving boundaries. It is motivated by the
modeling of a vapor deposition process for thin film synthesis. The original work is
divided into three parts.

The first part focuses on the stabilization of a cross-diffusion system in an expanding
one-dimensional domain. Assuming that we can control the boundary data, we construct
feedback laws using the backstepping method that stabilize exponentially and even in
finite time the steady states of the system.

In the second part of the work, we study the same system coupled with Cahn-Hilliard
terms in a fixed domain in dimension less than 3. We obtain results concerning the
minimizers of the associated degenerate Ginzburg-Landau energy and use the entropy
method to study the long-time dynamics when diffusion dominates. We introduce a
semi-implicit finite volume scheme that preserves the structure of the continuous system
and present numerical results in dimensions 1 and 2.

The third part is dedicated to an extension of the previous one-dimensional model,
where we couple two cross-diffusion systems through a moving interface and a linear
exchange law of Butler-Volmer type. We study the formal properties of the model,
including its variational entropy structure and steady states. We then introduce a finite
volume scheme where the mesh is locally modified to follow the interface. We provide
elements of analysis for the scheme and numerically illustrate the dynamics.

Keywords : parabolic partial differential equations ; cross-diffusion ; stabilization ;
numerical analysis ; finite volume ; nonlinear analysis ; modelling.
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Prologue for non-mathematicians

Before delving into the topics of my thesis, I would like to provide a personal perspective
on my activities. I seize this opportunity to answer a question I have been asked many
times by non-mathematicians during the course of my thesis: “ What is it exactly that
you do ?". I have never been able to give a satisfying answer in a casual conversation,
so I hope this prologue can make it a little clearer. I apologise in advance to anyone
who may find this section overly simplistic, as I am merely sharing the narrative that
has guided me thus far.

At the core of my activity lies the concept of a mathematical model. 1 believe most
people are already familiar with it, since mathematical modelling is extensively used
in the educational system, even from a very young age. The process typically begins
with a problem, such as the one I found by searching “elementary math problem” online:
“Camille has some money. They compute that, to buy 4 books, they are 5.5€ short.
Knowing that each book costs 14.5€, how much money does Camille have ?" Presented
in this manner, the answer may not appear immediately, so we need to engage in some
problem-solving and first construct a mathematical model. The unknown of the problem
is the amount of money that Camille possesses and we denote it by the variable z (in
euros). The problem provides us with an equation that x must satisfy, which is

T+ 5.5 =14 X ¢,

where ¢, = 14.5 denotes the price of a book in euros and is a constant of the problem.
We have used all the available information, therefore modelling is over and we would like
now to solve the model, that is, to compute the value of the unknown z. The solution is

r=4Xc¢,—55=062.5.
The problem is fully solved. What makes the previous problem an elementary one 7

i) No modelling choice has to be made: the unknown is clearly identified, the equation
follows immediately from the statement of the problem, there does not seem to be
an alternative model.

ii) The model has a unique solution. We say that the problem is well-posed.
iii) The unique solution is explicitly computable in a few elementary operations.

In interesting problems, point iii) is almost never matched, and this makes point ii)
much more important: if one cannot compute directly the solution, one should at least

xiii



be able to prove that there exists a (unique) one. Schematically, the work of the ap-
plied mathematician can be divided into three components which can first be considered
distinctly, although it quickly becomes clear that they are intimately related:

Modelling. Translating the problem into a mathematical model. Requires a good un-
derstanding of the problem and, when applicable, the collaboration of specialists from
another field: physics, chemistry, biology, economy, social science etc.

Analysis. Proving properties of the model. Is the model well-posed 7 Does it at least
have a solution (the very definition of a mathematical solution is itself a challenge) ?
Since we cannot give an explicit formula for the solution, can we give some qualitative
information about it 7 Example: in the previous problem, imagine we were not able to
compute x, we would at least have liked to prove that a unique solution exists and that
it should be a nonnegative number (since it is an amount of money).

Computing. Calculating an approzimation of a solution, using an algorithm that is
generally executed on a computer. When the problem arises from natural sciences, we
speak of numerical simulations because the real-world phenomenon is simulated on the
computer.

The reader may be confused that it is the job of a mathematician to translate a problem
into a model, and not the job of, for example, a physicist. Indeed the task is sometimes
very similar. However, from my experience, there seems to be a slightly different mo-
tivation. On the one hand, the physicist is primarily interested in natural phenomena,
and the mathematical modelling is a convenient tool to study them. The predictions of
the model should be compared, when possible, with ezperiments, to evaluate the qual-
ity of the model. When experiments are not available, they are replaced by numerical
simulations and the outcome of the simulations is itself valuable to the physicist.

On the other hand, the model is a central object for the mathematician. It is not
of primary importance that the model matches exactly the experiments, because the
model is interesting in itself, and many mathematicians use the expression toy model to
highlight it. To the mathematician, it is somehow more important that the model is
simple enough so that the analysis can be carried out, a theory can be developed and
results can be obtained. The independent development of the resulting theory is essential
in mathematics. When the mathematicians do the modelling, they are already concerned
about the analysis step that comes afterwards and this influences heavily the modelling
choices. To a mathematician, the quality of a model is demonstrated in the analysis:
the point is to prove that the model enjoys some of the desired structural properties.
Numerical simulations are used to illustrate these properties.
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In this thesis, we are motivated by problems of physico-chemical nature arising from
materials science (see Section 1.1). However, as always in mathematics, the scope of
the results is broader, because problems arising from different fields may share similar
characteristics that may be translated into common mathematical features in the model.
The main phenomenon under study is diffusion. The models we are considering are of
deterministic nature, as opposed to random models. They are also macroscopic, which
means that the unknown are typically functions f(¢,z) that depend on the continuous
time ¢t and space point x (think of the temperature for example). The equations we are
looking at are either of differential type, which means that f should be related to some
of its derivatives, or of variational type, meaning that f should optimize some numerical
criterion E(f). Most of the time, the two interpretations co-exist.

XV






Contents

1 General introduction
Motivation from thin film deposition . . . . . .. ... ... ... ... ..
1.1.1  In the mathematical community . . . . .. .. .. ... ... ...

1.1

1.2

1.3

1.4

1.5

1.6

2.1
2.2

2.3

1.1.2 A first one-di

mensional deposition model . . . . . ... ... .. ..

Cross-diffusion systems . . . . . . . .. ... L L

1.2.1  Abstract syst

CINS . . . . oo e e e e e e e e e e e e e e e e e

1.2.2  Some important examples . . . . . . .. ... L.
1.2.3  Entropy, gradient flow, variational structure . . . . . . . .. .. ..
1.2.4 Global existence theory . . . . . . ... ... .. .. ... ... .

1.2.5 Long-time be
1.2.6  Structure pre
1.2.7  Further topic
Moving interfaces .

haviour . . . . . .. Lo
serving approximation . . . . . .. ... ...
S e e e e e e

1.3.1  Sharp interfaces and geometric evolutions . . . . . . . ... .. ..
1.3.2 Diffuse interfaces via the phase-field approach . . . . . . . . .. ..

1.3.3 More about t
Stabilization . . . .

1.4.1 Basic notions
1.4.2  The backstep
1.4.3 Quantitative
Contributions of the

he Cahn-Hilliard equation . . . ... ... ... ...

ping method . . . . .. ... ... ... .. ...,
kernel estimates and finite time stabilization . . . . .
thesis . . . . . . .

1.5.1 Contributions from Chapter 2 . . . . . . . ... .. .. ... ....
1.5.2  Contributions from Chapter 3 . . . . . . . .. ... ... ... ...
1.5.3 Contributions from Chapter 4 . . . . . . . ... .. .. ... ....

Perspectives . . . .
1.6.1 Short term
1.6.2 Longer term

Introduction . . . .
Preliminaries . . .
2.2.1  Entropic stru

Boundary stabilization of cross-diffusion systems in a moving domain

cture of the nonlinear system . . . . . . .. ... ...

2.2.2  Main mathematical properties of the nonlinear model . . . . . ..
2.2.3 Linearized system and control variables . . . . .. ... ... ...

Stabilization of the 1

inearized system: main results . . . . . .. ... ...

2.3.1 Main definitions . . . . . ...

2.3.2 Main results

43
44
47
47
49
51
52
53
95

Xvii



Contents

2.4 Backstepping approach . . . . . . ... o Lo 57
2.4.1 Backstepping transformation . . . . ... .. ... 57
2.4.2 Target problem . . . . . . ... Lo 59
2.4.3  Expression of the feedback and weak solution . . . ... ... ... 60
2.4.4  Kernel definition and properties . . . . . . .. ... ... L. 61
2.4.5 Main auxiliary results . . . . . ... oo oL 63

2.5 Proofs . . . . . e 65
2.5.1 Proof of Proposition 3 . . . . . . ... .. ... ... .. ... .. 65
2.5.2 Proofs of Lemmas 3and 4 . . . . ... ... ... L. 73
2.5.3 Proof of Theorem 5. . . . . . . .. .. ... .. .. ... .. 79
2.5.4 Proof of Theorem 6. . . . . . . . .. ... .. ... ... ...... 81

2.6 Appendices . . . ... 84
2.6.1 Weak formulation of the controlled linearized system in L% . . . . . 84
2.6.2  Analysis of the target problem . . . ... ... ... ... ..... 86
2.6.3 Formal derivation of the backstepping kernel problems . . . . . . . 89
2.6.4  Failure of the basic quadratic Lyapunov approach . . . . . . . . .. 91

3 On a cross-diffusion Cahn-Hilliard system 93

3.1 Introduction . . . . . . . ... 93
3.1.1 Contributions and outline . . . . . ... ... ... ... ... ... 96
3.1.2 Themodel . . . . . .. .. 97

3.2 Minimizers of the energy functional . . . . . . ... ... ... ... ... 98

3.3 Convexity properties and long-time behaviour . . . . . . .. ... .. ... 110
3.3.1 Convexity properties . . . . . . . . . . ... 111
3.3.2 Large-time asymptotics in the stable regime . . . . . . ... .. .. 112

3.4 Finite volume scheme . . . . . . . . .. . L Lo Lo 116
3.4.1 Mesh and notations . . . . ... ... o oL 117
3.4.2 Numerical Scheme . . . . ... ... ... . L. 118
3.4.3 Elements of numerical analysis . . . . . ... .. ... ... .... 119

3.5 Numerical Simulations . . . . . .. .. ... o 0 123
3.5.1 One-dimensional simulations . . . . .. ... ... ... ...... 123
3.5.2  Two-dimensional simulations . . . . ... .. ... ... .. .... 127

3.6 Appendix . . . ... 129

4 Cross-diffusion systems coupled by a moving interface 131

4.1 Introduction . . . . . . . . . .. 131

4.2 Moving-interface coupled model . . . . . . . ... ... 134
4.2.1 Presentation of the model . . . . . .. .. ... ... ... ..., 134
4.2.2  Assumptions on cross-diffusion matrices . . . .. .. ... ... .. 136
4.2.3 Entropy structure. . . . . . . ..o 138
4.2.4 Stationary states and long-time asymptotics . . . . . . ... .. .. 142

4.3 Finite volume scheme . . . . . . . . . . ... 145
4.3.1 Discretization . . . . . . . .. 145
4.3.2 Conservation laws . . . . . . . . ... 146

XViil



Contents

4.3.3 Post-processing . . . . .. ... 149

4.4 Elements of numerical analysis of the finite volume scheme . . . . . . . .. 150
4.4.1 Non-negativity and volumic constraints . . . . . .. ... ... .. 151

4.4.2 Discrete free energy dissipation inequality . . . . . ... ... ... 154

4.4.3 Existence of a discrete solution . . . . . . ... ... ... ... .. 157

4.5 Numerical results . . . . . . . ... 158
4.6 Perspectives . . . . . .. 162
Résumé en francais 165
Bibliography 173

Xix






Chapter 1

General introduction

This thesis addresses some questions related to the modelling, analysis, stabilization and
numerical approximation of systems of Partial Differential Equations (PDEs) of cross-
diffusion type, posed in moving-boundary domains. The original research work of the
thesis is distributed in Chapters 2, 3 and 4, which are self-contained and can be read
independently from each other.

The purpose of this introductory chapter is to present some background material and to
emphasise the unity of the thesis. It is meant to progressively guide the reader through
the stakes of the thesis and related fields. It is a deliberate choice not to give a formal
exposition of the topics and I try as much as possible to convey the main ideas without
going into all the technical details. The reader interested in a more complete presentation
may consult the references that are given throughout the text or refer to the following
chapters, where priority is given to full mathematical rigour.

In Section 1.1, I give a short introduction to thin film deposition techniques and ex-
plain how it motivates the mathematical problems addressed in the manuscript. We
retain three essential features of the problem: multicomponent diffusion phenomena for
which I give an introduction to the theory of cross-diffusion systems in Section 1.2; do-
mains of moving-boundary type, for which I discuss some related mathematical aspects
in Section 1.3; control and optimization, for which I present some ideas of stabiliza-
tion in Section 1.4. Finally, I detail our contributions in Section 1.5 and mention some
perspectives in Section 1.6.
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1.1 Motivation from thin film deposition

Let me begin with a definition taken from the Wikipedia page for “Thin film”:

A thin film is a layer of material ranging from fractions of a nanometer (monolayer) to
several micrometers in thickness (see Figure 1.1). The controlled synthesis of materials
as thin films (a process referred to as deposition) is a fundamental step in many appli-
cations. [...] Advances in thin film deposition techniques during the 20th century have
enabled a wide range of technological breakthroughs in areas such as magnetic recording
media, electronic semiconductor devices, integrated passive devices, LEDs, optical coat-
ings (such as antireflective coatings), hard coatings on cutting tools, and for both energy
generation (e.g. thin-film solar cells) and storage (thin-film batteries). [...] In addition
to their applied interest, thin films play an important role in the development and study
of materials with new and unique properties. Ezxamples include multiferroic materials,
and superlattices that allow the study of quantum phenomena.

This is more than enough to convince an applied mathematician to model, analyze,
control and simulate thin film deposition techniques. We have a particular interest for
applications to thin film solar cells fabrication, and our work can somehow be seen as the
continuation of the Ph.D thesis of Athmane Bakhta [23], which focused more specifically
on mathematical models for photovoltaic devices. The reader interested in the physics of
solar cells may consult the introduction therein, the Ph.D thesis [166] or the monograph
[231].
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Figure 1.1: Different scales of materials. *

Let me now write a few words about deposition techniques, using mainly the introduc-
tory book [196]. Generically, all thin film deposition methods require vacuum or some
sort of reduced-pressure environment. They fall into two broad categories, depending
on whether the process is primarily chemical or physical. Physical deposition uses me-
chanical, electromechanical or thermodynamic means to produce a thin film of solid. An
everyday example is the formation of frost. Fvaporation and sputtering are two of the
most important physical deposition methods. Their common objective is to controllably
transfer atoms from a source to a substrate where film formation and growth proceed
atomistically. In evaporation, atoms are removed from the source by thermal means (see
Figure 1.2), wheras in sputtering they are dislodged from solid target (source) through
impacts of gaseous ions. Most of these method can be classified as Physical Vapor De-
position (PVD) and I refer to the monograph [184] on this topic. On the other hand,
in chemical deposition, a fluid precursor undergoes a chemical change at a solid surface,
leaving a solid layer. An everyday example is the formation of soot on a cool object
when it is placed inside a flame. The process is further categorized by the phase of the
precursor. More information on chemical deposition can be found in [207].

A subset of thin-film deposition processes is focused on the so-called epitazial growth
of materials, the deposition of crystalline thin films that grow following the crystalline
structure of the substrate. The term epitaxy comes from the Greek roots epi, meaning
“above”, and taxis, meaning “an ordered manner”. It can be translated as “arranging
upon”. The term homoepitaxy refers to the specific case in which a film of the same
material is grown on a crystalline substrate. This technology is used, for instance, to
grow a film which is more pure than the substrate, has a lower density of defects, and to
fabricate layers having different doping levels. Heteroepitaxy refers to the case in which
the film being deposited is different from the substrate.

In this thesis, we do not distinguish specifically between the different deposition tech-
niques, but rather build “simple” mathematical models that, hopefully, capture some of
the main common phenomena.

"https://www.susumu.co. jp/usa/tech/know_how_02.php


https://www.susumu.co.jp/usa/tech/know_how_02.php

Chapter 1 General introduction

Figure 1.2: A schematic diagram of a deposition device.?

1.1.1 In the mathematical community

Roughly speaking, I can identify two communities of mathematicians who work on prob-
lems related to thin films or thin layers, depending on whether they rather address static
or dynamical problems.

e On the one hand, the community of calculus of variations has a historical connection
with mechanics and materials science, as demonstrated in the short review [27] (see
also the conference report [175]). A topic of particular interest in the recent years
is epitaxial growth of thin-films [73, 74, 134, 143, 31, 103, 97, 104]. These works are
primarily concerned with static problems: the main object of study is some energy
functional of the system and the associated equilibrium configurations depending
on various scale and physical parameters.

e On the other hand, thin-film deposition can be addressed from the point of view
of evolution equations. In some situations, these equations can be interpreted as
gradient flows of some energy, hence the link with the community of calculus of
variations. The resulting equations can be of different types: partial differential
equations set in a fixed domain, but exhibiting an implicit free boundary behaviour,
as is the case for the porous medium equation [227]; PDEs set in moving-boundary
domains [209]; geometric evolution equations [14].

Naturally, the previous separation is somehow artificial and many researchers con-
tribute actively to both fields. This thesis is clearly oriented towards the dynamical
aspects of the process, although some results from Chapter 3 are concerned with the
energy functional itself.

2https://www.scientificworldinfo.com/2022/02/brief-history-of-thin-film-deposition.html
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1.1.2 A first one-dimensional deposition model

Let me fix the ideas by presenting the one-dimensional model introduced by Athmane
Bakhta and Virginie Ehrlacher in [24], which serves as a basis for all the developments
in this thesis. The model describes a PVD process, which can be simply described as
follows: a wafer is introduced in a hot chamber where chemical elements are injected
under gaseous form. As the latter deposit on the substrate, a heterogeneous solid layer
grows upon it. Because of the high temperature conditions, diffusion occurs in the bulk
until the wafer is taken out and the system is frozen.

In this model, the solid layer is composed of n + 1 different chemical species and
occupies a domain of the form (0,e(t)) C Ry, where e(t) > 0 denotes the thickness of
the film. The resulting non-cylindrical domain is denoted by

Ue:= | {t} x (0,e(2)).
teR?
Foralli=0,...,n, let F; € L{ (R%) be a non-negative function so that F;(t) represents

the flux of atoms of species 7 absorbed at the surface of the thin layer at time ¢. The
evolution of the thickness of the film is determined by the fluxes (F})i=o....» and reads as

e(t) =eo+ /Otzn:Fi(s)ds, t>0. (1.1.1)
=0

where ey > 0 denotes the initial thickness of the film. The local volume fractions of the
different species ug(t, x), ..., u,(t,z) are expected to satisfy the constraints

n
u;(t,z) > 0 and Zuj(t,:r) =1,1=0,...,n, t >0, z € (0,e(t)), (1.1.2)
§=0

These constraints allow one to equivalently express ug as 1 — > " u;. As a conse-
quence, the whole system can be equivalently rewritten using the unknown vector u :=
(u1,...,un)T. More precisely, denoting by F the vector-valued function (Fy, ..., Fy,)7,
the cross-diffusion system in the solid layer reads:

Opu — Oy (A(u)0pu) = 0, (t,z) € Ue,
(A(u)0yu)(t,0) =0, t e RY, (1.13)
(A(u)0u)(t,e(t)) + € (t)u(t, e(t)) = F(t), t e RY, o
u(0,z) = u(x), x € (0,ep),

for some matrix-valued mapping A : R™ — R™ " which is called the diffusion matriz
of the system and some initial condition u" compatible with the requirements (1.1.2).
The boundary conditions express that the system is isolated at x = 0 but that there is
an incoming (vector-valued) flux F(t) at x = e(t) where the extra term €' (t)u(t,e(t))
accounts for the growth of the layer.
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This model already exhibits the mathematical features we will be interested in all along
in this thesis: first, the description of the strongly coupled diffusion of the constituents
in the layer leads to a cross-diffusion system, that is, a nonlinear parabolic system of
partial differential equations. I give an overview of such systems in Section 1.2. Second,
the equations have to be written in a moving-boundary domain since the layer is growing
with time and, in Section 1.3, I present some mathematical approaches to such problems.
Finally, if one is to optimize the process, it is natural to consider the gaseous fluxes
(Fo, ..., Fy,) injected during the PVD process as boundary control variables. 1 present in
Section 1.4 some ideas of stabilization, focusing on the backstepping method for PDEs.

1.2 Cross-diffusion systems

This section is an introduction to the theory of cross-diffusion systems. My main refer-
ences are the introduction in the thesis [23], the book chapter [155, Chapter 4] and the
paper [156], I refer to them for further details. I also used some material from a recent
mini-course given by Ansgar Jiingel in Konstanz, Germany.

1.2.1 Abstract systems

Let n € N \{0,1} be the number of components of the system, d € N* be the spatial
dimension,  C R% be a smooth bounded domain and 0 < T' < 400 be a time horizon.
The variable of interest is the vector-valued function u(t,z) = (u1(t,z),. .., u(t,z))T.
Cross-diffusion systems are second-order parabolic quasilinear systems of PDEs of the
form

Opu; — div [ > Ay(w)Vu; | =0, () € (0,T) xQ, i=1,...,n,
j=1

where the A;;(u) are the diffusion coefficients. This can be conveniently recast in compact
form as

Oyu — div (A(u)Vu) =0, (t,z) € (0,T) x Q. (1.2.1a)

The system is supplemented with an initial condition
u(0,z) = u’(z), z € Q, (1.2.1b)
boundary conditions over 0f2, such as no-flux boundary conditions
(A(w)Vu) -v =0, x € 09, (1.2.1¢)

where v = (v1,...,v,)7 is the exterior unit normal vector to €, and possibly with the
constraints (the constraint on the sum is usually referred to as volume filling)

wi(t,2) >0, i=1,...,n, and > w;(t,x) =1, (t,z) € (0,T) x Q. (1.2.2)
j=1
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The mapping A : R® — R™*" is the diffusion matrix and it should enjoy a minimal
parabolicity assumption, namely the normal ellipticity condition on the spectrum of

A(u)
o(A(u)) € {z € C| Re(z) > 0}, (1.2.3)

for any u belonging to (a subset of) R™. This structural condition was identified long
ago by Herbert Amann [11, 12, 13] to be sufficient for local-in-time well-posedness of
systems of the form (1.2.1) (the theory applies to more general systems). The theory of
Amann also provides sufficient conditions for the extension of this local solution up to
T, namely a global control in the Sobolev space WP with p > d, but estimates in this
high-regularity space are very difficult to obtain in dimension higher than two.

Global existence of weak solutions is difficult to prove in general for systems of the
form (1.2.1), because of the lack of a priori estimates. Indeed, no maximum principle
is in general available for systems of equations, and in addition the diffusion matrix
may not be symmetric and its symmetric part may not be positive definite (classical
ellipticity-parabolicity condition). In fact, cross-diffusion systems under the mere as-
sumption (1.2.3) do not enjoy the regularity theory of parabolic scalar equations and
some counter-examples were given: it was proven in [221]| that there exist Holder con-
tinuous solutions to certain parabolic systems with bounded coefficients which develop
singularities in finite time. Therefore, a global-in-time theory of existence can only be
constructed if one reduces the considered class of systems by adding some more structure
to the equations. This will be done in Section 1.2.3.

1.2.2 Some important examples

Many applications in physics, chemistry and biology can be modelled by reaction-diffusion
systems with cross-diffusion, describing the evolution of the densities of concentration of
a multicomponent system. I focus in this section on three important instances arising
from different applications. For convenience, I restrict the presentation to the case n = 2
of two species, but the systems can be defined for an arbitrary number of components.
The first system below is described because of its historical importance in the literature,
but is not addressed in the thesis. In contrast, the size-exclusion diffusion matrix plays a
role in all the following chapters and the Stefan-Maxwell system is studied in Chapter 4.

The SKT system

The possibly most famous cross-diffusion system was introduced by Nanako Shigesada,
Kohkichi Kawasaki and Ei Teramoto in 1979 [216] to model the evolution of segregating
populations. The diffusion matrix reads

aio + 2a11u1 + ajous ajaul
A = 1.24
skt (u1,u2) < ao1s a0 + anug + 2a22u2> ) ( )
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for nonnegative parameters a;; > 0. The system is supplemented by reaction terms of
Lotka-Volterra type

Jilu,uz) = (bio — bjyur — bigug)u;, i = 1,2,

but the main difficulties arise from the cross-diffusion coupling. The solutions are ex-
pected to be nonnegative but not necessarily bounded: the system is not of volume-filling

type.

A size-exclusion system

Diffusion phenomena on a crystalline lattice can be modelled by stochastic hopping par-
ticle models on a discrete grid [217, 53|. Size-exclusion effects are modelled by assuming
that the jump probabilities between two neighboring sites do not only depend on the
type of atom, but also on the level of occupation of the site. Choosing an appropriate
diffusion scaling and letting the space and time steps go to zero, one can formally derive
from the discrete hopping model a macroscopic model on the volume fraction variables
U, - - ., Up (see a derivation in [24, Appendix 7.1] and generalizations in [233, Appendix
A]). The size-exclusion effects lead to the volume-filling constraint

n
> ui=1, (1.2.5)
1=0

thus one only needs n evolution equations on uq,...,u, while ug is determined from
up = 1 — 31" u;. The system obtained in the limit is of cross-diffusion type, with
diffusion matrix given by (n = 2)

k1o + (k12 — k1o)uz (k10 — k12)u1 )

1.2.6
(k2o — k12)u2 koo + (k21 — k2o)us ( )

Asg(u1,uz) = (
for positive cross-diffusion coefficients k;; > 0.

The Stefan-Maxwell system

The Stefan-Maxwell equations describe diffusive transport phenomena into gas mix-
tures [168]. We consider a three components mixture with volume fractions wug, u1, uz
which should be nonnegative and satisfy the volume-filling constraint (1.2.5). The cross-
diffusion matrix is given by

(1.2.7)

1 koo + (k12 — k kig — k
ASM(U1,U2) = < 20 ( 12 20)“1 ( 12 10)U1 )7

a(uy,ug) (k12 — koo )uz K10 + (k12 — K10)uz

with k‘ij > 0 and a(ul,uQ) = k‘lgk‘zg(l — Uy — UQ) + k‘lg(k‘lgul + k‘QO’LLQ). Note that the
latter is very similar to (1.2.6). In fact, it can be verified that the two models are strongly
related via

-1
ASM = Agg-
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1.2.3 Entropy, gradient flow, variational structure

Before presenting in details what it means for me that a cross-diffusion system has an
entropy structure, let me say some words about the notion of gradient flow. Generally,
the gradient flow of some functional H : X — R is the evolution equation defined as

Opu = —grad H,,

provided one can give a meaning to the generalized gradient operator above. When X
is a Hilbert space, this is simply the Euclidean gradient. A typical application in the
field of partial differential equations is the following: the space is X = L?(R%R) for
d > 1, the functional is the Dirichlet energy H(u) = 3 [pa |Vu(z)|? dz if u € H'(R?) and
H(u) = +oo otherwise. It follows from integration by parts that the associated gradient

flow is the heat equation
Ou = =V 2 H(u) = Au.

Note that the gradient with respect to the L? scalar product is often denoted by % in
the literature. The definition of the gradient operator is easily extended when X is a
manifold equipped with a Riemannian metric, in which case the gradient of H does not
exist anymore in X but in the local tangent space. The concept of gradient flow can
even be generalized to metric spaces, a particularly celebrated application being the set
of probability measures endowed with the Wasserstein metric and its connections with
optimal transportation theory, which provides in particular a new interpretation of the
heat equation as a gradient flow. There are many excellent and complementary references
on this topic [15, 100, 205, 212, 229].

In contrast, as far as we are concerned, gradient flow structure is simply a synonym of
entropy structure or variational structure in the following sense
OH

dyu — div <M(u)V6u> =0, (1.2.8)

where

H(u) :/Qh(u) dz (1.2.9)

is the entropy or free energy functional of the system and h(u) the associated density.
In this context, M(u) € R™*™ is referred to as the mobility matriz and is required to be
positive semidefinite (its symmetric part). The gradient flow interpretation of this type of
equation with respect to the Wasserstein metric, originally in the scalar case with linear
mobility M (u) = au, a € Ry, goes back to the work of Felix Otto and collaborators [154,
197] and has produced an important literature since then, see for example [201, 99, 113,
67, 178, 186, 187, 236]. We refer to the introduction in [24] concerning the applications
of this theory to well-posedness for cross-diffusion systems.

Although all the models studied in this thesis share the structure (1.2.8), we do not
use any tool from abstract gradient flow theory or mass transportation. The reason is
that this theory has so far turned out to be limited in proving global existence in the
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case of systems (n > 2). However, the a priori estimates that stem from the formulation
(1.2.8) are fundamental to us. Let me compute, integrating by parts and neglecting the
boundary terms,

T
;t?-l( ):/(%UTéH (j;H div < (u)V(;H) dx
5: Y (1.2.10)
= /V Vd— dx <0,

where the sign follows from the positive semidefiniteness of M. We say that H is a
Lyapunov functional of the evolution. The relation (1.2.10) is called the dissipation
equality (resp. inequality) and is at the core of the global existence theory presented in
the next section.

Let me now clarify the link between (1.2.8) and cross-diffusion systems of the form
(1.2.1a). First note that it follows from (1.2.9) that % = Dh(u) € R", so that, given
any strictly convex entropy density h, any cross-diffusion system (1.2.1a) can be rewritten
under the variational form (1.2.8), provided one defines the mobility matrix as

M(u) = A(u)(D*h(u)) ™! (1.2.11)

Then the dissipation estimates (1.2.10) can be rewritten

—/ VDh(u) : M(u)VDh(u) de = —/ Vu : D*h(u)A(u)Vu dz < 0.
Q Q

(1.2.12)
Therefore, a cross-diffusion system (characterized by its diffusion matrix A) is said to
have an entropy structure if there exists a strictly convex entropy density h such that the
mobility matrix given by (1.2.11) (or equivalently the matrix D?h(u)A(u)) is positive
semidefinite. When does a given cross-diffusion system enjoy such a structure ? This
can be partially mathematically addressed, looking for necessary and sufficient algebraic
conditions on the diffusion matrix A, as done in [82]. On the other hand, the intuition
of the right entropy functional to consider usually follows from physical considerations
about the model at hand. In particular, it should be of no surprise when modelling
diffusion that the Boltzmann entropy density plays a major role. Let me define a variant
of the latter as

n
= ui(logu; — 1), u € R}, (1.2.13)
In this context, the gradient of the entropy density is simply a log variable
Dhp(u) = log(u), u € (R})", (1.2.14)

and note that the chain rule VDh(u) = D?h(u)Vu used in (1.2.12) relies in this case on
the scalar chain rule (I will come back to this in Section 1.2.6)

Vieg f = ﬂ, f>0. (1.2.15)

f

10
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Additional terms may be added to model various effects, for example of electrical or
chemical nature. In this context, the variable Dh(u) = % can often be interpreted as
a chemical potential. In fact, when modelling dissipative systems, it is tempting to go
the other way around, defining first the functional H and the dissipation mechanisms M,
then deducing the resulting system of PDEs. The advantage of this variational modelling
is that it automatically produces models that are thermodynamically consistent, which is
another synonym to refer to the underlying variational structure. We refer to the lecture
notes [205] for a modelling approach. We point out that the concept of variational
structure can be extended in various directions, in particular to cross-diffusion systems

with reaction terms in the bulk [186, 187] or on the interface [142].

The three prototype cross-diffusion systems presented in Section 1.2.2 have an entropy
structure related to an entropy of the form (1.2.13). For the SKT diffusion matrix (1.2.4),
one can consider a variant of the Boltzmann entropy density defined by

het (w1, u2) = aziug (logur — 1) 4 arpua(logug — 1).

Assuming uq,ug > 0, then 0y, heky = a21 log u1, Oy, hskt = a121ogus and one can compute
that

d Vup|?
/ hskt(ulau2) dr = —/ a21(a1o + 2a11u1)‘ ’ dx
dt Q e} Uy
Vusl? v Vuq|?
— / ay2(ago + 2az2us) Vg dr — ag1a12 [urVup + usVus | dx <0,
Q U2 Q Uju2

S0 hgyt indeed defines a Lyapunov functional for the SKT system. In the case of the
volume-filling systems (1.2.6) and (1.2.7), the Boltzmann entropy is modified into

Wi (u) =Y ui (logu; — 1) + (1 — pu) (log(1 — pu) — 1), (1.2.16)
=1

where p, = >, u;, so that 1 — p, accounts for the eliminated species ug. Then similar
computations show that fQ h‘éf(u) dx is indeed a Lyapunov functional for both systems
(see Chapter 4).

1.2.4 Global existence theory

The general way to show the existence of global weak solutions to cross-diffusion systems
of the form (1.2.1) enjoying an entropy structure is by approzimation-compactness. The
first step is to collect as many a priori estimates as possible on potential solutions,
relying crucially on the entropy structure. Then one needs to derive an approximation
procedure of the system that, on the one hand, preserves enough of the structure to save
the a priori estimates and, on the other hand, simplifies sufficiently the system so that
the existence of an approximating solution can be shown. Finally, one wants to pass to
the limit in the approximation, building on the estimates at hand to obtain compactness
of the sequence of approximations.

11
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The dissipation relation (1.2.12) provides the first estimate H(u(t)) < H(u"). This is
generally not enough since gradient estimates are usually needed to achieve compactness
of Aubin-Lions type [83]. Thus, more assumptions on the mobility matrix M are needed.
The second challenge is to ensure nonnegativity and even boundedness of the solution
w in the case when one expects to satisfy the volume-filling constraint in (1.2.2). The
boundedness-by-entropy principle, introduced as such in [156] building on previous works
[76, 77, 53, 159, 160], addresses these two challenges. The main assumption is the
following (it can be generalized):

(H) There exists a nonnegative convex function h € C?(D), where D C (0,1)", such
that its gradient Dh : D — R" is invertible and such that there exist my,...,m, > 0
such that for any z = (21,...,2,)7 € R" u = (u1,...,u,)? €D,

1

n
D) Au)z > Y w22, (1.2.17)
=1
This assumption builds on the entropy structure introduced in the previous section,
requiring in addition

e the coercivity condition (1.2.17). Note that the latter is not uniform in u and may
degenerate as u; goes to 0 in the case where m; > 1 (some terms on the right-hand
side may become arbitrarily close to 0). It follows from this condition and the
entropy dissipation inequality (1.2.12) that

d - 2(m;—1) 2
— A Vu; < 2.
t?—[(u) +/ ; 1 u; |Vu;|* dx <0, (1.2.18)

which provides a L? control on Vu;" for any i = 1,...,n. Note that in the light
of the relation

Vu ~u'~™ Vu™, (1.2.19)

1—m., . .
one also needs to control the terms u; ™ to recover estimates on Vu;. Yet in some
situations, the estimates on Vu." provide enough compactness [33];

e the invertibility of DA from a bounded subset to R™. This property enables to work
with the entropy variable w = Dh(u) for which the system reads

Ju(w) — div (B(w)Vw), B(w) = M (u(w)), (1.2.20)
and then to transform back to the variable u(w) = Dh~!'(w) € D, ensuring au-
tomatically uniform bounds on u and compensating for the lack of a maximum

principle.

I state an existence theorem.

12
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Theorem 1 (Global existence, special case of Theorem 2 in [156]). Let assumption
(H) holds. Assume in addition that A € C°(D;R™ ") and that there exists a* > 0
such that for all w € D and i,j = 1,...,n for which m; > 1 in (H), it holds that,
|Aij(u)| < a*|uj|™i=t. Let u® € LY R™) be such that u®(z) € D for x € Q. Then there
exists a bounded weak solution u to (1.2.1) satisfying u(t,z) € D for (t,z) € R% x Q.
More precisely, u is said to be a weak solution to (1.2.1) if, for all T > 0,

i) uwe L*((0,T); H (;R™)), du € L*((0,T); H'(Q,R™)),
ii) for any ¢ € L*((0,T); H'(Q,R")),

T T
/0 (Oru, ¢)dt +/0 /QVQS : A(u)Vu dz dt =0,

i) u(t = 0) = u® is satisfied in L?(€;R™),
The proof is techically involved but essentially follows the following steps:

e Approximation: the system under the form (1.2.20) is approximated by replacing
the time derivative by its Euler implicit discretization to avoid time regularity issues
and deal only with elliptic equations. A regularizing term of the form e((—A)™+1)
is added in the system, where I € R™*™ stands for the identity matrix.

e FEuxistence for the approximating system: follows from fized point arguments, using
a discrete version of the entropy dissipation inequality (1.2.12) for the approximate
System.

e Passing to the limit: the limit when the time discretization parameter 7 > 0 and
the regularization € > 0 go to 0 is performed thanks to the compactness obtained
from the discrete entropy dissipation inequality, applying a discrete version of the
Aubin-Lions lemma [83, 193, 16].

Theorem 1 is particularly adapted to volume-filling systems. Indeed, note that the
gradient of the volume-filling Boltzmann entropy (1.2.16) is given by

DR (1) = log
) —log -

which, in contrast to (1.2.14), can be inverted from the bounded domain

D= {(u1,...,un) € (0,1)", Y u; <1},
=1

as, for any w € R",

— thf -1 — et
u ( B ) (’U)) (1 + Z;L:]_ eWs ) e . )

goeey
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Chapter 1 General introduction

which answers the first requirement in (H). In fact, it can be shown that for these two
systems, (H) is satisfied with m; = %, see [24, Lemma 1] for the size-exclusion system
and [160, Lemma 2.4] for the Stefan-Maxwell system. On the other hand, while the
computations performed for the SKT system show that it satisfies (1.2.18) with m; = %
or m; = 1 on any subset D C (0,00)", the Boltzmann entropy hp can only be inverted
if one considers the unbounded set D = (0,00)", and therefore the system is not cov-
ered by Theorem 1. The proof can be adapted by regularizing the entropy density and
diffusion matrix to show the existence of nonnegative global weak solutions but without
upper bounds, see [156, Theorem 4|. A deeper discussion on the applicability of the
boundedness-by-entropy method and several generalizations of Theorems 1 can be found
in the original paper [156]. Since the introduction of the method, several works have been
concerned with broadening its scope [233, 102, 147|, finding novel entropy structures or
dealing with more degenerate forms of (1.2.17).

Finally, let me mention that in some cases, one can take advantage of the Laplace
structure

div (A(u)Vu), = A(upi(u)), i=1,...,n. (1.2.21)

This allows for additional L? estimates on u, using the so-called duality method [206].
Note that, in the light of (1.2.19), this is particularly useful in cases when one has no L
bounds on u, so for systems which are not volume-filling. The SKT system (1.2.4) enjoys
the structure (1.2.21) and this was exploited in several works addressing generalizations
where the entropies are not of the log form (1.2.13), see [109, 110, 176].

1.2.5 Long-time behaviour

Once the global-in-time existence of weak solutions is established, a question of particular
relevance is their long-time behaviour. The question arises naturally from the gradient
flow interpretation (1.2.8) and the dissipation relation (1.2.12), which suggest that solu-
tions should converge to minimizers of H as time goes to infinity. In some situations, one
expects the minimizer to be unique and globally stable, as it is the case for linear diffu-
sion. However, it may happen that the cross-diffusion terms give rise to instability and
produce patterns, a situation reminiscent of the Turing instability in reaction-diffusion
systems. In fact, this latter behaviour is precisely the reason why cross-diffusion terms
were first introduced in the SK'T model in 1979 [216].

As long as one is only interested in the stability of equilibria, linear stability analysis
can often be used. However, this technique does not give any qualitative indication on
the dynamics starting from an arbitrary initial condition, and furthermore, even locally,
it is difficult to obtain constructive rates of convergence in general. From the end of the
last century and up to now, nonlinear methods have been developed to overcome these
restrictions. They are usually gathered under the name of entropy methods and go back
at least to the work of Dominique Bakry and Michel Emery [26]. In some situations, these
methods yield exponential decay rates of convergence towards a steady state. Given u
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1.2 Cross-diffusion systems

and v two solutions to (1.2.1), the relative entropy of u with respect to v is defined as
H(ulv) = / (h(u) — h(v) — Dh(v)T (u —v)) da. (1.2.22)
Q
Note that a formal Taylor expansion of h around v gives

H(ulv) ~ 1/(u — ) D?h(v)(u — v) dz,
uUv Q

which suggests a nonlinear generalization of the L? norm usually preferred in linear

problems and which corresponds to h(u) = Y, u?. I present the method in the simple

case when the cross-diffusion system (1.2.1) has a unique constant steady state u®. Then

the entropy dissipation (1.2.18) is unchanged when one differentiates H (u|u®):

%H(u\uo") < —/ S w22 dy = —/ SO [V ? da. (1.2.23)
Q=1 Q=1

Assume that the dissipation term can be estimated from below: there exists A > 0 such
that

/ > IV de > X (ulu). (1.2.24)
Q=1

Then it follows from (1.2.23) and the Gronwall lemma that H(u|u®®) decreases exponen-
tially fast with rate A:

H(u(t)|u®) < Hul[u®)e ™, t>0.

If in addition the quantity H (u|u>) controls some norm of u—u>°, one obtains exponential
convergence for this norm.

In some situations, a classical functional inequality enables to obtain the estimate
(1.2.24). A basic example is given by the linear heat equation in which case (1.2.23)
holds with h(u) = >, u? and m; = 1. Then (1.2.24) is a Poincaré¢ inequality. In our
three cases of application, we have seen before that the entropy structure is related to
entropies of log type leading to coercivity estimates (1.2.18) with exponent m; = % In
this situation, the relative entropy reads

Hp(u|u™) = / Zuz logu—;Q dz,
Q=1 i

and estimate (1.2.24) follows from the logarithmic Sobolev inequality [108, Lemma 1].
Furthermore, it follows from the Csizar-Kullback inequality [226] that Hp(u|u®) controls
|w — u*|| 11, ensuring the exponential convergence to equilibrium in L*.

For some entropies of power type, one can derive nonlinear versions (with respect to H)
of (1.2.24) using Beckner inequalities that interpolate between Poincaré and log-Sobolev
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Chapter 1 General introduction

inequalities [30, 71| and conclude to algebraic decay. Nevertheless, the original entropy
method was also meant as a technique to produce new functional inequalities adapted to
the problem. The key idea was to differentiate once again (1.2.23) with respect to time
and to try to estimate %H(UWOO) with respect to the dissipation term. I refer to [155,
Chapter 2| and the papers [183, 17, 66] for an introduction to this method in the context

of PDEs.

1.2.6 Structure preserving approximation

We now discuss the numerical approximation of cross-diffusion systems with entropy
structure. It is a natural physical requirement for a discretization method to preserve as
much as possible of the structure of the continuous problem such as conservation laws,
nonnegativity or dissipation. In addition, such properties can be mathematically useful,
since they enable to “transfer” the mathematical analysis to the discrete level. A method
that preserves the dissipation of an energy (resp. entropy) is sometimes called “energy-
stable” (resp. “entropy-stable”) but the more general concept of “structure-preserving”
approximation is gaining ground. Following the success of the entropy method, there has
been considerable effort in order to preserve at the discrete level the entropy structure
of scalar parabolic equations [35, 70, 63] and parabolic systems [60, 62, 61, 65, 164, 162,
101, 161, 64, 146, 157].

We focus on the finite volume method, a classical discretization method to approximate
conservation laws, see a pedagogical introduction in [128] (see also the more general
discretisation framework for diffusion problems [114, 115]). The general principle of the
method is to approximate the system (1.2.1) after integration on a control volume K:

/ Ou dx — / (A(u)Vu) - vk do = 0. (1.2.25)
K oK

Let me first introduce a discretization of the domain and some notations. An admissible
mesh of 2 is a triplet (7, &, (zx)ke7) Where T is a collection of cells, £ is a collection
of faces and (zx) ke is the collection of the centers of the cells, such that the following
conditions are fulfilled:

(i) Each control volume (or cell) K € T is non-empty, open, polyhedral and convex.
We assume that

KNL=0if K,LeT with K #L, while | J K=0.
KeT

(ii) Bach face o € £ is closed and is contained in a hyperplane of R?, with positive
(d —1)-dimensional Hausdorff (or Lebesgue) measure denoted by m, = H4 (o) >
0. We assume that H? (0 No’) = 0 for 0,0’ € £ unless 0 = ¢’. Forall K € T,
we assume that there exists a subset £ of € such that 0K = J, ¢, 0. Moreover,
we suppose that |Jy o7 Ex = €. Given two distinct control volumes K, L € T, the
intersection K N L either reduces to a single face o € £ denoted by K|L, or its
(d — 1)-dimensional Hausdorff measure is 0.
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1.2 Cross-diffusion systems

Figure 1.3: An orthogonal mesh.

(iii) The cell-centers (vx) ket satisfy zx € K, and are such that, if K,L € T share a
face K|L, then the vector x; — xk is orthogonal to K|L.

We denote by mg the d-dimensional Lebesgue measure of the control volume K. The
set of the faces is partitioned into two subsets: the set & of the interior faces defined
by

Ent ={0c€&|0o=K|L for some K,L € T},

and the set ot = £ \ &int of the exterior faces defined by Eoy = {0 € € | 0 C 00}
For a given control volume K € T, we also define Exint = Ex N &t (respectively
Ekext = Ex N Eext) the set of its faces that belong to &y (respectively Ecxt). For such a
face o € Ek int, thanks to the property ii) above, we may write 0 = K|L, meaning that
oc=KnNL, where L € T. Given o € &, we let

Mg

d __{|xK—xL| if o = K|L € &, and 7. — e
7 |rr — 2] if 0 € Ex ext, 7 d,

We use boldface notations for any mesh-indexed quantity, typically for elements of RI7,
R (RIT1)™ and (RI€1)™. Given any discrete scalar field v = (vi)ger € RI71, we define
for all cell K € T and interface o € £k the mirror value vg, of v across o by setting:

v . vr, ifO':K|L€gint,
Ko = VK if o S gext-

We also define the oriented jumps of v across any edge by
Dgov =vgs —vi, VK € T, Vo € Ek.

It can be checked that the following discrete integration by parts formula holds, for any

v, W € RI7I
Z Z DKU'w.vK = — Z DKO’IU.DKU’U,
KETUGE}C Uegint
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Chapter 1 General introduction

where the expression on the right-hand side does not depend on the chosen cell K such
that o € £k. Concerning the time discretization of (0,7), we consider a mesh parameter
At defined such that NpAt =T with Ny € N*.

Let me now address the scheme. We restrict ourselves to the Euler implicit method
for the time discretization. Then (1.2.25) is approximated as, for p=1,..., N,

%(u’}(—uﬂ_l)—k Z F? =0,

UegK,int

where » o F}._is an approximation of the boundary integral in (1.2.25). We only
consider two-l:,)oint formulas, meaning that, for an edge 0 = K|L, F, only depends on the
discrete values in the cells K and L (see a discussion about this choice in [127]). Thanks
to the orthogonality condition (iii) on the mesh, the term Vu - v can be consistently
approximated by iD Kow. It remains to approximate A(u) on the boundary, and thus to
define the edge values (uy)scg. One natural choice would be to define them as arithmetic
means of ux and ug,. However, in many cases, this choice does not preserve the entropy

structure in the sense that it does not allow to write the chain rule
A(us)Dgou = M(uy)DgsDh(u), K € T, o € g,

so that the dissipation inequality (1.2.12) does not hold at the discrete level. As an
example, let me focus again on the case of the Boltzmann entropy (1.2.13). Then we
have seen that the entropy variable is a log variable and the chain rule (1.2.15) suggests
to define the edge value as a logarithmic mean [62]

DKUU

Uy (1.2.26)

" Dgologu
to obtain a discrete dissipation inequality. The availability of the latter allows to more or
less imitate the analysis of Section 1.2.4 to prove convergence (up to a subsequence) of
a solution to the scheme towards a global weak solution of the system, using tools from
discrete functional analysis [163] (see also [96, 129, 34, 16]). The asymptotic behaviour
of the scheme can be studied if discrete versions of functional inequalities of the form
(1.2.24) are available [70]. These techniques can be gathered under the name of discrete
entropy methods and their range of applications goes beyond numerical analysis and up
to the study of the long-time behaviour of Markov chains, see [155, Chapter 5].

1.2.7 Further topics
Derivation

The issue of the derivation of a given cross-diffusion system is of major importance to
the modelling. From the analysis perspective, a rigorous derivation can also provide new
approximation schemes that may lead to new results or new proofs on the given system
[L11]. The derivation can follow from phenomenological arguments using thermodynam-
ics [38], hydrodynamic limits from kinetic models [42, 40|, random walks on lattices [53,
233], stochastic differential equations of interacting particles [51, 135, 81, 75, 111] etc.
Rigorous derivation is usually a very challenging problem.
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1.3 Moving interfaces

Uniqueness and weak-strong uniqueness

Uniqueness of weak solutions is mainly an open question and the methods that have been
used so far seem to be restricted to very specific cases. We refer to [23, Section 1.4], [155,
Section 4.7] and the paper [80] for a presentation of these methods and their applications.
On the other hand, many recent works have been concerned with proving weak-strong
uniqueness (or weak-strong stability) [81, 32, 158, 147, 150, 172]. Weak-strong uniqueness
means that, whenever a strong solution exists (usually only locally in time), any weak
solution with the same initial data coincides with it. In particular, uniqueness of the
strong solution implies uniqueness of the weak solution. Since it is usually easier to prove
uniqueness in the class of strong solution, the weak-strong uniqueness principle somehow
establishes an equivalence between the existence of a strong solution and uniqueness in
the class of weak solutions.

The idea to prove such a result is again based on the relative entropy method where
the relative entropy is defined by (1.2.22) (in some situations, linear energy estimates
are enough [32]). Instead of comparing a weak solution to a stationary one as in Sec-
tion 1.2.5, one considers a weak solution u, a strong solution v starting from the same
initial condition and differentiate H(u|v). The goal is to prove an inequality of the form

L) < C(v) /Q H(ulv) da,

where C'(v) > 0 depends on some strong norms of v. Then again, it follows from Gronwall
lemma that H(u(t)|v(t)) = 0 for any ¢t > 0 and therefore that u = v.

Regularity

The solutions obtained in Section 1.2.4 are weak, typically L? in time and H' in space.
We have seen that in some situations one can prove that they are bounded. On the other
hand, for systems with a Laplace structure (1.2.21), the duality method may provide more
integrability on u. However, the global existence of classical or even strong solutions is
still mainly open in general. Some results can be obtained in specific settings: low space
dimension, perturbative setting from diagonal diffusion leading to restrictions on the
cross-diffusion coefficients, initial data close to equilibrium etc, see for example [53, 32].
Let me also mention the partial Holder regularity result [48].

1.3 Moving interfaces

In this section, I present some problems where one has to deal with moving interfaces.
These problems arise in many applications such as materials science, phase transition,
fluid-structure interactions, image processing, differential geometry and many more.
Section 1.3.1 is concerned with sharp interface models: I start by introducing a one-
dimensional Stefan model which is closely related to the model of Bakhta and Ehrlacher
presented in 1.1.2 and the work presented in Chapters 2 and 4. In order to reach higher

19



Chapter 1 General introduction

space dimension, I introduce some material about curvature-driven interface evolutions
and discuss briefly the different approaches to tackle them. Then in Section 1.3.2, I
present in more details the phase-field approach which leads to diffuse interface models
such as the Allen-Cahn and Cahn-Hilliard equations. This section motivates the work
of Chapter 3. Section 1.3.3 is an introduction to the different variants of the one-species
Cahn-Hilliard equation, which is useful reading before addressing the multispecies cross-
diffusion-Cahn-Hilliard model in Chapter 3.

I have been much inspired by the review [138]. Much more information can be found
in the monograph [209] and [14, Chapter 1| about sharp-interface models and geometric
evolutions, in [117] about the phase-field method and in particular its numerical aspects
and in [195] and [190] about the Cahn-Hilliard equation.

1.3.1 Sharp interfaces and geometric evolutions

Moving interface models of sharp type are better considered starting from a historical
example of paramount importance, namely the Stefan problem. The model describes a
material undergoing a phase change such as the melting of ice in water. While the heat
equation has to be solved in both phases, the Stefan condition relates the dynamics of
the interface to the interface temperature, thus coupling the two phases.

Let me describe the simple one-dimensional one-phase model: I consider a block of
ice occupying the domain (0, e(t)). The variable u is the temperature of the ice which
satisfies the heat equation. A fixed temperature is imposed on the left boundary while the
interface temperature is required to be at melting point. The problem is supplemented
with an initial condition, leading to

Ou— % u=0, t>0, z¢e(0,et)),

u(t,0) =1, t>0,

u(t, e(t)) =0, t>0,
e(0) = e,

u(z,0) =0, x € (0,ep).

Such a model would normally be closed if the domain was fixed, but here the evolution of
the interface t — e(t) is an additional unknown which requires an additional condition.
The Stefan condition reads

e(t) = —(,%u(t, e(t)).

The simplicity of this problem comes from its one-dimensional nature: the equation
on the interface is simply an ordinary differential equation and there is no geometric
difficulty. On the other hand, it has the advantage of coupling the interface displacement
with the physical situation away from the surface in a non-local way. The sharp interface
models considered in Chapters 2 and Chapters 4 are of one-dimensional nature and share
similarities with the Stefan problem.

In dimension d > 2, moving interfaces problems require the introduction of new math-
ematical tools. In the simplest case, the interface evolution does not depend on the
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1.3 Moving interfaces

situation away from the interface but only on its own local geometry. The equations
that describe such a motion are called surface or geometric evolution equations. In many
cases, these motions are curvature-driven, the most prominent example being the mean
curvature flow. Let me introduce the latter with a variational approach. I consider a
smooth, compact, oriented hypersurface I' in R¢ without boundary. The simplest surface
energy of such a hypersurface is proportional to its surface area. I hence consider the
area functional

E(') := HYD) (1.3.1)

where H4~! is the (d — 1)-dimensional surface measure. The goal now is to make I" evolve
in such a way that the surface area decreases most rapidly. Roughly speaking, this will
be achieved by flowing I' in the direction of the negative “gradient” of E. In order to
define the gradient, we first of all need to determine the first variation (the “derivative”)
of the area functional. To compute a directional derivative of E, we embed I' in a one-
parameter family of surfaces. This will be achieved with the help of a smooth vector field
¢ : R4 — R We define

Iy :={x+1t¢(z) |z €T}, teR,

and a classical computation gives (see the appendix in [106])

dt =0

Here H is the mean curvature of I' defined as the sum of the principal curvatures, V = (-v
is the normal velocity of the evolving surface (I't)icr at ¢ = 0 and by dH?~! I denote
integration with respect to the (d — 1)-dimensional surface measure. On I', I have chosen
a normal vector field v and I here take the sign convention that the surface has positive
mean curvature if it is curved in the direction of the normal. The formula (1.3.2) shows
that the surface area decreases if the surface moves in the direction of the mean curvature
vector Hy, and in addition that the L?-gradient of E is given by —H. Therefore, the L?
gradient flow of E is given by the mean curvature flow

iE(rt) = /HVd’H,d_l. (1.3.2)
r

V ==H, (1.3.3)

which completely determines the evolution of the surface. One drawback of the mean
curvature flow is that it does not preserve the volume enclosed by the surface, while in
some applications volume conservation is required from physical arguments. A natural
way to fix the volume is to consider normal velocities V' with zero mean. Indeed, the
following identity can be shown (see again [106])

d _ d—1
avol(rt) = - VdH y

where v is now chosen as the outer unit normal to the set enclosed by the hypersurface. In
consequence, the mean curvature flow can be modified into its volume-preserving version

1
V:H—/Hd”}-ldl.
1 Ja
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A more physical volume-preserving flow that decreases the area energy is given by the
surface diffusion flow, which is obtained as the gradient flow of the area energy (1.3.1)
for the H~! inner product. It requires the introduction of the surface Laplacian Ar on
I' and reads as

V = —ArH. (1.3.4)

The main difficulty in the theoretical and numerical analysis of geometric evolution equa-
tions is that typically the topology of the surface changes along the evolution in dimension
d > 3. This prevents the use of a classical description of the surface, since the involved
parametrizations would develop singularities and break down in finite time. In conse-
quence, weak descriptions of the solution have to be implemented and several approaches
have been proposed in the literature. Ken Brakke [47] used tools from geometric mea-
sure theory to build varifold solutions. Fred Almgren, Jean E. Taylor and Lihe Wang [10]
and Stephan Luckhaus and Thomas Sturzenhecker [180] independently came up with a
variational approach based on a time-discretization of the gradient flow formulation and
an approximation of the L? distance, constructing a solution usually referred to as the
flat flow. The level-set method and its relations with the theory of viscosity solutions
was initially developed by Yun-Gang Chen, Yoshikazu Giga and Shun’ichi Goto [84] and
Lawrence C. Evans and Joel Spruck [126], see also the monograph [141]. We finally
mention the phase-field approach which goes back at least to [9] and where the main
idea is to replace sharp interfaces by diffuse interfaces, that is, to replace characteristic
functions of sets £ : © — {0,1} by smooth functions & rapidly changing between two
pure states. I give an introduction to the phase-field method in the next section because
it provides the framework to understand the relationship between Chapter 3 and the rest
of the thesis.

From the computational point of view, these different representations of the inter-
face give rise to different numerical methods which all have their own advantages and
drawbacks. I refer to [106] for a review of these methods.

I finish this section with some instances of problems that combine the difficulties of
geometric evolutions together with physical effects of non-local type. Let I' be a compact
hypersurface in R which separates an open domain Q C R? into two open sets Q_ and
Q4. The Mullins-Sekerka problem (which I think is also called the Hele-Shaw problem)
is meant to describe the evolution of the spatial distribution of two phases driven by the
reduction of interfacial area and limited by diffusion. It is given by

—Au =0, x € Q_(t)UQy(t),
V=—[Vu] v, x eIy,
u=H, z € Iy,

Vu-v =0, x € 012,

where [-] denotes the jump of a quantity across the interface I'. This evolution preserves
the volume of both phases and decreases E(I't). We refer to [138, Section 2.5 for a
derivation of the problem as a H ! gradient flow of (1.3.5). The Mullins-Sekerka problem
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Figure 1.4: Sharp and diffuse interfaces®

is related to the classical Stefan problem in arbitrary dimension, given by

Owu = d;Au, x € Q(t), i € {—,+},

V =—[dVu] - v, x €Iy,

u =0, x eIy,
Vu-v=0, x € 0f.

These problems are in general very difficult to address and I refer to [209] for analytical
tools and applications to different problems of this type.

1.3.2 Diffuse interfaces via the phase-field approach

The main idea of the phase field approach is to replace sharp interfaces by diffuse inter-
faces (Figure 1.4), that is, to replace characteristic functions of sets by smooth functions
ue rapidly changing between two pure states in an interfacial region whose thickness
depends on the small parameter € > 0. Note that, although I present the method as a
way to approximate sharp models, diffuse interfaces can in fact be more physical in some
situations. Let me consider the Ginzburg-Landau energy

E.(u) ::/Q<;Vu|2+i\11(u)) dz, (1.3.5)

where ¥ : R — R, is a double-well potential having two global minima with value zero
at +1 i.e. such that ¥(£1) =0 and ¥ > 0 in (—1,1). A common choice is the quartic
potential

U(u) = (u? —1)% (1.3.6)

The term %\Il(u) in (1.3.5) penalizes values that differ from the two minima, while the
term %|Vu|2 penalizes oscillations. A famous result due to Luciano Modica and Stefano
Mortola links (1.3.5) to the area energy (1.3.1): up to a constant factor, E. I'—converges
to E as ¢ — 0. This means that, under appropriate assumptions, the minimizers and
extremal values of F. converge to those of a multiple of E. We do not make the statement

3https://personal.ems.psu.edu/~fkd/courses/EGEE520/2019Deliverables/phase . pdf
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more precise and refer to the original result [191] and to the book [45] for an introduction
to I'—convergence and its applications. In the light of this result and of the gradient flow
interpretation of the mean-curvature and surface diffusion flows with respect to E, it is
natural to approximate these flows by gradient flows of E. with respect to the respective
associated metrics. Therefore, mirroring the approach of the previous section, we first
compute the first variation of E., obtaining, for u € H'(Q),

0F d 1
5; (u)(v) == ﬁEe(u + 1)), = /Q <5Vu -V + E\P'(u)v> dx,

where the derivative of the potential (1.3.6) reads
U (u) = —u+u’.
Choosing the L? inner product, we obtain the Allen-Cahn equation

1
Ou =eAu— ~V'(u), t >0, z €.
€

(1.3.7)
Vu-v=0,t>0, x € 00.
The H~' inner product provides instead the Cahn-Hilliard equation
Lo
Ou=A(—-cAu+ -V'(u) ), t>0, z €.
€ (1.3.8)

Vu-v=VAu-v=0, t>0, x € 0.

The Allen-Cahn equation is a parabolic equation of order 2, which does not conserve
the mass. On the other hand, the Cahn-Hilliard equation is a mass-conserving parabolic
equation of order 4. Both equations decrease the Ginzburg-Landau energy (1.3.5): if u
is a solution to (1.3.7) or (1.3.8) then

—E (u(t)) <0.
SE(u(t) <
I refer to [133] for a more thorough presentation of the gradient flow interpretation of
these equations.

Relating the gradient flows of E. to the gradient flows of E' is usually referred to as a
sharp interface limit. The goal is to show that, up to a time scaling related to e, the family
of solutions (us)e>0 obtained from the phase-field model converges, as ¢ — 0, to a set
characteristic function ug :  — {—1,+1} and that in addition, the boundary between
the sets {ug = —1} and {ug = 1} evolves following a geometric law similar to (1.3.3)
or (1.3.4). There are essentially two approaches to sharp interface limits: one approach
assumes that a smooth local solution to the limiting surface evolution equation exists
and uses matched asymptotic expansion to construct a local solution to the phase-field
equation which converges to the surface evolution. This approach can be only formal or
made rigorous. The other approach is global in time and depends on the chosen weak
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1.3 Moving interfaces

formulation for the limiting surface evolution. Besides, let me point out that there have
been attempts to build an abstract theory of evolutionary I'—convergence [211, 215, 46].

As expected from the previous derivation, it has be shown by many different methods
that the sharp interface limit of the Allen-Cahn problem (1.3.7) is the mean curvature flow
[50, 79, 125, 151, 105]. On the other hand, the sharp-interface limit of the Cahn-Hilliard
equation (1.3.8) is not the surface diffusion flow (1.3.4) but the previously introduced
Mullins-Sekerka problem [204, 8, 222, 173]. To derive the surface diffusion flow, I need
to introduce a variant of the Cahn-Hilliard equation (1.3.6)-(1.3.8) where the quartic
potential is replaced by a logarithmic one and a degenerate mobility is introduced. This
model is introduced and studied in the next section where available results about its
sharp-interface limit are also discussed.

1.3.3 More about the Cahn-Hilliard equation

The Cahn-Hilliard equation as a physical model goes back to [58], long before the connec-
tion with geometric evolutions, and was initially developed to describe patterns formation
in the phase separation of a two-component system where 0 < u(t,z) < 1 represents the
concentration (mass or volume fraction) of one of the two components while the other
one is described by 1 — u. A general form of the Cahn-Hilliard equation is given by

dyu = div (m(u)V (F' (u) — EzAu)) , t>0, x e
Vu-v=m(u)V(F (u) —?Au) -v =0, t >0, z € 09, (1.3.9)
u(0,z) = up(z), x € Q,

allowing for different form of double-well potentials F'(u) and mobility coefficient m(u) >
0. It is common to introduce the chemical potential variable

p = F'(u) — e*Au.

Then testing (1.3.9) against p and integrating over €2 gives, on the left hand-side,

/a _4 /F()+52!V|2d
Qtu,u—dt A u 5 u x|,

and one the right-hand side, using integration by parts,
[ div )V p = [ mu] P
Q Q
so that the Lyapunov estimate reads

% (/Q F(u) + frw?) = —/Qm<u>|w2 <.

This is of course reminiscent of the gradient flow derivation from the Ginzburg-Landau
energy. In fact, the Cahn-Hilliard equation with a general mobility can also be interpreted
as a gradient flow of (1.3.5) for a suitable weighted H~! inner-product, see [223].
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Chapter 1 General introduction

The Cahn-Hilliard equation (1.3.8) derived in the previous section corresponds to the
case of constant mobility m(u) = 1 and F given by the quartic polynomial potential
(1.3.6), except for a different time-scaling ¢ — et and the change of variable v = u —
(1 —u) = 2u — 1 which explains why the previous potential had minima at +1 whereas
now [’ has two zero-minima at 0 and 1. The different versions co-exist in the literature
and are all equivalent, except when performing the sharp-interface limit when the time-
scaling is important. The constant mobility and quartic potential case is well-understood
analytically: I already mentioned some results relating the sharp-interface limit to the
mean curvature flow [50, 79, 125, 151, 105]. Global existence and uniqueness of strong
solutions for H? initial data and in space dimension d < 3 was first addressed in [122].
Then the well-posedness of global weak solutions for L2 initial data and d < 3 was proved
in [194, Part 2|. Many more works have been devoted to regularity issues and long-time
asymptotics and I refer to [190, Chapter 3] and the references therein. However, due
to the lack of maximum principle for fourth order equations, the solutions need not to
remain bounded in the interval of interest (0, 1) (or (—1, 1), depending on the convention),
even if the initial data lies in this interval, which is physically irrelevant and motivates
some changes in the model.

An important physical variant of the Cahn-Hilliard equation corresponds to the case
where the potential F'(u) is of logarithmic type

F(u) = % (ulogu + (1 —u)log(l —u)) + au(l — u), (1.3.10)

for given constants ©,« > 0. This choice follows from thermodynamic considerations
where © is the fixed temperature and is associated to an entropy contribution. This
potential is singular at « = 0 and v = 1 and is therefore associated to the concentration-
dependent mobility

m(u) = u(l —u) (1.3.11)

which degenerates at © = 0 and u = 1 and hopefully prevents the solution from escaping
the interval (0, 1). The Cahn-Hilliard equation (1.3.9) associated to the potential (1.3.10)
and mobility (1.3.11) reads

Oyu = div (m(u)V(C;)log (1ﬁu> + a(l —2u) — 52Au)> , t>0, x €.

Vu-v=m(u) <2u(1@_u)Vu—2aVu—52VAu> v=0,t>0, z€d,

u(0,z) = up(x), = € Q.
(1.3.12)
The derivation of the latter is physically justified and (1.3.8) can in turn be obtained
as a suitable aproximation of the degenerate Cahn-Hilliard equation. We point out that
another nonsmooth potential, the double obstacle potential is frequently studied and is
obtained from (1.3.10) in the the so-called deep quench limit € < 1, see [36].

Problem (1.3.12) is now of degenerate parabolic type, which significantly complicates
the analysis and, in fact, very few analytical results are known for this equation. A
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1.4 Stabilization

global existence result has been proved in [120] where, in particular, the solution remains
bounded in the interval of interest. To my knowledge, no more analytical result is
available in the exact setting (1.3.12). A global existence result has been proved more
recently in the case of more general degenerate mobility matrices but with a smooth
potential [98]. The long-time behaviour of (1.3.9) with the logarithmic potential (1.3.10)
is investigated in the case of a mobility of constant type in 1] and of non-constant but
not degenerate type in [213, 214]. Let me now discuss the sharp interface limit results for
(1.3.12): in [57], the authors used formal asymptotics to show, after a time scaling t — &%t
in (1.3.12), the convergence to surface diffusion in two regimes: on the one hand, the deep-
quench limit and associated double obstacle potential and on the other hand, the small
temperature regime © = O(e®), where o > 0 is associated to the logarithmic potential
(1.3.10). In addition, in a recent work [174], the authors used formal asymptotics to
show that, in the case of degenerate mobility and smooth quartic potential, the limiting
model is not governed by pure surface diffusion but admits a non-local contribution. To
my knowledge, none of these results has been made rigorous yet.

1.4 Stabilization

A control system is a dynamical system on which one can act by using suitable controls.
Control theory is historically closely related to automatics and engineering, although it
is clear that applications are ubiquitous. The theory is usually divided between three
subfields that correspond to three different goals, namely

e Controllability. The goal is to “move” the control system from a given state to
another. In this case, the controls are time-dependent functions defined a priori
for a given initial state. The system is said to be in open loop.

e Optimal control. The goal is to choose the optimal trajectory between two states
with respect to a given criterion to be minimized along the path.

e Stabilization. The goal is to stabilize a given unstable equilibrium of the uncon-
trolled system. In this case, the controls are functions of the state itself (and
possibly of time), one calls them feedback laws. The system is said to be in closed
loop.

The significant advantage of stabilization over controllability is its robusteness with re-
spect to various errors and uncertainties. On the other hand, it requires the observability
of (part of) the state, which is not always granted in applications. On the mathemat-
ical level, well-posedness for closed-loop systems is in general more involved than for
open-loop systems because of the state-dependence of the controls. When the system
at hand is a (system of) partial differential equation(s), one distinguishes between in-
ternal control, acting in the interior of the domain and appearing in the equation itself,
and boundary control, appearing in the boundary conditions. In many physical systems,
boundary control is more realistic to achieve.
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Chapter 1 General introduction

This section is not an introduction to control theory or even to boundary stabilization
theory, for which I refer the reader to the monograph [85] (mostly in finite dimension).
My main goal is to introduce a specific boundary stabilization method, the backstepping
method, introduced in Section 1.4.2, mostly after [170]. To this aim, I first need to
introduce some basic material about stabilization in Section 1.4.1. Jean-Michel Coron and
Hoai-Minh Nguyen applied the backstepping method to stabilize in finite time the heat
equation with variable coefficients in [92|, which strongly inspired our work in Chapter 2.
I present their approach and results in Section 1.4.3.

1.4.1 Basic notions

For the sake of clarity, I introduce some notions in finite dimension and discuss the
extensions to infinite dimension at the end of the section. I first consider the dynamical
system given by

i = X(z) (1.4.1)

where, to simplify, I assume that X € C%(2 € R™;R") so that at least one maximal
solution to (1.4.1) exists when starting from some initial condition in © (Cauchy-Peano
theorem). We also assume that £ € 2 is an equilibrium of (1.4.1), that is X (z) = 0.
I give a definition of asymptotic stability, which is stated as a characterization in [85,
Theorem 10.8].

Definition 1 (Asymptotic stability). One says that Z is locally asymptotically stable
for (1.4.1) if

i) T is a stable point for (1.4.1), i.e., for every e > 0, there exists n > 0 such that

(@ =X(x) and |z(0) —z| <n) = (|z(t) —z| <e,Vt >0).

ii) T is an attractor for (1.4.1), i.e., there exists p > 0 such that

(@ =X(z) and |z(0) — 7| < p) = ( lim z(t) = z).

t——+o0

If Q = R™ and property ii) holds for any p > 0, T is said to be globally asymptotically
stable for (1.4.1).

Here are some facts:

e For the linear system & = Ax, local and global stability are equivalent. 0 is asymp-
totically stable for the system if and only if every eigenvalue of A has a strictly
negative real part.

e Linear test: assume that the vector field in (1.4.1) belongs to C1(Q;R"). If every
eigenvalue of X'(Z) has a stricly negative real part, then T is asymptotically stable
for & = X (z). If one eigenvalue has strictly positive real part, then it is not.
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1.4 Stabilization

The linear test does not characterize the local asymptotic stability of nonlinear systems
but provides an important sufficient (resp. necessary) condition.

Let me now consider the abstract control system
T = f(x,u), (1.4.2)

with state € R”, control u € R™ and f of class C'! in a neighborhood of (0,0) € R* xR™
such that f(0,0) = 0.

Definition 2 (Asymptotic stabilization). The control system (1.4.2) is locally (resp.
globally) asymptotically stabilizable by means of continuous stationary feedback laws if
there exists u € CO(R™;R™) satisfying u(0) = 0 such that 0 € R" is a locally (resp.
globally) asymptotically stable point for the closed-loop system

& = f(z,u(x)).
Here are some more facts:

e Pole-shifting theorem: Assume that the linear control system & = Az + Bu is
controllable. Given arbitrary values A1, ..., A,, there exists K € R™*™ such that
the eigenvalues of A + BK are exactly Aq,...,A,. In particular, any controllable
linear system if asymptotically stabilizable by means of a continuous stationary
feedback law of the form x — Kx.

e [t follows from the pole-shifting theorem combined with the linear test that, if the
linearized version of (1.4.2) around (0, 0) given by

i = 8, f(0,0)x + 9, £(0,0)u

is controllable, then there exists K € R™*™ such that 0 € R" is locally asymptoti-
cally stable for the closed-loop system @ = f(z, Kx).

The conclusions of the pole-shifting theorem are very strong and the main assumption is
the controllability of a given autonomous linear system of the form & = Ax+ Bu. For this
type of system, there exists a simple necessary and sufficient condition for controllability,
the Kalman condition, which is purely algebraic on the matrices A and B. Thus in this
case, the theory essentially reduces to linear algebra.

Nevertheless, there are situations when the linear test fails, and when it is not clear
whether a given nonlinear control system is stabilizable or not. Moreover, the pole-
shifting theorem cannot be efficiently generalized to infinite dimension even in the linear
case. Hence the need to develop different methods and in particular methods that are
specifically adapted to the nonlinear structure. One of the most natural and robust one is
the approach based on Lyapunov functionals. Besides, it has been shown that, unlike the
linear situation, not any controllable nonlinear system is asymptotically stabilizable by
means of continuous stationary feedback laws, even in the analytic case. To overcome this,
researchers have been mainly considering two other classes of feedbacks: discontinuous
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Chapter 1 General introduction

feedbacks and time-varying feedbacks. 1 refer to |85, Chapter 11] on this topic. Many
methods to derive feedback laws can be found in [85, Chapter 12].

In infinite dimension, a control system can still be stated under the form (1.4.2), but
the state space to which x belongs is now an infinite-dimensional Banach space. The
first difficulty arises from the well-posedness of the dynamical system, since the Cauchy-
Lipschitz and Cauchy-Peano theorems cannot be used in general for PDEs applications
where the involved operators are unbounded, and well-posedness depends on the defini-
tion of solution at hand. Second, since topologies are not equivalent in infinite dimension,
many different choices can be made in the definition of asymptotic stability, depending
on the situation [91]. On the one hand, an abstract framework can still be provided
using semigroup theory and tools from functional analysis. On the other hand, it seems
reasonable to rather describe general ideas and heuristics rather than stating general
theorems, and then to try to apply these ideas to various specific problems. It is in this
spirit that I present the backstepping method for PDEs in the next section.

1.4.2 The backstepping method

The backstepping method emerged at the end of the 1980s to address finite-dimensional
systems having a particular “cascade” structure, which reads as

#1 = fi(x1, za), (1.4.3)
oo 4.

where the state is = (z1,72)7 € R™ T2 with (21, 22) € R™ x R" and the control is
u € R, The key theorem of finite-dimensional backstepping is stated below. A proof
and references can be found in [85].

Theorem 2 (Theorem 12.24 of [35]). Assume that f; € C1(R™ x R"2;R™) and that the
control system

ZI/;l - fl(xhv)v

where the state is x1 € R™ and the control is v € R™, can be globally asymptotically sta-
bilized by means of a stationary feedback law of class C*. Then the control system (1.4.3)
can be globally asymptotically stabilized by means of a continuous stationary feedback law.

Miroslav Krstic, Andrey Smyshlyaev and collaborators initiated in the 2000s an effort
to extend the backstepping method to PDEs in the context of boundary control. Their
intuition was that the cascade structure (1.4.3) is similar to a boundary control problem
where the instability arises from the interior equation and the effect of the control has to
be propagated through the dynamics. In a nutshell, the idea of the backstepping method
is to transform the original unstable system into a stable target system, where the form
of the change of variables is specifically adapted to the cascade or triangular structure
of the original system and the transformation can be inverted. Let me introduce the
method in the context of PDEs through an example taken from [170, Section 4.1], which
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1.4 Stabilization

serves as the basis for further developments in this thesis. We consider the domain (0, 1)
and the boundary problem
Owu(t,z) = 02 u(t,z) + Mu(t,z), t>0, z € (0,1),
u(t,0) =0, t >0, (1.4.4)
u(t,1)=U, t >0,
where A € R and U is the boundary control. In the case U = 0 and for A sufficiently

large, the system is unstable because of the destabilizing term Aw. It is therefore natural
to consider as a target the stable system

xT
,0)=0, t >0, (1.4.5)
1

The exponential stability of the latter simply follows from the Poincaré inequality

1d
5@\@@)1@2 = —[IVw(®)[7> < = llw(®)|7,
from which one obtains
[w(t)ll2 < e lw(0)]| 2. (1.4.6)

The target variable w is obtained via the Volterra integral transformation

w(t,x) = u(t,x) — /006 Ex(z,y)u(t,y) dy, (1.4.7)

where k) is the backstepping kernel which will be defined later. One remarks that the
triangular structure appears in the transformation since integration runs only up to the
local variable x and not up to the boundary x = 1. The method imposes the choice of
the feedback law: inserting w(t,1) = 0 in (1.4.7) gives

1
u(t, 1):/0 Ex(1,y)u(t,y)dy. (1.4.8)

Remark that the feedback law (1.4.8) requires the observation of the full state u. The
main advantage of transformation (1.4.7) is that it is always invertible in L?(0,1) pro-
vided kj is itself in L?(D) where D := {(z,y) € (0,1)%, y < x}. The inverse of the
transformation has the form

u(t,r) = w(t,x) + /Ox Ix(z, y)w(t,y) dy, (1.4.9)

where [y is defined as
l)\<1‘, y) - —k‘,)\(flﬁ, y) <1410>

This guarantees that the L? stability of the target system can be translated into the sta-
bility of the original system, and moreover that stability rates are quantitatively related
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through estimates on the kernels k) and [,. More precisely, it follows successively from
(1.4.9), (1.4.6) and (1.4.7) that, for any ¢ > 0,

lu)lz20,1) < A+ I 2 o) lw @)l 220,1) < 0+ I 22 ) [0 (0) ] 22(0,1) €7

- (1.4.11)
< (U + [llz2) (1 + kAl 2 o) 1l 2200y €7

Therefore, the boundary stabilization problem has been reduced to proving the existence
of (and possibly constructing) a kernel k) that transforms the original PDE into the
target one. Inserting (1.4.7) into the PDE satisfied by w in (1.4.5) and performing
formal manipulations, one obtains that k) must satisfy

aixk)\ — 8§yk)\ = )\k)\a (:L‘vy) €D,
kx(z,0) =0, z € (0,1), (1.4.12)
kx(z,z) = —g:c, xz € (0,1).

This is the kernel problem. Interestingly, although we started from the boundary control
of a parabolic equation of heat type, we end up with a hyperbolic problem of wave type.
Note also that the triangle D = {(z,y) € (0,1)?,5 < 2} can be interpreted as a moving
domain if the equation is thought of as a wave equation where x is interpreted as time and
the space variable y evolves in (0, ). It turns out that (1.4.12) is well-posed and admits
a smooth solution for any A € R. The solution can even be exlicitly constructed, using
a fixed point approach and special functions, see [170, Section 4.3-4.4]. This solves the
boundary stabilization problem, provided one can prove well-posedness for the controlled
problem (1.4.4) with the boundary feedback U(u) = fol kx(1,y)u(t,y) dy where k) solves
(1.4.12). Note that the non-local boundary condition is not so standard.

We have achieved exponential stabilization of (1.4.4) with decay rate 1. It is easily seen
that, considering instead of (1.4.5) a target equation of the form dyw = 92, w — ow, then
the exact same reasoning would lead to kernels k) ,, [y, such that (1.4.4) is stabilized
with decay rate at least o, for any o > 0. This is called rapid stabilization. Note however
that the constant in the stability estimates (1.4.11) are expected to be increasing with
respect to A and o and may become huge, thus limiting in practice the interest of rapid
stabilization. It is therefore important to have a good understanding of the behaviour of
this constant with respect to A, o, and this topic is addressed in the next section.

1.4.3 Quantitative kernel estimates and finite time stabilization

I describe here part of the work published in [92]. The authors are interested in the
finite-time stabilization of the heat equation in one dimension with space-varying coef-
ficients and Dirichlet boundary conditions, using the backstepping method described in
the previous section. The system to be stabilized is given by

{atu(t,g;) = Oz (a(x)0pu(t, ) + c(z)u(t,z), = € (0,1), (1.4.13)

u(t,0) =0, u(t,1)=U(t).
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1.4 Stabilization

They assume that a € H?(0,1), ¢ € H'(0,1), that a is uniformly elliptic and they prove
the following theorem.

Theorem 3 (Theorem 1 of |92]). Let T' > 0. There exists a piecewise constant functional
K :[0,T) — (L*(0, 1))/ such that, for every ug € L?(0,1), if u € C°([0,T); L?(0,1)) is
the solution of (1.4.13) with U(t) defined by

U(t) == K(t)u(t,-),

then
u(t,-) = 0 in L*(0,1) ast — T~

Ult)—-0ast—T".

The operator K(t) is constructed by backstepping and reads, similarly to (1.4.8), for
v e L*0,1),

1
K(tyo = /0 (1, 9)0(y) dy.

for t, <t < tp4+1. The sequence of times (¢, )nen is such that tg = 0, ¢, — T~ and the
sequence of kernels (k,)nen corresponds to positive damping coefficients (A, )nen in the
sense that, for n € N, the kernel k,, is defined such that, for any ¢, <t < t,,41, w defined
by

w(t,x) = u(t,x) — /01 kn(x,y)u(t,y) dy, = € (0,1) (1.4.14)
satisfies the target equation
Ow(t,x) — Oz (a(z)0zw(t, x)) + AMw(t,z) =0, z € (0,1). (1.4.15)
It follows from (1.4.13)-(1.4.14) that w satisfies as well
w(t,1) =0, and w(t,0) = 0. (1.4.16)
Combining (1.4.15) and (1.4.16), one can derive, for t, <t < tp41,
lw(t, )z < e w(th, )|l 2.
The kernel problem solved by k,, is given by

Oz (a(2)Okin (2, y)) — Oy(aly)Oykn(x,y)) — [An + c(y)]kn(z,y) =0, (2,y) € D,

kn(z,0) =0, z € (0,1),

2a(x)(Opkn(z,y) + Oykn(z,y)) + d' () kp (2, 2) + A + c(x)] =0, = € (0,1).
(1.4.17)
Leaving aside the variable coefficients, everything is similar to the reasoning of the pre-
vious section except that the authors have chosen to stabilize more and more rapidly
the system using time-varying feedbacks (piecewise constant in time). Their analysis is
however rather different, because the kernel problem (1.4.17) is not anymore explicitly
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solvable and requires a weak approach to address coefficients with low regularity. In
doing so, the authors are able to derive the estimates [92, Corollaries 1 and 2]

[Enllpr(py < €V, and [l g (py < Cn,

where the inverse kernel [,, is related to k;, thanks to (1.4.10) and C' > 0 is a constant that
depends only on the functions a and c¢. These estimates are crucial to show Theorem 3.
Some additional assumptions on the sequences (t,)y and (A,)y are needed, see [92,
Proposition 1|. For example, the sequences t, = T — # and )\, = n® match these

assumptions.

1.5 Contributions of the thesis

The original work of this thesis is divided into three chapters. Chapter 2 is taken from
the published paper [68], together with Virginie Ehrlacher and Amaury Hayat. Chapter 3
is taken from the submitted work [69] in collaboration with Virginie Ehrlacher, Greta
Marino and Jan-Frederik Pietschmann. Chapter 4 is an extended version of the work
[59], together with Clément Cancés, Claire Chainais-Hillairet and Virginie Ehrlacher.

1.5.1 Contributions from Chapter 2

In this chapter, we are concerned with the boundary stabilization of system (1.1.3). The
main motivation of the authors of [24] for the study of such a system was to control
the gaseous fluxes (Fp,..., F),) injected during the deposition process in order to reach
target composition profiles. The global existence of weak solutions in the open-loop case
(F depends only on time) was shown by adapting the boundedness-by-entropy method,
presented in Section 1.2.4, to their moving-boundary case. The authors also proved long-
time asymptotics of the volume fraction profiles in the case of constant external fluxes.
However, the corresponding asymptotic profiles appeared to be stable with only a very
poor convergence rate and whether one could use a better flux control F' to improve their
stability remained an open question that provided the motivation for our work. We refer
to Section 2.2 for a complete presentation of their results.

We address the stabilization of the linearized version of (1.1.3) around uniform equi-
librium states (precisely defined in Sections 2.2.2, 2.2.3, 2.3.1). The linearized system
reads

Orou — A(@)d2,6u = 0, (t,x) € Uk,
A(w)0z0u(t,e(t)) + vdu(t,e(t)) = oy(t), t e RY, L5l
A@)d,0u(t,0) = 0, teRy, 45

su(0,2) = 0u’(z), =z € (0,e),

where du € R" is the state, 03 € R" is the control vector, v > 0 and é(t) = €y + vt.
Our result is valid under appropriate assumptions on the cross-diffusion matrix A which
build on the usual entropy structure conditions to address the nonlinear problem (see

34



1.5 Contributions of the thesis

Theorem 1), together with an additional symmetry assumption on the mobility matriz
(1.2.11) of the system at the state considered. In particular, the size-exclusion cross-
diffusion matrix (1.2.6) satisfies these conditions around any such state. We show that
we can obtain stabilization in arbitrary small finite time of the linearized system, with
a feedback control derived using the backstepping technique inspired from the method
described in Section 1.4.3.

Very few works addressed control questions on cross-diffusion systems [182, 220] and
our work is, up to my knowledge, the first one to address the feedback stabilization of
such systems. Although our result concerns the linearized system (1.5.1), it paves the way
to the local stabilization of the nonlinear system (see the perspectives in Section 1.6).
From the backstepping perspective, we extend the method described in Section 1.4.3
to a moving-boundary situation. New difficulties arise from the moving-boundary, in
particular the backstepping transform (1.4.7) has to depend on time and one has to
make sure that this does not jeopardize the exponential stability (resp. the finite time
stability). Indeed, when applying the transformation backward to obtain the exponential
stability of the original system, the cost of the estimate depends on the norm of the
backstepping transform and of the norm of its inverse, which depend themselves on time
(see (1.4.11)). If this norm goes to infinity exponentially fast, it could be that the original
system is not exponentially stable, let alone finite-time stable, even though the target
system is. We nevertheless show that this is not an obstruction to the stabilisation of
(1.5.1)

Our contributions can be summarized as follows:

o We show that the entropy structure together with the symmetry assumption on
the mobility matrix allow to diagonalize A(w), reducing the stabilization of (1.5.1)
to the stabilization of the scalar problem

8t<§ - Uaixcg = 07 (t,l‘) € Ug,
00xCX (¢, e(t)) + ¢S (L, e(t)) = 63 (1), teRY, (1.5.2)
00,CS(t,0) = 0, teR".

The scalar target system is naturally given by

093 — 002,95 + Ag3 =0, (t,z) € Ug,
00:953 (¢, e(t)) +vg3 (t,e(t)) =0, t e RY,
00,5(1,0) =0,  teR}.
This reduction is crucial for us. We comment on the difficulties encountered in the

fully coupled case and present the vector-valued kernel problem in the conclusions
of Chapter 2.

e We formally derive the time-dependent scalar kernel problem (2.6.9) and we remark
that it admits solutions with separate variables that allow to recover the classical
kernel problem (1.4.12) set in a moving domain, see (2.6.11). In a sense, this
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means that the Volterra backstepping transform is “compatible” with the moving
boundary. The scalar feedback law is given by

(%)
oYX (1) == ok (e(t), e(t))¢x (¢, e(t)) + /0 [0k (e(t), y) + Dk (e(t), ¥)] CX (¢, y)dy.

The well-posedness of the backstepping transformation is then rigorously verified
in a L? regularity setting in the results of Section 2.4.5.

e We prove well-posedness and quantitative estimates for the scalar kernel problem
(see Proposition 3). The estimates read, for any = € (0,e(t)),

/0 (16 (2, y)* + |VE (2, y)|?) dy < Ce®DVA/e, (1.5.3)

xT )\ 4 )
[ 5 a@R 4 195 @nP) dy < (3) e,
0

This allows to conclude to the rapid stabilization of (1.5.2) (Corollary 1) and there-
fore of the coupled problem (1.5.1) (Theorem 5).

e Finally, we use the estimates (1.5.3)-(1.5.1) to adapt the strategy described in
Section 1.4.3 to obtain stabilization in arbitrary finite time (Theorem 6). The key

VA

point is that the constant in the stability estimate is of the form Ce®v*, which can

always be “beaten” by the decay term e~ * when \ > 1.

1.5.2 Contributions from Chapter 3

Before detailing the contributions of this chapter, I need to present the model introduced
in [118]. The latter describes the evolution of a multicomponent mixture where cross-
diffusion effects between the different species are taken into account, and where only
one species does separate from the others. The mixture occupies an open, smooth and
bounded domain Q € R% with d = 1,2, 3 and is composed of n + 1 species whose volume
fractions are denoted by w;, i = 0,...,n. Setting u = (ug, ..., u,), the dynamics of the
system is governed by the free energy functional

n

E(u) := /Q [Z(uz Inwu; —u;+ 1)+ §|Vu0|2 + Bup(1l —up) | dex, (1.5.4)
=0

where € and (§ are positive constants. This is a multispecies generalization of the
Ginzburg-Landau energy (1.3.5) with logarithmic potential (1.3.10). Denoting by p =
‘;—5 € R™*! the chemical potential, the corresponding evolution system formally reads as

Oy = div (M (u)Vu)  in Q x (0, 400), (1.5.5)

where M : R**1 — RO HDX(n+1) g 5 degenerate mobility matrix, see (3.1.3) and Sec-
tion 3.1.2 for a complete presentation of the model. The mobility matrix is in fact

36



1.5 Contributions of the thesis

associated to the size exclusion diffusion matrix (1.2.6), already studied in the previous
chapter. As expected, due to their interpretation as volume fractions, the quantities wu;
must satisty, for a.e. x € Q, t € (0,400),

0<uwi(t,z) <1 forali=0,...,n and Zui(t, x)=1. (1.5.6)
=0

The evolution system is supplemented with no-flux boundary conditions as well as initial
conditions that are consistent with the constraints. The main result from [118] is the
existence of a solution to a suitable weak formulation of this problem.

The aim of our work is the study of the multispecies degenerate Ginzburg-Landau
energy (1.5.4) and its relation to the system of cross-diffusion Cahn-Hilliard equations
(1.5.5). First, we study some solutions to the stationary problem

0=div(M(u)Vy) in . (1.5.7)

In general, the analysis of this system of coupled, degenerate elliptic equations is by no
means straightforward. In this work, motivated by the gradient flow structure of the time-
dependent system highlighted above, we focus our study on the set of local minimizers
of the energy functional (1.5.4). The latter are natural candidates for solutions to (1.5.7)
for one expects that solutions of the time-dependent system should converge in the long
time limit to one of these local minimizers. We acknowledge here that other stationary
solutions may exist, but stress on the fact that local energy minimizers are of particular
physical relevance for the present system. When the parameters are chosen such that
the energy functional is strictly convex, the unique minimizer is constant and we show
that solutions to the evolution problem (3.1.2) converge to it exponentially fast.

In the non-convex case, the dynamics is much more complex and we study it using
a finite volume scheme that preserves the structure of the continuous time-dependent
system. The simulations demonstrate the capability of the scheme and allow to explore
the dynamics for arbitrary parameter regimes.

More precisely, our work makes the following contributions

e Proving existence and uniform lower and upper bounds for the local minimizers
of (1.5.4) in the L>®(2)"*! topology. We emphasise that the latter, in contrast
to the results of [118], requires a construction which has to preserve not only the
constraints but also the mass of the competitor (candidate for lower energy in the
contradiction argument), which significantly complicates the argument.

e Gaining regularity of the minimizers from the Euler-Lagrange system, we show that
they qualify as classical solutions to the stationary system (1.5.7). We also show
that the Euler-Lagrange equation for the void species decouples, revealing a strong
link with the single-species energy.

e We study the convexity properties of (1.5.4) and are able to give explicit quan-
titative bounds. In a particular parameters regime, we show that the minimizers
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are constant and that solutions to the dynamical system converge exponentially
fast to them, for arbitrary initial data with finite energy. We give explicit rates of
convergence.

e We introduce a two-point finite volume scheme that approximates the evolution
problem (1.5.5), preserving the constraints (1.5.6). The discrete free energy is
shown to be nonincreasing, using the logarithmic chain rule (1.2.26) and adapt-
ing the convex-concave splitting of [118] to the discrete case (this is well-known
for Cahn-Hilliard approximation, see [130]). We provide numerical simulations to
illustrate the behaviour of the scheme and to investigate the variety of stationary

solutions in the long-time limit, see Section 3.5.

1.5.3 Contributions from Chapter 4

In this chapter, we propose and study an extension of the model (1.1.3). In the latter, the
absorbed fluxes F'(t) were assumed to be explicitly known, which is not realistic since the
values of these fluxes depend on the interaction between the gaseous and solid phases in
the hot chamber. A more realistic model thus necessary has to account for the evolution
of the gaseous phase and for how the deposition occurs at the interface between the two
phases. We propose a first model in this direction. For the sake of simplicity, we only
consider here an isolated system (no incoming fluxes in the hot chamber) in order to
mainly focus on the moving-interface coupling.

Let me present the model and refer to Section 4.2 for more details. Let = (0,1)
be the physical domain containing both the solid and gaseous phases. For all £ > 0, let
e(t) € [0, 1] denote the position at time ¢ of the interface between the two phases. More
precisely, at time ¢, the solid phase occupies the domain (0,e(¢)) and the gaseous phase
occupies the domain (e(t),1). We adopt the convention that if e(¢) = 0 (respectively
e(t) = 1), then the domain is entirely composed of a gaseous (respectively solid) phase.
We denote by @ := R4 x € the time-space domain of the problem.

We consider n different chemical species represented by their densities of molar con-
centration. More precisely, for all i € {1,...,n}, u;(t,z) represents the density of mo-
lar concentration of species i at time ¢ > 0 and point z € Q and we set u(t,z) :=
(ui(t,))ieq1,....n}- Volume-filling constraints are satisfied, i.e. for almost all (¢,2) € Q,
the vector u(t, z) is expected to belong to the set

n
A= {(ul,...,un) eR", Zul = 1},
i=1
We assume that initial conditions for the model are given such that, at time ¢ = 0,
e(0) = € and ¢(0,z) = (x), (1.5.8a)

for some €” € Q and ¥ € L>(£2; A). Now, for almost all (t,x) € Q and alli € {1,...,n},
we denote by J;(t,z) € R the molar flux of species i at time ¢ and point x € 2, and set
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J(t,z) = (Ji(t,x),. .., Ju(t,z))T. The local conservation of matter inside the solid and
gaseous phase respectively reads as

Oic+ 0, JJ =0, ae. in Q. (1.5.8b)
Let us also denote by

Qs ={(t,x) € Q, z € (0,e(t))} and Qq:={(t,x) €@, z € (et),1)},

the time-space domains associated to the solid and gaseous phases respectively. Cross-
diffusion phenomena are modelled by a diffusion matrix-valued mapping A5 : R® — R®*™
(resp. Ay : R™ — R™ ™) in the solid (resp. gaseous) phase, as

J = —AS(C)&BC, a.e. in QS7

1.5.8
J = —A4(c)0zc, ae. in Q. ( ©

We require that the diffusion matrix mappings A, and A, satisfy some assumptions
related to the entropy structure (H) defined in Section 1.2.4 and made precise in Section
4.2.2. On the boundary of the full domain €2, zero-flux boundary conditions are imposed,
ie.

J(t,0) = J(t,1) =0, for a.a. t > 0. (1.5.8d)

In addition, we assume that J and ¢ are regular enough in order to define their trace
on the boundary of Qs and @, respectively. More precisely, for all ¢ > 0 such that

e(t) € (0,1), we assume that we can define for all i € {1,...,n},
TP (1) = Ji(te(t)7), J7(t) = Jilt,e(t)T), .
uf(t) =it e(t)”), ul(t) == wi(t,e(t)), (1.5.8¢)

and set us(t) = (uf(t))ie{l,...,n}v ug(t) = (u?(t))ie{l,...,n}v ‘]S(t) = (Jf(t))ié{l,...,n}a
JI(t) := (J7(t))ieq1,..n}- To complete the definition of the model, we use a flux vec-
tor F'(t) = (Fi(t))ief1,....,ny which accounts for phase transition mechanisms located at
the vicinity of the moving interface between the solid and gaseous phases. We focus in

this work on interface fluxes of Butler-Volmer type. More precisely, we introduce some

constant reference chemical potentials p** := (u:’s)ie{17._.7n},u*7g = (p:’g)ie{17._.7n} e R
and define the constants
B =exp([uf]), [w]=wp—pn"* Vie{l,...,n} (1.5.8f)

Then, the vector F'(t) is defined for all ¢ > 0 such that e(t) € (0,1) by

Lul(t) — /Brui(t), Vi€ {L,...,n}. (15.82)

and by F;(t) =0 for all i € {1,...,n} for all £ > 0 such that e(t) =0 or e(t) = 1.

Fi(t) =
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Then, the evolution of the location of the interface is defined, just as in (1.1.1), for
almost all ¢t > 0,

¢(t) = zn: Fi(t). (1.5.8h)
=1

Notice that, if there exists tg > 0 such that e(tg) = 0 (respectively e(t9) = 1), then
e(t) = 0 (respectively e(t) = 1) for all t > ¢y, and the system boils down to a simple
cross-diffusion systems with no-flux boundary conditions on the boundary of the whole
domain 2 and diffusion matrix given by A, (respectively Ag). As long as e(t) € (0, 1),
we impose the following boundary conditions across the moving interface

—J3(t) + €' (t)u(t) = —J(t) + € (t)ud(t) = F(t). (1.5.8i)
Our work makes the following contributions:

e We introduce a new moving-interface cross-diffusion system (1.5.8) and highlight its
variational entropy structure. The latter implies the thermodynamics consistency
of the model and lays the foundations for a rigorous mathematical analysis. The
stationary states are identified (Proposition 6) and insights are given concerning
the long-time behaviour.

e A finite-volume scheme is introduced to approximate the system. In contrast to
the scheme designed in |72], we do not rescale the system to a fixed domain but
rather discretize the moving-interface following a moving-mesh approach. Thus the
main novelty lies in the numerical treatment of the moving interface

e We prove the existence of at least one discrete solution to the scheme at each time
step and that this solution preserves the full structure of the continuous system
(Proposition 7). In particular, updating the interface and the mesh preserves the
decay of the entropy at the discrete level. The proofs require some more technical-
ities with respect to the situation of a fixed domain.

e Numerical results illustrate the properties of the model and the good behaviour
of the scheme. These results also support conjectures concerning the long-time
behaviour.

1.6 Perspectives

I list some research perspectives that are either in the direct continuation of the works
presented in the thesis or longer-term objectives.

1.6.1 Short term

e Continuation of Chapter 2: it is natural to study the stabilization of the full non-
linear system (1.1.3). We may first consider the particular affine diffusion matrix
(1.2.6). The strategy is to use the backstepping transform previously derived to
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stabilize the linearized system. Applying this transformation to the nonlinear sys-
tem, one recovers the stable linear target system up to some nonlinear residuals.
The goal is then to estimate these residuals to show that the target system remains
stable under appropriate smallness assumptions on the nonlinearities (leading to
a local stabilization result). We expect to use intensively the previously derived
kernel estimates. Although this strategy is usually successful in the backstepping
literature, it is not perfectly clear that it can be direcly adapted to the moving-
boundary case.

Another objective is to obtain numerical results that illustrate the stabilization of
the linearized and nonlinear systems.

e Continuation of Chapter 3: following the phase-field method presented in Sec-
tion 1.3.2, an interesting perspective is the formal derivation of a sharp-interface
model obtained from (1.5.4)-(1.5.5) in the regime 8 = 1 and e — 0. First, we may
study a I'-convergence result for the multi-species energy. Then for the evolution
system, we may adapt arguments from the asymptotic expansion performed in [57].

e Continuation of Chapter 4: a natural question is to prove the convergence of the
finite volume scheme presented here to some weak solution of the model (1.5.8),
which would yield in particular the existence of a weak solution to the model (see
a definition in Section 4.6). The study of the long-time behaviour of such weak
solutions is also on the scientific agenda. In particular, proving the conjecture
inspired by the numerical results shown in Section 4.5 that the solutions converge
exponentially fast with respect to time to some stationary state of the model is an
interesting perspective.

1.6.2 Longer term

e As a prolongation of Chapters 2 and 4, we may consider the coupled model (1.5.8)
with non-zero boundary conditions on the right-hand side and study the well-
posedness, stabilization and approximation of the resulting system. The model
would be more realistic than (1.1.3) to describe deposition because it would take
into account the gas dynamics. We expect the stabilization of such a model to be
difficult for the relationship between the state and control variables is very non-
local.

e A particularly exciting long-term goal is to address higher dimensional models inte-
grating geometric evolution and cross-diffusion, following the variational modelling
approach of [205]. We expect that the sharp-interface limit of system (1.5.4)-(1.5.5)
may provide an instance of such models.

e During the course of my thesis, I had the opportunity to visit Ansgar Jiingel at
TU Vienna and to launch a collaboration. The idea is to study cross-diffusion
systems that do not satisfy the normal ellipticity assumption (1.2.3) and thus for
which even the local theory of Amann does not apply. Such systems possess a

41



Chapter 1 General introduction

mixed hyperbolic-parabolic structure which raises new analytical and numerical
difficulties [116]. In particular, discontinuous solutions are expected [144, 33] and
we are interested in the propagation of these fronts in a multi-species context.
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2.1 Introduction

Cross-diffusion systems naturally arise in diffusion models of multispecies mixtures in a
wide variety of applications: tumor growth, population dynamics, materials science etc.,
see for example Chapter 4 of [155] for an introduction to these systems. Let n > 1 so
that the number of species in the system of interest is n+1, d € N* the spatial dimension
and  C R? the bounded spatial domain occupied by the mixture. Such a cross-diffusion
system then models the evolution of w;(¢, x) for all 0 < i < n, where u;(t,z) denotes the
local concentration or volume fraction of the i** species in the mixture at a time t > 0

and point z € Q. Setting @ := (ug,--- ,u,)’, a typical cross-diffusion system reads as
follows (together with appropriate initial and boundary conditions):
0yt — div, (ﬁ(a) vxa) —0 for (t,x) ERY x Q, (2.1.1)

for some matrix-valued mapping A : R*t! — R(+Dx(n+1) - Sionificant advances in the
understanding of the mathematical structure of these systems have been achieved in the
last ten years. Indeed, it has been understood in the seminal works [53, 159, 160, 156] that
many of these systems have an entropy structure, which enables to obtain appropriate
estimates in order to prove the existence of weak solutions to systems of the form (2.1.1).

These systems arise in particular in materials science, in order to model atomic dif-
fusion within solids. Indeed, hydrodynamic limits of some stochastic lattice hopping
models [210] read as cross-diffusion systems of the form (2.1.1). Our work here is mainly
based on the study initiated in [24], where the authors considered a one-dimensional
cross-diffusion system defined in a moving boundary domain in order to model a Phys-
ical Vapor Deposition process (PVD) used for the fabrication of thin film layers in the
photovoltaic industry. The process can be described as follows: a wafer is introduced in
a hot chamber where chemical elements are injected under gaseous form. As the latter
deposit on the substrate, a heterogeneous solid layer grows upon it. Because of the high
temperature conditions, diffusion occurs in the bulk until the wafer is taken out and the
system is frozen.

In this model, the solid layer is composed of n + 1 different chemical species and
occupies a domain of the form (0,e(t)) C Ry, where e(t) > 0 denotes the thickness of
the film. For all 0 <4 < n, let ¢; € L{. (R*) be a non-negative function so that ¢;(t)
represents the flux of atoms of species 7 absorbed at the surface of the film layer at time
t. The evolution of the thickness of the film is determined by the fluxes (¢;)o<i<n and
reads as:

e(t) =eo + /0 ZZ_; oi(s)ds, (2.1.2)

where ey > 0 denotes the initial thickness of the film. The local volume fractions of

the different species ug(t, ), ..., u,(t, ) are naturally expected to satisfy the following
constraints: N
u;i(t,z) >0, i=0,...,n, and Zuj(t,x) =1 (2.1.3)
j=0
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These constraints (2.1.3) allows one to equivalently express ug as 1 —> - ; u;. As a con-
sequence, the whole system can be equivalently rewritten using the unknown vector u :=
(u1,...,uy)T. More precisely, denoting by ¢ the vector-valued function (¢1,...,¢,)7,
the cross-diffusion system in the solid layer reads:

Ayu — Oy (A(u)dyu) = 0, for (t,z) € | {t} x (0,e(t)) =T,
teRY
(A(u)0u)(t,0) =0, for t € RY,
(A(u)dzu)(t,e(t) + € (t)ult, e(t)) = o(t), for t € RY,
u(0,z) = u®(z), x € (0,e9),
(2.1.4)

for some matrix-valued mapping A : R™ — R™*™ which is called the diffusion matriz of
the system, and some initial condition u® € L>((0, e), D) where the set of constraints D
is defined below in (2.2.1). The boundary conditions express that the system is isolated
at © = 0 but that there is an incoming (vector-valued) flux ¢(t) at = = e(t) where the
extra term €'(t)u(t, e(t)) accounts for the growth of the layer.

The main motivation of the authors of [24] for the study of such a system was ultimately
to be able to control the gaseous fluxes (¢, ..., ¢,) injected during the PVD process in
order to reach target composition profiles. The global existence of weak solutions to
system (2.1.4) was shown by adapting the boundedness-by-entropy method [156]. The
authors also proved existence of solutions to an optimization problem related to the
control of the fluxes and long-time asymptotics of the volume fraction profiles in the
case of constant external fluxes (i.e. when the system is in open-loop). However, it is
not clear whether the corresponding asymptotic profiles are exponentially stable in open-
loop, and whether one could use a better flux control ¢ to improve their stability remains
an open question. The main difficulty lies in the expansion of the domain with time and
the coupling between u(t) and e(t). When the domain is fixed, results concerning the
exponential convergence to equilibrium of solutions to (2.1.1) were already proven for
several diffusion matrices A (see [77, 159, 233, 7|) and in particular recently for the PVD
cross-diffusion matrix [147].

This work is concerned with the stabilization of the linearized version of (2.1.4) around
uniform equilibrium states (precisely defined in Sections 2.2.2, 2.2.3, 2.3.1), under ap-
propriate assumptions on the cross-diffusion matrix A. These assumptions build on the
usual entropy structure conditions stated in [156, 24| to address the nonlinear problem,
together with an additional symmetry assumption on the mobility matriz of the system
at the state considered. In particular, the PVD model in [24] satisfies these conditions
around any such state. In this paper, we show that we can obtain finite-time stabiliza-
tion of the linearized system, with a feedback control derived using the backstepping
technique inspired from [92].

First introduced in [55, 167, 225] for finite dimensional systems, the backstepping
approach was later used and adapted for PDE in [86, 28, 37, 218, 170]. It consists in
transforming the original system, hard to stabilize, into a simpler target system, using an
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isomorphism. The main difficulty is then to show the existence of such an isomorphism.
The usual backstepping approach for PDE, presented in [170], searches for isomorphisms
under the form of a Volterra transform of the second kind (see (2.4.3)), which are con-
veniently always invertible, among other advantages. Some attempts to introduce a gen-
eralized backstepping approach which does not necessarily rely on Volterra transforms
have also been introduced in [90, 87, 137, 234, 235, 136, 88]. The Volterra approach has
been used in many areas and for many systems in the last decades including parabolic
equations (see for instance [21, 92, 123]), hyperbolic system (see for instance [169, 228,
19, 148, 18, 94, 149, 89, 93]), etc. However, no result exists on diffusion system of the
form (2.1.4) where the domain extends with time (in a way that is not compensated
in the dynamics). The reason is that this situation brings new difficulties, in particu-
lar the backstepping transform has to depend on time and one has to make sure that
this does not jeopardize the exponential stability (resp. the finite time stability). In-
deed, when applying the transformation backward to obtain the exponential stability of
the original system, the cost of the estimate depends on the norm of the backstepping
transform and of the norm of its inverse, which depends itself on time (see (2.4.18)).
If this norm goes to infinity exponentially fast, it could be that the original system is
not exponentially stable, let alone finite-time stable, even though the target system is.
One can still note [152, 153] where the authors also consider a backstepping approach
applied to a parabolic equation in a time-dependent domain. However, their situation
is different thanks to their dynamics, and in both cases they do not consider the norm
of the inverse of the backstepping transform. Concerning parabolic equations with time-
dependent coefficients, one can also note the work by Smyshlyaev and Krstic [219] which
considers a heat equation with a time-dependent reactivity and the work by Kerschbaum
and Deutscher [165] where the authors consider the exponential stability of a system of
parabolic equations with a diagonal diffusion and a time-dependent reactivity. In both
cases the difficulty lies in the existence of a time-dependent kernel for the transform and
is dealt by converting the kernel equations into an integral equation, using fixed point
and successive approximations. We do not use such a method here as we aim for a more
generic method that could be applied to more complicated systems and steady-states,
and that can allow estimates such as (2.4.22) that are so crucial to reach finite time
stabilization.

The outline of the paper is the following: we first recall the main mathematical prop-
erties of the moving boundary cross-diffusion system introduced in [24] in Section 2.2
and present the linearized version of this system we focus on in this work. Our main
theoretical results are gathered in Section 2.3. The description of the backstepping trans-
formation we consider here is given in Section 2.4. Proofs of our results are gathered in
Section 2.5. Additional details and some technical calculations are added in the Appen-
dices.
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2.2 Preliminaries

The aim of this section is to recall the main mathematical properties of the system
studied in [24] and to introduce the linearized version of this system we focus on in this
work. In Section 2.2.1, we recall the assumptions needed on the diffusion matrix A for the
associated cross-diffusion system to have an entropy structure and state the additional
assumptions required by the stabilization analysis presented in this work. Mathematical
properties of system (2.1.2)-(2.1.4) are discussed in Section 2.2.2. Finally, the linearized
version of system (2.1.2)-(2.1.4) which we will focus on in this article is introduced in
Section 2.2.3.

Notations: Let us first introduce some useful notation. For any continuous non-
decreasing positive function € : Ry — R% and any 7' > 0, we define the sets Uz :=
Urers {t} x (0,€(?)) and UL := Ueom{t} x (0,€(t)), the time-space moving domains
we consider in this paper. For any 0 < T < 400, any 1 < p,q < 00, any k € Z, we
denote by [LP((0,T), I/I/k’q)]é the set of measurable functions f from U to R such that

respectively: if p < oo
T 1/p
([ 1O Baint) <.

sup || f (&) lwr.a (0,0 < o0
0<t<T

and if p = oo,

These quantities define norms, naturally denoted by || - ||[ Lo ((0,7),Wha)] which in turn

induce a Banach structure. We generalize this notation for functions defined in more
general time intervals (t1,t9) for 0 < ¢t; < to < T. The sets [Lfoc((O,T),Wk’q)]é are

defined similarly. The space [C%((0,T), L?)] ; is defined as the set of functions f : Ul - R
such that the function (0,7) x (0,1) > (t,x) = f(t, z€(t)) belongs to C°((0,T); LP(0, 1)).

2.2.1 Entropic structure of the nonlinear system

We detail in this section the assumptions needed on the diffusion matrix A to get existence
of a weak solution to the nonlinear cross-diffusion system (2.1.2)-(2.1.4) and introduce
some additional notations. These assumptions coincide with the requirements highlighted
in [156, 24| for system (2.1.2))-(2.1.4) to have an entropy structure. We refer to [156,
110] for more details about the entropy structure of cross-diffusion systems, and to [32]
for a discussion about necessary and sufficient conditions for a cross-diffusion system to
admit such a structure.
Let D C R”™ be defined by

D= {(ul, S up) € (R, zn:u, < 1} c (0,1)™ (2.2.1)
i=1

Note that a solution u to (2.1.2)-(2.1.4) satisfies the constraints (2.1.3) if and only if
u(t,z) € D, for all t € R* and all € (0,e(t)). Note also that, in view of (2.1.3),
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

the strict inequalities in (2.2.1) imply that the n 4+ 1 volume fractions are positive. The
following set of assumptions on the diffusion matrix A allows guaranteeing that the
corresponding cross-diffusion system enjoys a favorable entropy structure.

Assumptions:
(HO) A € CY(D,R™n);

(H1) there exists a bounded from below strictly convex function h € C%(D) such that
h € C?(D,R), such that its derivative Dh : D — R" is invertible in R” and such
that (the symmetric part of) the matrix D?h(u)A(u) is positive semi-definite for
all u € D;

(H2) moreover, there exists a > 0, and for all 1 < i < n, there exists 1 > m; > 0, such
that for all z = (21, -+ ,2,)T € R® and u = (uy,--- ,un)’ €D,

2TD?h(u)A(u)z > o Z w222,
i=1

The interested reader may consult [156, 24, 53], let us briefly comment on these as-
sumptions here. A function h such that (H1) and (H2) hold is called an entropy density
of the cross-diffusion system. The associated entropy functional £ is then defined by

o, [ L¥(@D) — R
' { u — E(u) = [ h(u(z)) dr,

and for all u € L>°(£2; D), we identify the differential DE(u) with its Euclidean gradient
in L2, which is equal to the function Dh(u).

The first equation of system (2.1.4) can then be formally rewritten under the following
form:

Opu — divy (M(u)VoDE(u)) =0, for (t,x) € U= |J {t} x (0,e(t)),  (2.22)
teRY

where M : D — R™" is the so-called mobility matriz of the system and is defined for
all w € D by
M (u) == A(u)(D*h(u)) ™" (2.2.3)

From formulation (2.2.2) and under assumption (H1), one can check that £ is a Lya-
punov functional of the system, which justifies the term “entropy functional”. The fact
that Dh is invertible allows one to work with the so-called entropy variables w := Dh(u)
and to automatically get a solution u € D compatible with the constraints. Finally,
under assumption (H2), (the symmetric part of) the mobility matrix M (u) is even posi-
tive definite, so that the formulation (2.2.2) is even coercive and one can derive gradient
estimates. In physical applications, this entropy structure has a thermodynamic inter-
pretation and in particular the entropy variables w are strongly linked to the notion of
chemical potential (see Appendix A in [156]).
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Remark 1. One particular example of diffusion matriz A is studied in [2/] for the PVD
model used in photovoltaics applications. This diffusion matriz is defined as follows: for
all u:= (ui)1<i<n € R™, A(u) = (Aij(u)),<; j<,, € R where
V1l <1 <n, A”(U) = Z (Kz — Kio)uj' + Ko,

1<j#i<n (2.2.4)

where, for all 0 < @ # j < n, the positive real numbers K;; satisfy K;j = Kj; > 0 and
represent the cross-diffusion coefficients of atoms of type i with atoms of type j. Note that
A(u) is not a symmetric matriz in general. It is proved in [2]] that the diffusion matrix
defined by (2.2.4) satisfies assumptions (H0)-(H1)-(H2), with m; = § for all1 < i <n
and with the function h being defined as the classical Boltzmann entropy density:

D — R
h: L 2.2.5
wim (Wisien — h(w) = Y wilogu;+ (1—p)log(l—p,), 22D
i=1
where for all u = (w;)1<i<n € R, py := i u;. Furthermore, the mobility matriz

associated to (2.2.4) and (2.2.5) is given for u € D as M(u) = (M;j(u))1<i j<n, where:

V1l <i<n, Mu(u) = Z Kijuiuj + Kioui(l — pu),
1<j#i<n
V1 S ) 75] S n, Mz](u) = —Kijuiuj.

Note that M(u) is always a symmetric matriz.

2.2.2 Main mathematical properties of the nonlinear model

The aim of this section is to recall the main mathematical properties of the nonlinear
model (2.1.2)-(2.1.4) and highlight the open questions on the control and stabilization of
this system that are of interest here.

It was proved in [24] that there exists at least one weak solution to system (2.1.2)-
(2.1.4) satisfying the constraints (2.1.3) in the following sense:

Theorem 4 (Theorem 2 of [24]). Assume A satisfies assumptions (H0)-(H1)-(H2) and

let h : D — R be the associated function so that (H1) and (H2) are satisfied. Let us

assume that u® € L>((0,eq); D) satisfies w® := (Dh)(u®) € L>=((0,e9); R™). Let us also

assume that (¢o,--- ,¢n) € LfooC(Rj;]RﬁH). Then, there exists a weak solution uw with

initial condition u® to (2.1.2)-(2.1.4) such that for almost all (t,z) € U., u(t,x) € D, and

we [Li (R HYY . and O e [Li, (R (HY))"], .

In the case when the fluxes (¢;)o<i<p are constant in time, it is legitimate to wonder

if the volume fraction profiles (u;)o<i<n Will converge to some constant profiles, and if

yes, at which rate. The following result was proved in [24| under the assumption that
the entropy density h of the system is given by (2.2.5).
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain
Proposition 1 (Proposition 1 of [24]). Let us assume that the assumptions of Theorem 4
hold together with the following ones:
(T1) for all 0 < i < n, there exists ¢; > 0 so that ¢;(t) = ¢, for allt € Ry;
(T2) the entropy density h can be chosen so that for all u € D, h(u) is defined by (2.2.5).
Let us define
n
vi=) ¢, (2.2.6)
i=0
and for all 0 <1 < n,
U; = % (2.2.7)
so that w := (W;)1<i<n € D. Then, there exists a constant C > 0 such that for almost all
t>0,

1 C
<1< —|u;(t, ) — w; _y <
Vl<i<n, E(t) ”U‘l(t7 ) uZHLl(O,e(t)) =+ 1

;

and

1 _ c
e(t) (1= Puie)) = UOHLl(o,a(t)) < Vit1

where €(t) is the thickness at time t of the layer, given by

t n
é(t) =€+ /0 Z (bZ(S) ds = ey + v, (2.2.8)
=0

for some value of the initial thickness of the layer €y > 0.
Let us make a few comments about this result.

e In this specific case, the thickness of the boundary layer €(¢) grows linearly with
constant speed 7.

e Proposition 1 does not state that the quantity [u;(t,-) — Uil 51(0z(t)) goes to 0 as ¢
goes to infinity, it only enables to guarantee the existence of a constant C' > 0 such
that

VE> 0, luilt, ) = Wl prozy) < CVE.

Proposition 1 still states that the rescaled volume fraction profiles converge to
constants in the long-time limit. More precisely, denoting by v(t,y) := u(t,e(t)y)
for all t > 0 and y € (0,1) and by v; the i*" component of v for 1 < i < n, it holds
that

. _ 1 _ C
Vi<i<n, [|vi(t,:)—="ullpi01) = %Hui(f, ) = Uil Loy < o

(2.2.9)

;
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e In the case of constant fluxes (¢;)o<i<n, i-e. when the thickness of the film at
all time ¢ > 0 is equal to &(¢), and when the initial condition u° is equal to ,
it can be easily checked that the function w defined by u(t,x) = w for all £ > 0
and z € (0,€(t)) is a solution to system (2.1.2)-(2.1.4). Therefore, we use the
denomination “target state of (2.1.4)” to refer to a couple (w, R4 3¢ — €(t)).

The preceding remarks provided the main source of motivation for this work about
the stabilization of system (2.1.2)-(2.1.4). Assuming that the initial condition u° at time
t = 0 is chosen as a small perturbation of @, of the form u® = @ + 6u°, and that the
initial thickness of the film ey at time ¢ = 0 is a small perturbation of the initial thickness
ep, i.e. ep = €p + deg, does there exist a set of feedback fluxes (¢i)o<i<n such that for
a time ¢ large enough, the volume fraction profiles u(¢) and thickness of the system e(t)
converge to u and €(t) in a stronger norm than the average L' norm used in (2.2.9) ?
In other words, can the system be stabilized around the target state (u,€) and at which
rate 7 Can exponential stability or finite-time stability be achieved, i.e. can the system
be stabilized at a rate much better than the one provided by the strategy which would
consist in keeping the fluxes ¢; constant and equal to ¢; as considered in Proposition 1 ?

This work can be seen as an important first step in this direction. Indeed, we provide
answers on the stabilization of a linearized version of the system (2.1.2)-(2.1.4). From
this result, we expect to be able to obtain the local stabilization of the original nonlinear
system in a future work.

2.2.3 Linearized system and control variables

The aim of this section is to introduce the linearized system which is the main focus
of this paper, together with an appropriate change of control variables that enables to
decouple the control analysis of the volume fractions and the thickness of the domain.

Recall that we consider small perturbations (6u’,deg) at t = 0 around the initial
condition @ given by (2.2.7) and initial thickness €y. Assuming that the imposed fluxes
on the system are of the form ¢;(t) = ¢; + d¢;(t) for all 0 < i < n and t > 0, we wish
to investigate the linearized dynamic of (du(t,-),de(t)) which can be seen as first-order
corrections of (u(t,) —u,e(t) —e(t)), where € is given by (2.2.8). Recall also the notation
(2.2.6) for the growth speed of the layer e.

Then, the first order correction of the thickness reads, for all ¢ > 0:

de(t) = /0 t > 6¢i(s)ds +deg, and  Ge'(t) =D 3i(t). (2.2.10)
=0

1=0

In addition, the first-order corrections of the system (2.1.4) around the target state
(u,e) yields the following system, the solution of which is du, for given du®, §p :=
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(5(b1, s ,5gf)n)T and (5¢Q:

Orou — A(@)d?%,6u = 0, for (t,x) € Us,
A(u)0z0u(t,e(t)) + vou(t,e(t)) = dy(t), for t e RY, (2.2.11)
A(@)0,0u(t,0) =0, for t € RY,
ou(0,z) = 6u’(z), for z € (0,%).
where for any ¢t > 0,
dp(t) := dp(t) — o€/ (t)u € R™. (2.2.12)

Remark that the solution du to system (2.2.11) only depends on the n independent
control variables denoted by 61 = (6%);)1<i<n. Therefore, since we originally had n + 1
control variables (5@52‘)1-6{0’__7”}, it remains an extra degree of freedom. This degree of
freedom ought to be designed exclusively for the stabilization of the thickness de. We
make this explicit by defining a new control variable as for any ¢ > 0:

50(t) ==Y 6¢5(t), (2.2.13)
i=0
such that for any ¢ > 0:
t
de(t) = / d0(s)ds + deg (2.2.14)
0

Now we claim that the change of control variables (d¢o,...,d¢n) — (80,01, ...,0%,),
defined according to (2.2.12) and (2.2.13) is invertible. Indeed, it can be checked that
for any ¢t > 0,

do(t) = 0v(t) + 60(t)u,

and
n

50 (t) = 30() — S (60:(t) + 00(t)7;)
i=1
This new choice of control variables (66, d1) is more convenient for our analysis since
we can now completely decouple the control analysis of the thickness and of the volume
fractions respectively, as will be made clear in Section 2.5.

2.3 Stabilization of the linearized system: main results

The aim of this section is to present the main results of this work, which focuses on the
stabilization of the linearized system (2.2.10)-(2.2.11). In Section 2.3.1, we introduce
the precise notions of weak solutions and stability considered here. In Section 2.3.2
are stated our main theoretical results, and we decompose the problem into n scalar
problems. Finally, in Section 2.4, we detail our backstepping strategy to stabilize the
scalar problem.
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2.3.1 Main definitions

We first need to specify the notion of solution to system (2.2.11) we will consider here. In
the following, we are interested in the stabilization with the spatial L? norm, so defining
an appropriate notion of weak solution in L? for L? initial data is needed for our analysis
to hold. In our case, anticipating slightly on the next section, the fluxes will be defined
as a closed-loop feedback of the form

SU(t) = W(t, su(t)), (2.3.1)

where du(t) = du(t,-) is the solution function at time t defined in the space domain
(0,€(t)) and where the mapping ¥ is decomposed into a non-local integral part and a
local multiplication operator at x = &(t) (recall the expression (2.2.8) of €(t)). More
precisely, the mapping ¥ will be of the following form: for almost all ¢ > 0 and all
z € HY(0,e(t))",

U(t,z) := Hy(t)z + Hi(t)z, (2.3.2)

where the family of operators (H,,;(t)):>0 and (H;(t))s>0 will be required to satisfy the
following properties (in fact, these conditions are necessary to give a meaning to our
definition of weak solution, see Definition 3 below):

Properties of operators:
(P1) for almost all t > 0, H,;(t) is a continuous linear mapping from L?(0,2(t))" to R™;

(P2) for all T > 0, and all z € [L*((0,T), (L*))"]., the mapping (0,T) 3 t — Hy(t)z(t)
belongs to L?(0,T)™. Moreover, there exists a constant C(T) > 0 such that

[ i (2O 22 0,1y, 22))m), < CON2Nm2(0,7),(22))m),5

(P3) for almost all t > 0, the operator H(t) : H*(0,&(t))™ — R™ is defined as follows:
Vz e HY(0,2(1)", H(t)z := K(t)z(e(t)) (2.3.3)

where K; € L (R*jr; R"X”) is a locally bounded matrix-valued mapping.

loc

Using the particular form of fluxes highlighted above, a weak solution can be defined by
testing (2.2.11) against regular test functions that satisfy dual boundary conditions (see
Definition 3 below and Appendix 2.6.1 for details). We obtain the following definition:

Definition 3 (Weak solution in L?). Let du® € L?(0,p). Let (Hp(t))i>0 and (Hy(t))i>0
be two families of operators satisfying (P1)-(P2)-(P3). A function du € [CO(R+,L2)"]E
such that Oy0u € [L?(Ry; (Hl)’)}E is said to be a L?-weak solution to (2.2.11) with fluzes
0 defined by (2.3.1)-(2.3.2) if, for any T > 0, it satisfies:
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/ / - [Ow(t, ) + A@) T 02,0(t, x)] dudt
T
/ su’(z) - v(0, x)dx +/0 (Hpi(t)ou(t)) - v(t,e(t))dt =0,

for any test function v that satisfies:

o ve [(L*((0,T); H%)"]_n [c°([0,T], L*)"],

e e [(L*((0,T);L))"]..

e u(T,:) =0,

o A(@)T0,v(t,0) =0, for almost all t € (0,T),

o Ki()Tw(t,e(t)) — A@)Td,v(t,e(t)) = 0, for almost all t € (0,T).

Remark 2. One may wonder why the assumption on the time derivative is needed. In
fact, we will use this assumption to ensure uniqueness in this class of solutions (see
the proof of Corollary 1 based on the backstepping transformation). Nevertheless, it is
likely that any L? solution to (2.2.11) satisfies this assumption. This would amount to
prove a reqularity result for (2.2.11) (or equivalently a uniqueness result in the class of L?
solutions) that we do not provide in this work. (see however Lemma 10 in Appendiz 2.6.2
about the homogeneous problem)

Similarly, the control of the thickness §6 will also be defined as a closed-loop feedback
of the form

30(t) = O(t, de(t)) (2.3.4)
where the mapping © will be chosen so that © € L{. | (]Rj_; CO(R)).

Let us now give precise definitions for the different notions of stabilization we consider
in the present work. We start with the notion of exponential stabilization:

Definition 4 (Exponential stabilization in L?). Let u > 0. A target state (u,e) of (2.1.4)
is said to be pu-exponentially stabilizable in L? if there exist constants Cia, Cey > 0 such
that:

a) There exist families of operators (Hpi(t))i>0 and (Hi(t))t>0 satisfying properties
(P1)-(P2)-(P3), such that, for any perturbation du® € L?(0,ep), the linearized
system (2.2.11) with the fluves defined by (2.3.1)-(2.3.2) has a unique L? weak
solution du in the sense of Definition 3 and this solution satisfies:

16u(t)l| L2028y < Cape " 116u° || 12(0,00), for all t > 0.

b) There exists a function © € Li . (R%;C%(R)) such that, for any perturbation deq €
R, de is well-defined by (2.2.14) with 60 defined by (2.3.4) and satisfies:

|6e(t)| < Cz e |Seo|, for allt > 0. (2.3.5)

o4



2.3 Stabilization of the linearized system: main results

Let us also give a definition of finite time stabilization:

Definition 5 (Finite time stabilization in L?). Let T > 0. A target state (u,€) of (2.1.4)
is said to be stabilizable in finite time T in L? if:

a) There exist families of operators (Hyni(t))t>0 and (Hi(t))t>0 satisfying properties
(P1)-(P2)-(P3), such that, for any perturbation su’ € L?(0,€y), the linearized sys-
tem (2.2.11) with the fluzes defined by (2.3.1)-(2.3.2) has a unique L? weak solution
du in the sense of Definition 3 and this solution satisfies:

i) (stability) For any € > 0, there exists v, > 0 such that if H5U0||L2(0,EO) <y
then for allt > 0:

[6u(t) || 2 (0.2()) < €.

i1) (convergence)
”5u(t)”L2(O,E(t)) —0ast—T".

b) There exists a function © € L ((O,T);CO(R)) such that, for any perturbation

loc

deg € R, de is well-defined by (2.2.14) with 60 defined by (2.3.4) and satisfies:

i) (stability) For any € > 0, there exists ve > 0 such that if |deo| < ve then for
allt>0:

|oe(t)] < e.

i1) (convergence)
oe(t) > 0ast—T .

2.3.2 Main results

Let us summarize our assumptions here. Let (u,€) be a target state of (2.1.4) (in the
sense of the discussion in Section 2.2.2) such that:

Assumptions:
(A1) w e D (which implies that for all 1 <i<n, @; >0and 1 —pg =1->" , u; > 0);

(A2) The diffusion matrix mapping A satisfies assumptions (HO)-(H1)-(H2). Besides,
the mobility matrix mapping M defined by (2.2.3) is such that M (%) is symmetric.

Let us emphasize here that, in particular, the diffusion matrix A defined by (2.2.4) in
Remark 1 satisfies assumption (A2). The additional requirement that M (%) is symmetric
enables to guarantee that the matrix A(w) is diagonalizable with positive eigenvalues:

Lemma 1. Assume that u satisfies (A1) and that the diffusion matriz A satisfies (A2).
Then it holds that A(w) is diagonalizable with positive eigenvalues.
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Proof. From (2.2.3), it holds that A(u) = M (u)H (u) with H(u) := D?h(u). The matri-
ces M (@) and H (%) are both symmetric positive definite, which implies that H(@)/? is
well-defined and

A@) = M@H @) = H@) ?H@)"*M@)H@)"?H@)"2.

Therefore A(T) is similar to the symmetric real matrix H(@)/?M (u)H (w)/? that is
clearly positive definite. Hence the result. O

The result of Lemma 1 enables us to decompose system (2.2.11) into n scalar problems
as follows. One can write A(u) = Q™ (u)X(u)Q(u), where the coefficients of the diagonal
matrix Y () are the positive eigenvalues (o1, . ..,0,) of A(w). As a consequence, denoting
by z := Q(@)du, by z; the i*" component of z for 1 < i < n and by 2% := Q(uw)u’, system
(2.2.11) boils down to the following set of n uncoupled scalar equations: for all 1 < i < n,

Orzi — 0302, 2 = 0, for (t,x) € Ug,
00,2 (t, €(t)) +0zi(t, e(t)) = (1), for t € RY, (236)
0i(022i)(t,0) =0, for t € RY, o

2(0,2) = 2 (x), for z € (0,%),

where we have introduced the following change of coordinates of the feedback: for all
t >0, 0¢(t) := (Q(m)d1)(t));. We are now in position to state our main results.

Theorem 5. Let > 0. Let (u,e) be a target state and assume that assumptions
(A1)-(A2) are satisfied. Then, (,€) is u-exponentially stabilizable in L? in the sense of
Definition 4. More precisely, let us introduce the following functions and operators:

e foranyt >0 and w € R, O(t,w) = —pw;
o foranyt>0,1<i<n,z€ HY0,e(t) and A > 0,
H\(t)z == o3k (e(1), e(t))2(2(1)),

. (1)
Hyy\(t)z = /0 (00K ((t), y) + kS (€(t), y)] z(y)dy,

where kS' is the unique solution to (2.4.15) given below with o = o;. We also define
for allt >0, A\ >0 and 2 := (2i)1<i<n € H(0,€(t))",

Hl,A(t)Z = Q(ﬂ)il (Hli,A(wzi)lgign’

Hua(t)z == Q)™ ( éz,x(t)zi)lggn'

Then, there exists X > 0 large enough such that (O, (Hyx(t))t>0, (Hu(t))i>0) sat-
1sfy the conditions of Definition 4.

Elaborating on this result, we can even obtain finite time stabilization.
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Theorem 6. Let (u,e) be a target state and assume that assumptions (Al)-(A2) are
satisfied. Then, it is stabilizable in any finite time T > 0 in L? in the sense of Definition 5.

In Appendix 2.6.4 we show why the common approach which consists in directly using
a basic quadratic Lyapunov function would fail to show the exponential stability in this
case. This motivates our use of the backstepping approach, described in Section 2.4.

2.4 Backstepping approach

The proof of Theorem 5 and Theorem 6 relies on the use of a backstepping transforma-
tion, in conjunction with the fact that system (2.2.11) can be decomposed into n scalar
uncoupled problems of the form (2.3.6). Thus, we will need to collect intermediate results
on the resulting scalar equations, which is the object of the present section.

From now on, let 71 > 0 and let us denote by Uz, := Uye(ry +00) {t} % (0,€(71)), Where
€ is defined in (2.2.8). Note that Uzo = Ugz. Let us now fix o, A\ > 0 and consider the
following auxiliary scalar problem:

Bth\ - o-aircg\ = Oa for (t,CC) S UE,Tla
00.CS (t,e(t)) + v (t,e(t)) = oyvS(t), forte (r1,+00), (2.4.1)
00,3 (t,0) =0, for t € (11, +0), o

X(m,z) = 77 (2), forz € (0,e(m)),

for some (7™ € L?(0,€(r1)) and where §¢§ will be defined later in (2.4.11). In particular,
the solution ¢ to (2.4.1) with 71 =0, 0 = 0y, 09§ = d9" and ('™ = 2? can be identified
with z; the solution to (2.3.6).

2.4.1 Backstepping transformation

In a nutshell, the general idea of backstepping is to map the original problem (2.4.1)
to a target problem for which exponential or finite-time stability can be proven more
easily, and to get the stability result using the reverse transformation. The backstepping
approach usually consists in using a “spatially-causal” kernel transformation 77, that
reads, for any (¢,z) € Uz r,:

gg(tv x) = (KOCK) (t, x)? (2'4'2>

where for all t > 0, all £ € L?(0,2(t)),

(TX Ot ) = (T (1) (),

and 7Y, is a Volterra transform of the second kind from L2(0,e(t)) to itself

Ve e (0,e(t), (T8)(x) :=&(x) - /OI kX (s 2, y)€(y)dy, (2.4.3)
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where kS is the solution to the kernel problem (2.4.15) which will be introduced below
and is a real-valued function defined in the triangular domain

Dy = {(az,y) c(®Ry)?, O<y<z< é(t)} . (2.4.4)

One of the expected difficulty is that the domain of the problem depends on time and
therefore 7 and the kernel k§ a priori depend on the time ¢. However, an interesting fea-
ture of our problem, that we comment about below in Section 2.4.4 and Appendix 2.6.3,
is that the kernel kS actually does not depend on the time ¢ in the sense that it can be
chosen as the restriction to Dy of a time-independent function kernel ki’oo defined in a
domain

Dy, = {(:U,y) e ®Ry)?, 0<y< x} , (2.4.5)

namely kS (t) = k;’oo|pt for any ¢ > 0. Naturally, it holds that for all 0 < t < ¢/,
Dy C Dy C Dy. To alleviate the notations, in the following we will use a slight abuse
of notation and denote k5" by k.

Consequently, we have:
V(t,x) €Uz, (TYw)(t,x) := (TYw(t)) (x) = w(t,z) —/O kS (z, y)w(t, y)dy,

for any w € [C%([0, 4+00), L*(0,1))]
The main advantage of the transformation 7y, is that, thanks to the triangular struc-
ture, it is always invertible provided that k§|p, € L?(Dy) for all 0 < ¢ < T (see Lemma 2

below). The inverse transformation has then the same form and writes as follows (see
Lemma 2): for any w € [C°([0,+00), L*(0,1))]_, let us denote by

e

V(t,x) € Us,  (TY™w)(t @) = (T ™ w(t)) (@) = wit,z) +/0 B, y)w(t, y)dy.
where for all + > 0 and all £ € L?(0,¢(t)),

v e 0et). (T0E) @)= @)+ [ Bl (2.4.6)
with [{ solution to the inverse kernel problem (2.4.16) below. Similarly to k§, I§ is
expected to depend on ¢t but can be chosen as the restriction to D; of a fixed kernel
li’oo defined in D,. In the following we use again the same slight abuse of notation and
denote 177 by 5.

We will then see that the following identity holds: for any ¢t > 71 and x € (0,€(t))

Sta) = (7™ 69)(t2) = (™5 (1)) (@), (24.7)

Formally, the strategy to identify the set of equations satisfied by k§ and [§ is to
differentiate (2.4.2) in time in space and to write that ({ and g§ must satisfy respectively
the initial problem (2.4.1) and the target problem (2.4.8) in order to obtain a set of
necessary conditions on the kernels k§ and IS (see (2.4.15)-(2.4.16) below).
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2.4 Backstepping approach

2.4.2 Target problem

We consider the following target problem:

g3 — 002,95 + A% = 0, for (t,z) € Uz,
00,95 (t,€e(t)) +vgS(t,e(t)) =0, for t € (11, +00),
00,95 (t,0) =0, for t € (11, +00),

g (i, ) = g™ (x), for z € (0,e(m)),

(2.4.8)

that is similar to the original problem (2.4.1) but with homogeneous boundary conditions,
an additional damping term Ag§ and an initial condition g5 € L?(0,e(r1)).

We introduce here a notion of weak L? solution to (2.4.8). To this aim, we introduce
the set D' of test functions v : Uz, — R satisfying:

(i) ve [(L*((n,T); H?))] . N [CO([m, T], L?)]

g?

(ii) o € [(L? ((m,T); L?))]

e’

(iv) 0d,v(t,0) =0, for almost all t € (7, T),
(v) 00zv(t,e(t)) =0, for almost all ¢t € (7, T).

Definition 6. Let g3™ € L?(0,e(r1)). A function g§ € [CO([r1,400),L?)]_ such that
gl € [L*((r1,+00); (Hl)’)]E is said to be a L*-weak solution of (2.4.8) if, for any
T > 71, it satisfies:

T )
atarg(gg,v) :—/ / 93 (t, ) [8,51)(75,36) + aang(t, x) — )\v(t,x)] dxdt
m 0 (2.4.9)

e(T1)
+ / gy ™ (@)v(T, x)dx = 0,
0

for any test function v € D*¥8,

Problem (2.4.8) is actually exponentially stable with decay rate A, that can be chosen
arbitrarily large here (see Appendix 2.6.2):

Proposition 2 (Well-posedness and exponential stability of the target equation). Let
71 >0, 0,A >0 and g™ € L*(0,e(71)). Then, there exists a unique weak L* solution
g% € CO([r1,400),L*(0,e(t))) to (2.4.8) in the sense of Definition 6, and it holds that,
for any t > 1

193 (D 22 0,80)) < €7A(t7ﬁ)”9§’n\|L2(0,é(n))- (2.4.10)
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

2.4.3 Expression of the feedback and weak solution

Let us first explain here how we can derive an expression for the feedback control §¢5.
Assume for now k§ and (J are smooth and differentiate (2.4.2) with respect to z at
x = €(t). One finds:

2(t)
Fxg (t,e(t)) = 0xCX (8, e(t)) — kX (e(t), e(1))CX (L, e(t)) — ; 0: k3 ((t), y)CX (¢, y)dy.
Then, combining with (2.4.2) and considering the second equation of (2.4.8), namely
00.95(t,e(t)) +vgS(t,e(t)) = 0 and the boundary condition at x = €(t) in (2.4.1), one
must impose the following expression of the feedback, which depends on the kernel £S:
for all t > 7,

(%)
oYX (1) == ok (e(t), e(t))¢x (¢, e(t)) + /O [0k (e(t), y) + Dka(e(t), ¥)] CX (¢, y)dy.

(2.4.11)
Let us already remark that this feedback is of the form
S5 (t) = HY A (£)CX(8) + Hyyp £ (£)CX (), (24.12)
where, for any ¢t > 0 and ¢ € H'(0,€(t)), the operators are given by
Hoe= [ oS00 SO

HY\(t)€ = k3 (e(t), e(t))&(e(t)).

Assuming now that the feedback is of the form (2.4.12), we can give a rigorous definition
of weak-L? solutions to problem (2.4.1) provided that the family of operators (H7 A (8)e=0
and (HY,(t))i>0 satisfy properties (P1’)-(P2’)-(P3’) below, which are scalar versions of
properties (P1)-(P2)-(P3).

Scalar properties of operators:
(P1) for almost all ¢ > 0, HZ, ,(t) is a continuous linear mapping from L%(0,(t)) to R;
(P2’) for all T > 0, and all z € [Lz((O,T),L2)]E, the mapping (0,7) > t — Hglv)\(t)z(t)

belongs to L%(0,T). Moreover, there exists a constant C = C(T,0,)) > 0 such
that

HH;’ZZ,)\(‘)Z(')H[LQ((O’T)’[;)]? < CHZ”[LQ((O,T),LQ)}E;
(P3’) for almost all ¢ > 0, the operator Hy\(¢) : H'(0,2(t)) — R is defined as follows:
Vze H'(0,e(t)), Hf\(t)z:= K7)\(t)z(e(t))

where Kl \E Ly, (Ri)
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2.4 Backstepping approach

We are then in a position to give the definition of weak-L? solutions to (2.4.1), by analogy
with Definition 3. To this aim, we introduce the set D™ of test functions w : Uer, R
satisfying:

(i) we [(L2 ((r, T); H?))], 0 [CO[m, T, L2)]
(ii) dw e [(L* ((r1,T); L?))].,
(iii) w(T,-) =0,
(iv) o8w(t,0) =0, for almost all ¢ € (r1,T),
(v) K(H)w(t,e(t)) — odyw(t,e(t)) =0, for almost all t € (1, T).

Definition 7 (Weak solution in L? to (2.4.1)). Let (™ € L*(0,e(m1)). Let (HZ, \(t))i>0
and (HP\(t))i>0 be two families of operators satisfying (P1°)-(P2’)-(P3’). A function
¢§ € [CO[m1, +o0), L?)]_ such that 9,¢5 € [L*((11,+00); (H')')], is said to be a L*-weak
solution to (2.4.1) with fluzes 615 defined by (2.4.12) if, for any T > 7, it satisfies:

a™( / / () [Bpw(t, z) —i—o@%mw(t,x)] dxdt
(2.4.14)

e(71)
+£A G (@) ‘ﬁ’)dx*mll< ()5 (1))l (1)) dt = 0,
for any test function w € D™,

2.4.4 Kernel definition and properties

Now that we have an a priori expression for the feedback (2.4.11), it remains to derive
the full problems satisfied by the kernels k§ and I§. We consider the following problems
(recall the definitions of the triangular domains (2.4.4) and (2.4.5)):

o o Ao
8§xkA(m7y) - 8]3yk)\($7y) = ;k)\(‘ray) (x,y) € Do,
OykS (x,0) =0 z € (0,+00), (2.4.15)

K (x,z) = ——=x z € (0, +00),

A
RIS (.9) — Gy fS (9) =~ (w9) (2,) € Doc,
Oyl (x,0) =0 z € (0,00), (2.4.16)

\ §(z,z) = —55 % z € (0,00),

with the notation %f(x, x) = 0y f(x,x) + Oy f(x,x). It appears that the two problems
are related through
kS = —17,. (2.4.17)
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

It is rigorously justified below in Lemmas 3 and 4 that these kernels indeed meet our ex-
pectations. Let us however comment here about the derivation of these kernel problems:

e First, the derivation is done in Appendix 2.6.3 assuming that the kernels depend on
t. In order to explicit the time dependence, one needs to rescale the kernel, which
leads to a dynamical boundary problem set in a fixed domain (see (2.6.9)). Search-
ing for solutions with separate variables, as in (2.6.10), one finds the stationary
equations (2.6.11).

e Second, one remarks that any solution to the obtained problem in Dr is in fact a
solution to the same problem set in D; for any 0 < ¢ < T, thanks to the structure
of the boundary conditions. Therefore, it suffices to look for a solution in Dy,
hence (2.4.15)-(2.4.16).

Thanks to the structure of the backstepping transformation, we can connect the sta-
bility of the two problems: let g§ be the solution to (2.4.8) in the sense of Proposition 2.
Then, assuming that (2.4.16) has a solution, the function (f defined by (2.4.7) can be
shown to be a solution to (2.4.1) (see Lemma 4 below) and it holds that for all t > 7,

1SS Ol z202)) < (1 + 111 r2(0)) 195 L2002
< (L4 18llz2n) €M™ 2020 )
< (1 + 1§ le2(py)) (1 + HkKHLQ(DTl)) e M 1CT M L2 020 -
(2.4.18)

Hence, to get the desired stability, the remaining key point of the analysis is the control
of I |lz2(p,) with respect to time. For this, we study the following problem, for a € R,

8a2cxka(x7y) _8Zyka(xvy) = Oék’a(l',y) (l’,y) S Doov
Oyk®(x,0) =0 x € (0,00), (2.4.19)
«

k*(z,z) = 5 z € (0,00),

of which (2.4.15) and (2.4.16) are instances. We consider the following definition of weak
solution to (2.4.19):

Definition 8. A function k* : Dsg — R is said to be a weak solution to (2.4.19) if and
only if the two following conditions are satisfied:

(i) the function & : (0,400)% = R defined such that

_ « ) = <
ka(m,y) ::{ kogsc,y) zf(x,y)eDoo {0 <y <z< oo},
-5 otherwise

1s such that, for any L > 0, the function ECLY = Eaho,L]z is such that
kg € ([0, L), H'(0, L)),
ax%% € CO([O7 L]a L2(07 L))a
dueky € CO(0, L], HY(0, L)");
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2.4 Backstepping approach
(i3) for all L > 0 and for all v,w € H*(0, L),

— /oz (éw Onk™(z,y)v(y) dy) Opw(z) dx + w(L) /OL 0zk™ (L, y)v(y) dy
+/0 /0 Ok (z,y)0yv(y) dyw(z) dx

—a ’ ([ F ot dy) wie)as

o L
+2/0 v(z)w(x) de.

Well-posedness and estimates for (2.4.15) and (2.4.16) are achieved in the following
proposition, which is proven in Section 2.5.1.

Proposition 3. Let 0 > 0. For any A\ > 0, there ewists a unique weak solution kS
(resp. 1§) (in the sense of Definition 8) to the kernel problem (2.4.15) (resp. (2.4.16)).
Moreover, there exist Ay > 0 and constants C,c > 0 independent of o such that, for any
A> X, t >0 and z € (0,€(t)):

x
| (186 + VK (2,0)?) dy < CeOVA, (2.4.20)
0
T A 4
| (P + 95 w)P) dysc*(U) 0, (2.4.21)
0

Remark 3. An immediate consequence of (2.4.20)-(2.4.21) is that for anyt > 0, kS |p, €
HY(Dy), |p, € H'(Dy) and

1517 by < Ce VN, (2.4.22)
AN
[ (a) ™), (2.4.23)

Remark 4. It was shown in ([179], Lemma 3.2) that the kernel solutions obtained in
Proposition 3 are more reqular, namely C?. The proof is based on an integral reformu-
lation and a series representation formula. We have chosen to adopt a weak framework
here since on the one hand, it is an appropriate framework to derive estimates (2.4.22)-
(2.4.23) and on the other hand, it shows that our strategy can be extended to equations
with space-dependent coefficients [92].

2.4.5 Main auxiliary results

Next, we check that the kernels defined as solutions to (2.4.15)-(2.4.16) indeed map
(2.4.1) to (2.4.8) through the transformation 7y and the other way around. In fact, we
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

need to check that the formal computations performed for the derivation of the kernel
problems can be adapted to the case when we have to consider weak L? solutions in the
sense of Definitions 3 and 6.
We start by stating in Lemma 2 that for all A,c > 0 and ¢ > 0, the transformation
ot L?(0,2(t)) — L?(0,e(t)) associated to the unique kernel solution to (2.4.15) is one-
to-one, and that it can be inverted from L?(0,2(t)) to its image, with inverse given by
7;‘7721“. The proof of Lemma 2 in the case of Dirichlet boundary conditions is provided
in [92] (Lemma 4). We omit the proof here, which is very similar. We also refer to [179]
for the invertibility of the transformation with Neumann boundary conditions (Lemma

3.3).
Lemma 2. Let \,0 >0 and t > 0. Then, T)\O:;:inv oTYy =TY; 0 7;‘777’;“" = Idr2(0.2(1))-

Then in Lemma 3, we check that this transformation indeed transforms (2.4.1) into
(2.4.8) when the boundary term §%§ in (2.4.1) is defined in (2.4.12)-(2.4.13).

Lemma 3. Let 0 > 0, let \ > A, where )\, is defined in Proposition 3, 71 > 0 and
(V™ € L*0,e(m1)). Let k§ be the unique weak solution to (2.4.15) in the sense of
Definition 8. Assume that (Y is a weak-L? solution to (2.4.1) in the sense of Definition 7
where HY\ and Hp, , are defined by (2.4.13) and 0¢y by (2.4.12). For all t > 11, define
93(t) := Ty, (S (t) where Ty, is defined by (2.4.3). Then g3 is the unique weak L? solution
to (2.4.8) in the sense of Definition 6 with g7™ =T _ (™.

The objective of Lemma 4 is to state the following point: let g be the solution to the

target problem, then (f := T)\U’invgg is a solution to the original problem.

Lemma 4. Let 0 > 0, let A\ > A, where )\, is defined in Proposition 3, 71 > 0 and
g3™ € L*(0,e(71)). Let I§ be the unique weak solution to (2.4.16). Let ¢S be the unique
weak-L? solution to (2.4.8) in the sense of Proposition 2.

For all t > 71, define (§(t) := ﬁiinvgg(t) where 7;(’:?“ is defined in (2.4.6). Then,
() is @ weak-L? solution to (2.4.1) with (™ = Efﬁfvgg’n, oy defined by (2.4.12) and
(Hg)\(t))tzo, (Hglj)\(t))tzo defined by (2.4.13).

The proofs of Lemmas 3 and 4 are postponed to Section 2.5.2. Lemma 4 together
with Propositions 2 and 3 yield the existence of at least one weak-L? solution to (2.4.1)
for any ("™ € L?(0,€(r1)) provided that A > )\, and this solution satisfies the stability
estimate (2.4.24). Lemmas 2 and 4 yield uniqueness of this solution. As a consequence,
the feedback control (2.4.11) stabilizes (2.4.1) exponentially with an arbitrary decay
provided A is chosen large enough. The object of Corollary 1 is to summarize these
points.

Corollary 1. Let 0 > 0, 71 > 0, A\ > A, where A\, is defined in Proposition 3 and
(Y™ € L?(0,e(r1)). Then, there exists a unique weak-L* solution to problem (2.4.1) in
the sense of Definition 7 with 095 defined by (2.4.12) and operators (Hy \(t))it>r, and
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(H7\(t))e>7, defined by (2.4.13). Moreover, there exist constants C,c > 0 independent of
A, 0 and t such that this solution satisfies, for any t > T:

)\ 2 a,T:
HC\‘(t)HB(OE(t)) <C <1 + <a> > ce(m) A/ otee(t)=At=m) 1Sy 12200, (1)) (2.4.24)

Proof. Eristence and estimate: Let k§ and I be the kernels defined in Proposition 3.
Since k{|p,, € L*(Dr,), one can deﬁne g‘”1 = T2 (™ € L*((0,e(r1))). Then by

>‘77—1
Proposition 2, there exists a unique weak-L? solution g5 to (2.4.8) with initial condition
g™, and this solution satisfies (2.4.10). Since, for any ¢ > 71, I{|p, € L*(D;), one can
define §(t) := 7™ ¢3(t) and by Lemma 4, it defines a solution to (2.4.1) associated to

operators (HS, \(t))i>r, and (H[y(t))s>r,. Moreover, estimate (2.4.24) follows from the
definition of 7™ together with the estimates (2.4.10) and (2.4.21):

1S ®ll20z) < (L + IEONz20) (14 1B z2p,,) ) €1 2020
( Ce(t)> (1 +C€CE(T1)\/>\/U> e_A(t_Tl)HC;ﬂ—lHL2(0,€(7—1))
A el e o,T
<C <1+ <U> ) ce(T1)\/ A o+ce(t)—A(t—71) HC 1HL2 (02(m)

Uniqueness: take two weak-L? solutions to (2.4.1) ¢; and (3. Then by Lemma 3, it
holds:

TX(C1—¢2) =0
but Lemma 2 yields:
G = Ca.

2.5 Proofs

2.5.1 Proof of Proposition 3

We begin by proving a few preliminary lemmas. In the following, the variable x should
be interpreted as the time variable of a wave equation.

Lemma 5. Let « € R, L > 0 and f € L*((0,L)?). Then, there exists a unique
solution K € C°([0,L], H*(0,L)) such that 0, K € C°([0,L],L?(0,L)) and 0., K €
L2((0, L), (H(0, L))") solution to the equation

azxK(why) _any(x y) K(.%',y)—i—f(l‘,y), fOT (x7y) € (O’L)27

0,K (2,0) = 9, K (z, ) forz € (0,L), (2.5.1)
K(0,y) = 0, K(0,y) = fory € (0,L),
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in the sense that, for all v € H(0,L), for almost all x € (0, L),

L
O (,),0) i1 0.0y 100+ / 0,K (2, )8,0(y) dy
0 (2.5.2)

L L
—a / K (2, y)u(y) dy + / f(z,y)oly) dy.
0 0

Moreover, there exists a constant C' > 0 independent of o and L such that for almost any
z € (0,L),

L 1/2
| (KB + 9GPy dy < 4+ 22O o (253)

where [a]4 := max(«, 0) denotes the positive part of a.

Proof. The existence and uniqueness of a solution K to problem (2.5.1) in the sense
of (2.5.2) such that K € C%([0, L], H'(0,L)), 8,K € C°([0,L], L?(0,L)) and 0,,K €
L2((0, L), (H*(0,L))) is a direct consequence of [49][Theorem 10.14,p.345]. Let us now
prove estimate (2.5.3).

Step 1 (smooth f): Let us first assume that f satisfies the additional regularity
constraint 9, f € L?((0,L)?). Then differentiating the equation with respect to = as in
the proof of [124][Theorem 5,p.389], it can be checked that 9., K € L>((0, L), L?(0, L)),
0. K € L>*((0,L), H*(0,L)) and K € L*((0,L), H*(0,L)). In particular, for almost all

€ (0,L), 0y K(x,-) € L?(0,L), 0, K (x,-) € H'(0,L) and K(z,-) € H?(0,L).

Taking v = 0, K (x,-) as a test function in (2.5.2) yields that for almost all z € (0, L),

L
<a;mK(:L’, ')7 890K(377 ')>H1(0,L)’,H1(O,L) + /0 8yK(:L’, y)axyK(‘T? y) dy

L L
Za/ K(z,y)0.K(x,y) dy+/ [(z,y)0.K(x,y) dy.
0 0

This yields, using the Aubin-Lions theorem, that

L ( / C (0K @) + 10, K . 9)]?) dy) _od ( / ’ |K<m,y>|2dy>

. (2.5.4)
4 / F )0 K (2,y) dy.
0

Now, using the fact that 0,K(0,y) = 0 (since K(0,y) = 0 for almost all y € (0,L))
and the fact that f(z,y)0,K(z,y) < 2(f(2,y)* + 0,K(z,y)?) and integrating (2.5.4)
between 0 and z, we obtain that for almost all x € (0, L):

L L
/ [10.5 (2, 9)|? + 10, K (2, 9)|2] dy < o / K (2, y)|2dy
0 0 (2.5.5)

T L
[ 10K sl + 19, o)) duds + 11
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Case 1: If a < 0, an immediate Gronwall argument yields that for almost all z €
(0,L):

L
/0 [10: K (z,9)* + 10, K (x,y) *] dy < €[ 1 F2¢0,002) < €I F 20,02y (2:5:6)

Case 2: If o > 0, we perform a change of variables: let us define, for all & € (0, 041/2L),

A

K(#,y) = K(a™%2,y),
such that

0. K (2,y) = a Y20, K (o %%, y).
Then for all & € (0,a!/2L), rewrite (2.5.5) with z = a~/24 as

L L
/0 10:K (™22, ) + |0, K (=23, y)] dy < a /0 K (o~ 22, y)Pdy

a2z oL
+/0 /0 (10K (s,9)* + |0, K (s, 9)”] dyds + || I Z2(0,0y2)-

Performing the change of variable § = a!/2s in the double integral on the right-hand
side, and dividing everything by «, one gets

L N T R DRSS Ly 2
| oertan] + oot v < [ |G|
’ A , ° (2.5.7)
var [ Mok ot oG] | avds + 0 11,

o Jo
Let us define for almost all & € (0, a'/2L)

R L . 2 . . 2 . Ly 2

Vl(x):/o [(%K(x,y)‘ +a ‘ayK(:v,y)) }dy and Vg(a:):/o K(m,y)‘ dy.

The previous estimate can be equivalently rewritten as: for almost all & € (0, o/ 2L)

V(@) < Vala) + a2 [ Vi) ds+ a1

0
Notice also that
L A A~
Vy(#) =2 / 0. K (&,y) K (&,y)dy < 2Vi(2)"/*Va(2)'/? < Vi(2) + Va(&),

0

so that

Vi(#) + Vi(3) < 3Va(d) + 20~ 12 / Va(s)ds + 20| ]12.
0
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We are now in the position to use a Gronwall-type argument. Set ¢g(Z) := foz Vi(s)ds +
Va(%). The previous estimate then reads as: for almost any # € (0, a!/2L)

g'(&) < Cag(@) + Dal f17--
with

Cy := max(3,2a7/?),
D, = 2071,

Therefore,
9(&) < Dallf|[722¢%.

Now rewrite (2.5.7) in terms of Vi, Va: for almost any & € (0, a'/2L)

v1<fc>=/0L[

gvg(fc)Jrofl/?/ Vi(s)ds +a || f|7--
0

+a O, K (&,y)*| dy

N 2
O, K (2, y)‘

Thus,

L
ot [T 0K ) + 10, )] dy = Vi(a)
< max(1, 04_1/2)9(:%) + oz_1||f||%2

<o Y2 (1 + 2 max(1, a—1/2)gzecaf)
< a7V f13: (1+ 2max(al/2, 1) Lemtiel " AL)

<a ' fl7- ((1 + 2 max(a'/?, 1)L> emaX(3al/2’2)L)

- 1/2
<a 1’|f‘|%2e3max(3a ,2)L.

We thus finally obtain that for almost all z € (0, L)
L
0. K (x,9))? + |0, K (z,y)*] dy < || f 2 emax(6a’/%4)L 2.5.8
; Y L
Therefore, combining (2.5.6) and (2.5.8) we have proven so far that, for a € R,
v 2 2 Cmax([o]/2 1)L | £12
(0K e, +10,K (@) dy < O D o (259)

Thanks to the null initial conditions (x = 0) it holds for almost any (z,y) € (0, L)?

T L
K(z,y) —/0 0. K (z,y)dz < \E\//o |0:K (z,y)|?dz
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Integrate over y € (0, L) the square of this inequality: for almost any = € (0, L)

L L (L 12
/0 K (2, )2y < T /0 /0 0, K (2, y) Pdydz < [2eCma(el DLy gz,
where we used (2.5.9) for the last inequality. Hence the result when f is a smooth
function.

Step 2 (approximation): Let us now turn to the case when f € L2((0,L)?).
Then, there exists a sequence (f)neny of functions in C°((0,L)?) such that ||f, —
flliz2eo,0)2) 2% 0. Let us denote by K, the unique solution of (2.5.1) with f = f,, for
all n € N. By standard results on the wave equation (see [124|[Theorem 5,p.410]), there
exists a constant C > 0 independent of n such that for all n € N

| Kn — K|l oo ((0,),110,0)) + 1102 Kn — 0: K| oo ((0,1),2(0,L)) < Cllfa = Fllr2¢(0,1))-

Thus, passing to the limit n — 400 in the inequality

L 1/2
/0 (1 Kn (@ ) + [VEn(2,9)]*) dy < (1+ L)@ D8 F1Ta o ey

which holds for almost all « € (0, L) yields the desired result.

O
Lemma 6. In the framework of Lemma 5, assume in addition that in (2.5.1),
Supp f C Dp == {(z,y) € (0,L)*, 0 <y <z < L}.
Then it holds that
K(z,y) =0 a.e in (0,L)* \ Dy. (2.5.10)

Proof. Consider the restriction of the H' energy: for almost any = € (0, L),

1

L
B@)i= [ (K3w0) + @K () + 0,K).0) do.

Assume first that f is smooth in the sense that 9, f € L?((0, L)?).
Then, the function F is absolutely continuous, and it holds that

L
E'(x) =/ [0 K (2, y) K (2,y) + Ora K (2,y) 0. K (2, y) + Oy KOy K (2, y)] dy

_ % (K2(2,2) + (0.K)2(z,2) + (0,K)(z,)).

Integrating by parts the last term yields

L L
/ (Owy K (z,y)0y K (z,y))dy = —/ 0. K(x,y)0yy K (z,y) dy — 0, K (x, )0y K (2, x).
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

Using the fact that K is a solution of (2.5.1), and that Supp f C Dy, = {0 <y <z < L},
we obtain:

L
E@) = (a+1) [ 0.K(g)K ()~ 5K w.2)

5 (@K (0, 2) + (9K () + 20K (, )0, K )
L

< (a+ 1)/ 0x K (z, y) K (, y)dy

L L
—(a+ 1)/ &;K(m,y)/ OyK(x,s)dsdy

T . y

+(a+1)K(z, L) / 0K (z,y)dy.

The Cauchy-Schwarz inequality enables to bound the first term by 2|a+1|(L—x)E(z) and
the second term by |a+1||K (z, L)|v/L — z(2E(z))"/2. Then, we use the one-dimensional
Sobolev inequality on y — K (z,y) to deal with K(z, L):

K (2, L)] < \fmax< - _x> </ K(r.y) + (9,K) (x,y)dy>1/2
< 2 max (m ) E(z)'/2.

1
VL —x
Finally, we obtain that there exists C' > 0 such that for almost all z € (0, L),

E'(z) < Cla + 1|max(1, L — z)E(z),

and since F(0) = 0 a Gronwall argument yields that E(z) = 0 for all = € [0, L]. Hence
(2.5.10) holds.

Lastly, reasoning as in Step 2 of the proof of Lemma 5 by a density argument, we can
easily check that the result holds true for arbitrary f € L((0,L)?). O

We are now in position to prove Proposition 3.

Proof of Proposition 3. Let us begin to prove that there exists a unique weak solution
kE* to (2.4.19) in the sense of Definition 8, for any o € R. Let L > 0.

Eristence: Denote by K“(z,y) := k%(z,y) + Sz for all (z,y) € Dr. Then, it holds
that K is solution to

2

a
8:%1:Ka($7y> 8§yKa($,y) = OéKa({L‘,y) - ?.’IJ (x?y) € DL7
9,K%(x,0) = 0 z e (0,L), (2.5.11)
K*(z,z) =0 €(0,L),
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and it is equivalent to solve one problem or the other. Now, using Lemmas 5 and 6,

we obtain that the restriction of the unique weak solution K = K to (2.5.1) with
flz,y) = f¥(z,y) = —%Z:L']IDL (x,y) to Dy, is a solution K* to (2.5.11). Besides, from
Lemma 6, it holds that K = 0 in (0, L)%\ Dy. In particular, it holds that K satisfies the
weak formulation: for almost all = € (0, L) and all v € H'(0, L),

(OueE (2, ),0) 110,y 1 (0.0 + /0 0, K (2, )0,0(y) dy

= a/ox (K(x,y) — %x) v(y) dy.

As a consequence, for all w € H'(0, L), it holds that

L L x
/0 (Ora K (2,), 0) 110,011 0.1y0(2) o + /0 /0 Oy (2, )0yo(y) dy w(w) da

_ a/OL (/0 (K@y) - 52) v(w) dy> w(z) dz.

Using the fact that

(2.5.12)

L L L
/O (OeeE (2, ),0) a11(0.Ly. 111 (0.0 0(x) dit = — /O ( /0 amx,y),v(y)dy) dyw(z) da
L
+w(L)/0 0. K(L,y)v(y) dy

L
— w(0) /0 0. K (0,4)0(y) dy,

together with the fact that
9:K(0,y) =0

we obtain that
L<8x:cK(377 ), V) 0,0y, B (0,0)W(T) do = — (r 0K (z,y)v(y) dy | Opw () da
J v
run) [ 0K (L ot dy
B
— [ ([ ourte ot ) duute) o

L
(L) /0 0u K (L y)o(y) dy.
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

Combining the previous equality with (2.5.12) gives

- /OL </0 9. Ku(y) dy) dpw(z) dx +w(L) /OL O K (L, y)v(y) dy

L T
+/O /0 Oy K (x,y)0yv(y) dyw(x) dx

_ a/OL (/0 (K@y) - 5o) v(w) dy> w(z) dz.

Finally, since k% = K — Sz in Dy, we obtain that k£ is solution to the following weak
formulation: for all v,w € H'(0, L),

L
Joly )dy>aw( ) dz + w(L / 0k (L, y)o(y) dy

_l’_

/OL/ 0,k (x, )3y v(y) dyw(z) dz
([
3/0L<
/0 (

o

E*(

Q

o dy)<>d:c
o ) w@yde + Gu(t) [ ) dy

E*(

Q

NNN

Jo(s) dy ) (o) da

7

\

where the last equality follows from integration by parts in the z variable. We thus
obtain the existence of a weak solution to (2.4.19) in the sense of Definition 8.

Uniqueness: Let us now prove the uniqueness of the solution for this problem. Assume
there exist two solutions k{* and k§ and denote by k= kS — kS their difference. Then
k satisfies the homogeneous equation associated to (2.4.19). Since k has null trace on
the diagonal x = y, it can be extended by 0 to the square (0,L)2. But then one can
check that it satisfies the assumptions of Lemma 5 without source term. Hence k=o0.
Uniqueness is proved.

Estimates: Furthermore, Lemma 5 yields the following estimate for almost all x €
(0,L)

L, _ ~ 1/2
(R + 1VR ) dy < (0 26 08
This yields that for almost all 2 € (0, L),

T 1/2
/O (1K@, y)]* + [VE*(2,y)]*) dy < (14 L)eOm U001 75 0y,
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Since Hfo‘||%2((0’L)2) < (aL)*, and K®(z,y) = k*(z,y) — Sz, we obtain that

/0 (k@) + VA (2,9)?) dy

T ) 9 Oé2 5 a2
< 2/ (|K°‘($,y)| + | VK (z,y)| )dy+2 [12x +x4]
0

< CO <a2(L3 + L) + a4L4(1 +L2)6Cmax([a]i/2,1)L) 7

where Cy > 0 is a constant independent of o and L.

We are now in a position to conclude the proof of Proposition 3. For any A,o > 0,
we define k§ a weak solution to (2.4.15) as follows: for all ¢ > 0, k§|p, is defined as
k¢ with L = &(t) and o = % One can easily check from the previous results that k§
is thus well-defined and unique and is a weak solution to (2.4.15). [ is defined from
kS according to (2.4.17). To get the desired estimates, it is now sufficient to apply the
previously obtained estimates with L = €(¢) and o = g > 0 for £ and a = —% < 0 for
[. To this aim, we consider A > A\, := . Taking into account the fact that €(t) > &g for
all t > 0 then yields the existence of constants ¢, C' > 0 independent of ¢, A and ¢ such
that

/o (K (2, 9)[2 + |VES (2,9)[2) dy < CeOVe,

and

X A 4 )
/ (15 (2, )2 + VI (2,)?) dy < C (0> ()
0

Hence, (2.4.20) and (2.4.21) hold.

2.5.2 Proofs of Lemmas 3 and 4

We begin with the following lemma, from which we will easily deduce Lemmas 3 and 4.
The sets D'& and D™ are respectively defined before Definitions 6 and 7.

Lemma 7. Let o,\, 71 and some initial conditions (""", g7 be defined as in Lem-

mas 3 and 4. Assume that some functions (,g € [LQ(O,T; Hl)]g such that 0:;C,0rg €
[L*(0,T; (Hl)’)]é are related to each other by the relation: for anyt > 11, g(t) = TY,C(t)

0,inv

(or, equivalently, from Lemma 2, ((t) =T\ g(t)). Then the following assertions hold:
i) The linear operator G : [Lz((O,T),LQ)]g — [L2((O,T),L2)]E defined for any f €
[L*((0,T), L?)] by

e(t)
Gf(ty) = f(t,y) —/ K (@,y)f(t,z) de,  for a.a. t€(0,T), x € (0,&()),
Yy

(2.5.13)
is invertible from D8 to DM,
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

ii) For any test function v € DY it holds

a'*"®(g,v) = a™(¢, Gv),

where a™ and a'®& are given respectively by (2.4.14) and (2.4.9).

iii) As a consequence of i) and ii), for any test function w € D™, it holds

A (g, G w) = " (Cw).

Proof. Let X\,0 > 0. To simplify, we denote in the sequel k := k.

i) Let v € D' and differentiate (2.5.13). It holds for almost any ¢ > 0,y € (0,e(T)),

2(t)
8,(Gv)(t, ) = yv(t,y) + k(y, y)o(t, y) — / 0, k(. y)o(t, 2)da
Yy

The previous equality holds in [LQ(O, T LQ)]E since

v e [L*0,T; H?)]_ c [L*(0,T; L™)]

2 Y

|

and the function (0,2(¢)) > y — k(y,y) belongs to H'(0,2&(t)). Besides, the quan-
tity ||0yk(z, -)HL2(0 1) 1s bounded uniformly in z for z € (0,€(t)). Differentiate once
again:

d
32 (Go) (b, ) =02 v(t,y) + (dyk<y, y>) o(t,y) + k(s 9)9y0(t, 1) + Oyk(y, ) (t, )
— (02, k(- 1), () (1 (o)) () -

All the terms on the right-hand-side belong to [Lz(O,T; L2)]€' Therefore Gv €
[L%(0,T; HQ)]? It is then clear that

ini
Gv € D™,
since in particular

00y(Gv)(t,e(t)) = 0+ ok(e(t),e(t))v(t,e(t)) — 0 = K;(t)(Gv)(t, e(t)).

Therefore the range of G is a subset of Dini, Besides, G is invertible in L? from
classical results on Volterra operators (see Lemma 2). Finally, just as in Lemma 2,
it can be easily checked following the same lines that the inverse has a similar form,
and that it is defined from D™ with values in D8,
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ii) Let v € D" It holds, denoting by ¢(t,z) := [ k(z,y)¢(t, y) dy,

T
A ) = / (Dro(t) + 00%,0(t) — Mo(t). 900 0oyt 02

T1

e(r1)
" / g, a)o(ry, z)da
T 2
(Bpo(t) + 003, ()—)\’U(t),C(t)>H1(0’E(t)),7H1(07E(t))dt (2.5.14)

T1
T

- <8tv( ) + Gang(t) - )‘U(t)v qb(t)>H1(0,E(t))’,H1(O,E(t)) dt

T1

e(T1) e(71) T
[ - | (/0 k(x,yx(n,y)dy)v<n,x>dx

Let us now look at the term in (2.5.14) involving the function ¢ and perform some
integration by parts. Begin with the time derivative: it holds,

T
/ (Opv(t), (1)) 0,200y 11 (0,2(1)) U

1
e(71)

T

= —/ (0: (1), (1)) (0,20 11 (0,2(1)) dt—l—/o v(T1,2)p(T1, ) dx
T

v / ot e(t))u(t, e(t))

/ / 8t< )>H1 (0,z)’ Hl(O,w)U(tvx)d$dt

-/ " ([ k(x,y>c<n,y>dy> o(m, )da
_7 / T B(t,2(1))0(t, 7(1)).

Now the space derivative:

T
/ (0020(1), 6(1)) s 020ty 0,200 O
T1

-/ T / " (k(x, Dt + [ axku,y)c(t,y)dy) oO,0(t, 2)dudt

- 0/ / { )t ) + k(z, 2)0a( (2, x)] v(t,x)dzdt
_/ﬁ u(t,e(t)) [ok(e(t), e(t)C(t,e(t))] dt

e(t) x
. / ! / t < / 8zk(x,y)§(t,y)dy> D,0(t, z)dudt,
71 JO 0
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

Using the weak formulation of k, we obtain that for all ¢ > 7

e(t) T
- 0/0 </0 Ozk:(:v,y)g(t,y)dy> 0, v(t, x)dxdt

e(t)
= v t,e(t))/ o0:k(e(t),y)C(t, y) dy

0/0 tw</6kmy)yC(ty)dy)d
—i—)\/o ; k: )C(t, y) dyv(t, z) dx

;/ (¢, ) da.

[en]

Remember that:

a(t)
Hoa(H)C(t) = /0 (00, k(e(t), y) + TE(E(t), )] C(t, v)dy,

and now insert the two previous calculations into (2.5.14). It holds that:

T
A (g 1) — / (@ro(t) + 002,0(t) = M), O om0y 11020

T
+/ Hnl(t)g t 6 dt"’/ / atC )> H1(0,z))’ ,Hl(O,ac)’U(t’:U)dxdt
T1

Lzlxk C(t, ) + k(w, 2)DuC(t, x)] o(t, ) dwdt

_a/n/
bo /T /O < /O ayk(:c,y)ayg(t,y)dy> ot ) da di
+/\/T/6(t)Ct:r

v(t,x) dx
T B B e(71)
+ / ot (8 KL (E)C(E 2(8))dt+ /0 C(r1, 2)o(m, 2)da.

Note that we have
A e e(t) ¢
/ C(t,x)v(t,x)de = —a/ —k(z,x)((t,x)v(t, x) dz.
2 0 0 dx
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Hence, we obtain that

a8 (g / <8tv +082 v(t), C(t)>H1(OE(t))’ H(0,8(t))

n / Ho(£)C (0ot 2(8)) dt + / / (BuC(E), k(s ) a1 0.y 11 0.0y 0(F, )l

— a/ﬁ / )0.C(t, x)v(t, x)dxdt
+U/T1 /0 v (/0 Oyk(z,y)0,C(t,y) dy> v(t,z) dxdt

T e(1)
+/T1 v(t,e(t))Kl(t)C(t,e(t))dt+/0 ¢(m1, x)v(m, z)d.

Let us now denote by w := Guv and by ¥(t,y) f v(t,z)dr. It then
holds that

o T
a™(¢,w) == /n <8tw(t)—i—a@%xw(t),((t»m( a0y m1(0.2(0)) U
T E(Tl)
+ [ Hatoc@ut ey [ omau(nn)ds
T1 0
T
:/T (@rv(t) +007,0(8). C(E)) i oty 1 000 O
T e(71)
+/ Hnl(t)C(t)v(t,e(t))dt—i—/ ¢(m, 2)o(n, z)de
T1 0

! (1)
_ /Tl <3t¢( +0'8§x¢( >H1(0 2(t)) H(0,8(t)) dt — A C(Tlal’)w(ﬁ,a:)dx

Doing similar computations as above, we obtain that
T T
/ (Oub(t), C(8)) 1 0,200) )y HY (0,2(1)) = —/ (OeC(), (1)) 1 (0,200)), H (0,2(8))
T1 T1
E(Tl) T
- [ st = [ e aw)a
T1
T )
= —/ /O (O (), k() (m11 (0,2)) 1 (0,2) Y (E, @) ddlt
T1
5(7'1)
- [ iy dy—v/ C(t () (k. e(t)) dt
0
T re(t)
:_/ / (O (), k() (m1 (0,2)) 1 (0,0) ¥ (E, @) ddt
T1

0

e(T1)
- /0 C(m1,y)(T1,y) dy.
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain
Moreover, since 0¥ (t,y) = k(y, y)v(t,y) — f;(t) Oyk(z,y)v(t, x) dx, we have
T
/ (00z2(t), C(1)) 1 (0.2(0))  H (0,2(2))
T1
T ret) T
= /0 0,4(t0)0,0(t,0) dy + o [ Gle,e(0)k(ele) o)) ol e(1)
T1 T1

T et T
— / / Byt w)k(y y)ult, y) dy + o / C(t,2(0)k(E(t), 2Dl (1))

+0'/ e(t)agty</y 9, k(x tm)d)dy
:_g// 9y C(t, y)k(y, y)v tydy+/ Ki(t Le(t))
+o / /0 “ o) ( /0 8yC(t,y)8yk(x,y)dy> da.

As a consequence, we obtain that

atarg(g’ 2)) — aini(C, w)
Hence the desired result.

iii) The proof of (iii) is a direct consequence of (i) and (ii).

Now we provide the proofs of Lemmas 3 and 4.

Proof of Lemma 3 and 4. Let (§ be a weak-L? solution to (2.4.1) in the sense of Defini-
tion 7. Define now, for all ¢t > 7y, x € (0,€(t)),

(b x) == TS (1) = S (b ) — /0 K (2, )CS (1, ) dy

Continuity and initial data: ¢ € [CO([m,T]; L?)]. by assumption and the Cauchy-
Schwarz inequality provides the following estimate, for any 7 < s,t < T,

H/ox k() (Xt y) — (s, y)) dy

<KX 22 HIC (@) = ¢X () 20,27
L2(0,e(T))

which goes to 0 by assumption as t goes to s. Therefore g§ € [CO([Tl, T], LQ)]E as well.
The initial data g™ = 77, (¢’ follows from continuity and the initial data of (.

Time derivative : We want to differentiate this formula with respect to time. It gives
formally for almost any ¢t € (11,7, = € (0,e(t))

Do (t,2) = 0,5 () — /0 K (2, )05 (£ y)dy
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By assumption, 9,¢{ € [L*((m1,T); (Hl)’]g and from Proposition 3 it holds that for
almost all z € (0,€(T)), k§(x;-) € H'(0,z), uniformly in z. Therefore the integral terms
are well-defined as duality products:

Og3 (t, ) = OCX (t, ) — (OeCR (1), kX (%)) (1 (0,2)) H (0,2)
where the second term can be estimated as:

(OeCR (1), kS () (1 (0,2)), H 0,) < NOCK () a1 0,2 1A (2) || 1 0,2)

< 0SS Ol oz@yy  sup A (@) a1 (0,2)5
0<2<&(T)

where the last term is independent of z and belongs to L?(71,T) by assumption. Hence
Ags € [L*((m0, T); (HYY)]

Therefore, g5 and (Y satisfy the assumptions of Lemma 7. It follows that for any
v e D8 ¢"8(g7 v) = 0, so that ¢ satisfies indeed Definition 6.

-
The proof of Lemma 4 follows the exact same lines.

2.5.3 Proof of Theorem 5

Fix > 0 and (@, €). We need to check all the conditions of Definitions 3-4.

Let us first deal with the thickness and remember from (2.2.10)-(2.2.13) that de’(t) =
d6(t). The exponential stabilization of de can then be achieved with no effort. It suffices
to define ©(t,w) = —pw for all t > 0 and w € R to get (2.3.5) with Cg,, = 1.

Let us now focus on the exponential stabilization of du with the control variables
91 in (2.2.11). Remember the decomposition (2.3.6) and choose A > 0 such that A >
maxi<i<n A\g; Where A, is defined as in Corollary 1.

Then it follows by Proposition 3 that there exists a unique solution k$* (respectively
I5") to the kernel problem (2.4.15) (respectively to the inverse kernel problem (2.4.16))
satisfying estimates (2.4.22) and (2.4.23) with 0 = ¢;. Then, for all 1 <i <n, t > 0 and
z € HY(0,e(t)), let us define

Hp\(t)z = ok (e(t), (t)) 2 (e(1),
e(t)
Hyj\(t)z = /0 [0:0:k5 (8(1), y) + kS (2(1), )] 2(y)dy, (2.5.15)
Defining now
ST (L) = H(E)C (1) + Hyf\ ()G (1),

it follows from Corollary 1 that there exists a unique weak-L? solution (Y to (2.4.1) in
the sense of Definition 7 with 7 = 0 and C;\”’O = ZZO. To simplify notations, we will denote
by zi)‘ the solution ¢§'. Note that zi)‘ is then also solution to problem (2.3.6) with ¢
given by

Sy (1) = 97 () := Hyy(0)zi(t) + Hp \(H)zi(1).
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain
From Corollary 1, there exist constants C,c > 0 independent of A\, 1 < ¢ < n and ¢
such that for any 1 <i <mn, and ¢t > 0,
A 2o/ A/ oi+cE(t)—A
12 ()]l L2 0.201)) < Ce™VMITEO=A 00 26 20

It follows that there exists a A\, > 0 large enough and a constant €}, > 0 that depends
on (maxi<i<n 0i, Ay, €0) such that for any t > 0,

122 ()| 2 0.2 < Cue ™ 12°] L2 (0.20) 5

where 2M = (z A”)1<Z<n and 20 := (29)1<;<,. It remains to check that the operators
(Hy, (t)e=0 and (Hpp, (t))e>0 defined such that, for any ¢ > 0 and 2z := (2i)1<i<n €
H'Y(0,2(t))",

Hua, (02 = Q) (H73, (=) _ .
Hypp, ()2 = Q(w)” (HZZ wlt )Z)lgign’

satisfy assumptions (P1)-(P2)-(P3). To prove this, it is sufﬁcient to show that for all
1 < i < n, the families of operators (Hﬁj\u (t))t>0 and (H’, A (t))e>0 satisfy the scalar
assumptions (P17)-(P2’)-(P3’).

Let 1 <i < n. It follows from Proposition 3 that for all ¢ > 0, the functions (0,e(t))
Y — 0.k (t e(t),y) and (0,€(t)) >y — k:i;(t,é(t), y) are well-defined almost everywhere

and belong to L2((0,e(t)). As a consequence, HZ;)W (t) defined by (2.5.15) is well-defined

and satisfies (P1’). Now in order to check (P2’), for any 7' > 0, it holds by the Cauchy-
Schwarz inequality that for all z € [L2((0,T), L?J,

||ngi,,\u ()z() H%2(0,T)

T e(t) o o 2 )
<[] ooy e+ VIS @0.0)] o ) 10Nt

But according to the uniform estimate (2.4.20) in Proposition 3, it holds that for any
0<t<T,

e(t) 2 _
[ a1 + 08 (60),0)]” < Clon mpe VAT
0
hence (P2’).
Finally, the family (Hl(‘}\M (t))¢>0 satisfies (P3’) provided that R% > ¢ — k;; (t,e(t),e(t))

belongs to LS. (Ri; R). It is in fact again a consequence of Proposition 3 and the one-
dimensional Sobolev inequality. Indeed, for ¢ > 0, we then write for all (y, ) € [0,2(t)]?,

k:cn z / Oy kcrl 2(t),9) dy/+k§2(é(t),gj).
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Integration with respect to g € [0,e(t)] leads to:
o 1 e(t) ry o . o 1 e(t) o o
0. < 5 [ [ el di+ g [0 e, plds
7

e(t)
1 _
C = ece(t)\/)\u/oi’
<o (VT + i)

where we have used again estimate (2.4.20) as well as Cauchy-Schwarz inequality. Hence
(P3’) and the proof of Theorem 5.

2.5.4 Proof of Theorem 6

Let us fix T" > 0. Let us first explain how the function © can be chosen to ensure condition
b) of Definition 5. The main idea is to go from the autonomous feedback O(w) = —pw
to piecewise constant in time. Let (¢ )nmen be an increasing sequence of real numbers
such that ) = 0 and ¢, 1 T~ . Let (ftm)men be a nondecreasing sequence of positive
numbers which will be made precise below and define, for all £ > 0 and w € R,

/

Ot,w) = —pmw  if t € [t,, b0 1)

Then, it holds that for all m € N and for all t € [t;,,t;,, ),
|6e(t)] < e—um(t—t’m)|5e(t;n)| <e” i Mk(t;+1—t;)|5e(0)|

It is then clear that condition b-i) is always satisfied with this choice. Moreover, if the
series Z pk(th 1 — ty,) diverges, then de(t) — 0. For instance, this is the case when
t—T—
keN
defining ¢/, =T — % and g, = m for all m > 1. Hence b-ii).
Let us now turn to the proof of condition a) of Definition 5. Let us introduce again

an increasing sequence (t,,)men of real numbers such that ¢g = 0 and ¢,, — T~ . Let
m—0o0

us introduce a sequence of positive numbers (A, )men such that A, > 1I£1a<x Ao, for all
<i<n

m € N, where \,, is defined in Proposition 3 for ¢ = ¢;. Then, for all 1 < ¢ < n, we
define the families of operators (H?,(t))i>0 and (H}(t))i>0 as follows:

nl
() = HT, (1) and Hiy(t) = HTY, (8) i £ € [ty b,
We also define for all + > 0 and z := (2;)1<i<n € H'(0,2(¢))",
H(t)z == Q@)™ (H](t)2i) 1, (2.5.16)
Hu(h)z == Q@) (Hiy(t)z) 1o, (2.5.17)

We wish to identify some sufficient conditions on the sequence (Ap,)men and (¢, )men in
order to guarantee condition a) of Definition 5.

To this aim, we first prove the following lemma.
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

Lemma 8. Let (Ap)men be a nondecreasing sequence of positive coefficients and let

(tm)meN be an increasing sequence of times such that to = 0 and t,, — T~ . Let us
m—0o0

define, for m >0, sp = ;"o \e(tkr1 — ti). Then, there exists a constant v > 0 such
that, if
VmeN,  (bntt — tm)VAm > 7, (2.5.18)

then, there exists positive constants C' > 0 and o« > 0 such that for any m € N and any
te [tmvtm-l—l);
2Bl 20,28 < Ce™* ™ ™| 20]l L2(0,20)

where z := (2;)1<i<n With z; the unique weak solution of (2.3.6) and 6v° defined by:
¥t >0, oyi(t) = Hi(t)zi(t) + Hy(t)zi(t).
Besides, if we assume in addition that:

lim ™ = 4oo, (2.5.19)

m——+oo M

then it holds:
lim [[2(t)]l 22(0,2¢0))» = 0s (2.5.20)

t—T_

Proof of Lemma 8. From Proposition 3, it holds that for all 1 < ¢ < n, for any m € N,
for any t € [tm, tm+1),

1ES,, @)l 2(py) < Ce®OV m/oi.

o )‘m 2 .
115, D2,y < C((T) ce(t).

Fix m € N and t,, <t < t;,41. Denoting by g;(t) := ’T)\Un’l 4%i(t), it holds that

l0s() 320y < (14 1K, OBy ) 126030200
< Cecé(t)\/)\m/ai sz(t) 2

72

Moreover, using the fact that z;(t) = T)\l:lvtgl gi(t), we obtain that

ce(t

C
sz 020 < —2Ame 19Oz 0,200

’l,
Besides, from Proposition 2, for any ¢, < 7 < 7 < t;,+1, we have
2 — 22 (T2 — 2
l9i(m2) 1720 20y < €N gi (7)1 20,807

Since z; and g; are in C([0,T], L?), we can combine these inequalities as 7, — t,,, | and
71 — t}. We thus obtain, with C' > 0 and ¢ > 0 being arbitrary constants independent of
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t,i and m which may change along the computations, and using the fact that In(z) < \/x
for all z > 0,

C
)

||Zi(tm+1)||%2(07€(tm+1)) < p )\;’Lnecé(tqu)||gi(tm+1)||%2(0’§(tm+l))

< Ce®D)+4In(Am /04 | gi(t er)HL2 (0.2(tms1))

< Cet108(Am /i) =2Am (tm+1—tm) llgi (¢ )HL2 0.2(tm))

< CetoB O /oS Ao o2l |21 [ -

< Cec )\m/o—i_Q)‘m(tm+1_tm)Hzi(tm)H%Q(O,E(tm)).

Denoting by v := maxj<j<p \/%, then, if (2.5.18) holds, we obtain that for all m € N,

>\m m m —om
B (thrl)HL? (0,&(tm+1) < Gttt H (t )||%2(07€(tm)) <Ce™ +am||z0”%2(0’50)’

with « := In(C). This estimate together with (2.5.19) yields (2.5.20) and the proof of
the desired result. O

We are now in position to terminate the proof of Theorem 6. Indeed, for any v > 0,
there always exist sequences (t;,)men and (Am)men that satisfy (2.5.18) and (2.5.19).
Indeed, let us define, as in [92], t, =T — -13 and Ay = 42(m + 1)®. Then, it holds that
forallm>1

m m 2
(tm+1_tm)m:7(2 +1)( +1) > 7.

m?2

Besides, (tmt+1 — tm)Am = WQM so that Sm — +o00. Choosing such se-
m m m—+oo

quences, and defining the families of operators (Hy;(t)):>0 and (H;(t))¢>0 with (2.5.17)
and (2.5.16) then yields the desired result.

Conclusion and perspectives

We have shown arbitrary small-time boundary stabilization for a class of cross-diffusion
systems in a one-dimensional domain, at the level of the linearized system around uni-
form equilibria. The system is assumed to have an entropy structure and moreover its
mobility matrix should be symmetric, so that the linearized system can be uncoupled
into n independent scalar equations. Anticipating on the nonlinear stabilization, we have
chosen a weak L? framework for the stabilization. We have adapted the backstepping
technique to derive a feedback control: we have shown that, although the equation is non
autonomous, it suffices to study the usual stationary kernels PDEs in a moving domain,
i.e. the moving-domain structure is somehow transported to the kernel PDE. Besides, we
have proven the well-posedness of the backstepping transformation in the framework of
weak L? solutions and have provided quantitative estimates on the kernels with respect
to time.
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

We intend to continue this work to get the local stabilization of the nonlinear system.

We also see several closely related open problems:

e The symmetry assumption on the mobility matrix is technical. Without this as-

sumption, one has to use the backstepping technique to stabilize the coupled lin-
earized system (2.2.11). In consequence, one has to consider a matrix kernel k
with values in R™*™ associated to the backstepping transformation. The deriva-
tion of the (matrix) kernel equations (see the scalar derivation in Appendix 2.6.3)
is complicated by the fact that A(w) and k do not commute in general and leads
to a “non-commutative version” of the kernel equations. On the other hand, the
boundary conditions are unchanged since one obtains a commutation condition on
the diagonal x = y. After the same separation of variables trick, one obtains the
system:

02, k(. y) A(E) — A2, k(r,y) = Mr(z,y) (2,y) € {0 <y < < +oo},

Oyk(z,0) =0 z € (0,400),
A(u)k(z,z) = —%x z € (0,400),
(2.5.1)

Up to our knowledge, it is an open problem to prove well-posedness and estimates
for this system when A(%) is not diagonalizable.

The extension of the present work to the related nonlinear system is currently work
in progress. We expect that getting global exponential or finite-time stabilization
might be difficult in this situation. However, we have good hope of proving at least
exponentially fast local stabilization. The control and estimates of the higher-order
terms appearing in the equation is the most delicate part of the analysis.

It would be interesting, both mathematically and physically, to see whether it is
possible to design an observer to have a control feedback that does not depend on
the full state. An interesting additional direction would be to see whether the re-
sulting observer-based control can be made robust (with respect to the propagation
speeds of the system), which is not always granted (see for instance [18, 20, 29]).

A last natural extension would be to study the stabilization of a similar system in a
multidimensional context: this however requires as a first step to define a relevant
multidimensional moving boundary domain model for the problem considered here.
This is a very interesting problem left for future investigation.

2.6 Appendices

2.6.1 Weak formulation of the controlled linearized system in L?

We start from the strong formulation (2.2.11) with a feedback law of the form (2.3.1)-
(2.3.2). We test against a regular test function v that satisfies for all z € (0,7), v(T,z) =
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0 and integrate with respect to time and space. Considering the moving boundary, the
integration of the time derivative gives:

/ / (Opu - v)(t, x)dxdt = / /e(t O - u)(t, z)dxdt — / e(t) (u-v)(t,et))dt
- [0 v

Recall that e(t)) = v > 0. Now we consider the space derivatives and perform two
integration by parts:

T e T
/ / A(@)9%u - vdzdt = /0 A(w)0zu(t,e(t)) - v(t,e(t))dt

/ / )0y u - Opvdadt

T e
= / A(uw)0zu(t,e(t)) - v(t,e(t))dt + / A(@)u - 02 vdxdt
0 0
T

/ AT ) - Oyu(t, 2(t))dt + / A@)ult, 0) - Byv(t, 0)dt.

0

Now we write the equality of these two quantities with the appropriate factorizations:
0= / / [0 + A@) " Opv] dadt + /Oeo u’(x) - v(0, x)dx
/ A(u (t)) - Opv(t,e(t dt+/ A(m)u(t,0) - Oyv(t,0)dt
/0 v(t,e(t)) - [A(w)Ozu(t,e(t)) + vu(t, e(t))] dt.

In the last integral we recognize the boundary condition at z = €(t), that is nothing else
than 0¢(t) = Hp(t)u(t) + K;(t)u(t,e(t)). Now all the terms that do not make sense for
u € [C°(]0,400), L*(0,1))"]_ must vanish if this is to be true against any test function.
It entails conditions on the test functions, the so-called dual boundary conditions. The
first condition at x = 0 is:

vt € (0,7), A(@)Td,v(t,0) = 0.
Now we examine the condition at x = €(t) where the local part of the feedback intervenes:
vt e (0,T), K(t) v(t,et)) — A@@) T ov(t,e(t)) = 0.
The remaining terms make sense for u € [CO([O, +00), LZ)”]E provided:
ve [L?((0,7); H*)"].n [C°([0,T],L*)"]., dw € [L* ((0,T); L*)"]..

Putting together all the conditions, we obtain Definition 3.
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

2.6.2 Analysis of the target problem

For the sake of the analysis, we consider the rescaled version of (2.4.8) given by the change
of variables x — z/é(t) so that the space variable is now defined in a fixed domain:

oyw — 82w——xaw+)\w—0 for (t,z) € R x (0,1),

3 6( ) 6( ) ( ) + ( )
g

— Yz 71 v 71 =Y fi R*v

E(t)a w(t, 1) +ow(t,1) =0 ort € R}

g *

%axw(t, 0) = 0, fort € ]R+,

k w(0,2) = w’(x) == g’ (%), for z € (0,1),

(2.6.1)

and the associated notion of weak L2 solution:

Definition 9. A function w € C°([0, +00), L?(0,1)) is said to be a L*-weak solution of
(2.6.1) if for any T > 0, it satisfies:

/ / (t,x [&v (t,x) + o )28;5 o(t,x) — ezjﬂxaxﬁ(t,x) - <>\+ ezjt)) f}(t,m)} dxdt
/0 w(0,2)8(0, z)dz = 0,

for any test function v that satisfies:

e o€ (L*((0,7); H*(0,1))) nC°([0,T7], L*(0,1)),
e 00 € (L*((0,T); L%)),

e (T,-) =0,

e 00,0(t,0) =0, Vt € (0,7),

e 00,0(t,&(t)) = 0,Vt € (0,T).

Note that the two definitions 6 and 9 are equivalent: from the latter to the former,
take a test function of the form e(t)v(¢,e(t)z) where v satisﬁes the assumptions in 6.
The other way around, take a test function of the form ( 70 o(t, 50 )) where v satisfies the
previous assumptions.

The problem is uniformly parabolic: for any 0 <t < T

22

so that we expect the classical parabolic estimates and well-posedness in the space
CO([0,T], H*(0,1)) for any k € N as soon as w® € H*(0,1). In fact, we have the following
a priori estimates
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Lemma 9. Assume w® € L?((0,1)). Any smooth solution w to (2.6.1) must satisfy the
energy estimate:

1 9 o 2
iuw”Lw(O,T;L?) + &(T)? Hafcw”LQ(O,T;LQ(OJ))

_ T _ (2.6.2)
v 2 v 2 042
+2€(T)/0 v (26(T) +A> lllza 0,720,y < l1w7lz20,0)-
Furthermore, it must satisfy the stability estimate: for any 0 <t <T
lw(®)z2(0,1) < e [w’[l 20,1y (2.6.3)

Proof. Multiply the first equation in (2.6.1) by w and integrate by parts in space at time
t. One first obtains:

1d o ! v
5 a7 [w®lIZ2 +6(t)2/0 (Dpw)? + <26<t) )\>

1
2% 9wt Dw(t,1) — ——w(t,1)% = 0.
| w® = et i) - Zu )2 = 0

Then using the boundary conditions in (2.6.1), one gets:

1dy oz, + -2 [ w4 (2 L e
2dtll (t)|L2+e(t)2/0 (O,w) +(2e(t)+)\>/0 +2€(t) (t,1)>=0. (2.6.4)

It comes in particular:

1d

5 0 ®ia01) < ~Alw®|Ze,1:

from which we conclude to (2.6.3) with the Gronwall lemma. Integrating (2.6.4) with
respect to time in [0, 7], one finds (2.6.2).
O

From these estimates, we define a notion of energy solution for the problem.

Definition 10. A function w € C°([0,T], L*(0,1))NL2((0,T); H'(0,1)) such that Oyw €
L2((0,7); (H'(0,1))) is an energy solution to (2.6.1) if, for almost any time 0 <t < T
and any function © € H(0,1), it satisfies

(Ovw(t), v(t)) 1y, 1 + a(t;w, ) = 0,

where the bilinear form a is given by:

- ! o - v - - -
a(t;w,v) = /0 (Wﬁmwﬁzv — ?t)w (0 + x0,0) + va) dx.
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Chapter 2 Boundary stabilization of cross-diffusion systems in a moving domain

By construction of the weak formulation, such solutions still satisfy the previous esti-
mates. In particular and by linearity, such a solution is unique, if it exists. The existence
follows from the Galerkin method (see [49][Theorem 10.9, p.341] for a general result).
This is summarized in the following proposition

Proposition 4. Let w® € L?(0,1). There exists a unique energy solution to (2.6.1).
This solution satisfies (2.6.2) and (2.6.3).

Proposition 4 gives existence to a weak L? solution since the energy solution is a
particular one, and this solution satisfies in particular (2.6.3). But one cannot directly
conclude that any weak L? satisfies (2.6.3) and deduce uniqueness from the estimate.
Indeed, such an estimate cannot be deduced directly from the weak formulation in (6).
Instead, we will first prove uniqueness from the weak formulation, then deduce that the
only weak L? solution satisfies indeed the estimate.

Lemma 10. There is at most one weak L? solution in the sense of Definition 9.

Proof. Consider two such solutions wy,ws € CY([0,T]; L?(0,1)). Then the difference
satisfies, for any test function v that satisfies the assumptions of Definition 9:

/oT /01(w1 ) <a“7 * g(gwf) - ez]t):cax?? - (A + e&) @) dedt = 0

Now fix S € L?((0,T);L?(0,1)) and consider the inhomogeneous dual problem with
source term S:

0,5+ E(C'Wagxﬁ = %xaxa = ()\ + evt)> 5=, for (t,z) € [0,T] x (0,1),
0,0(t,1) =0, for t € [0,T7,
0,0(t,0) = 0, for t € [0,T7,

o(T,x) =0, for x € (0,1).

Up to time reversal ¢ — T — t, this is a classical parabolic problem with smooth
coefficients. Therefore, there exists a (unique) solution o € (L?((0,7); H*(0,1))) N
C°([0,T],L*(0,1)) and such that 8o € (L*((0,T); L*(0,1))) (the regularity is limited
by S € L?). Consequently, ¥ can be taken as a test function against (w; — ws) and it

holds:
T 1
/ / (w1 — we)Sdxdt = 0.
0o Jo

Since this is true for any S € L?((0,T); L?(0,1)), wy = wo and uniqueness is proved.
0

Proposition 2 follows from Proposition 4 and 10.
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2.6.3 Formal derivation of the backstepping kernel problems

As explained in the remarks in Section 2.4.4, the derivation is done assuming that the
kernels explicitly depend on time ¢, then we show they do not have to depend on ¢. In the
spirit of Section 2.4.3, we assume that all the functions are smooth and we differentiate
(2.4.2) at x = 0. It gives:

aa:g(tv O) = _k(t7 0, O)C(t? 0):
which suggests, since ((t,0) is undetermined, that the kernel k should be supplied with
the condition

k(t,0,0) =0,

for the boundary condition at x = 0 in (2.4.8) to be satisfied.

At this stage, it is unclear how the kernel depends on time. We make it explicit by
applying a rescaling in the space variable into a fixed domain. More precisely, we consider
the rescaled versions of problems (2.4.1) and (2.4.8). The latter one was defined in (2.6.1)
while the former is given by:

1 v

R R _ .
Oz E(25)205?“2 E(t)acﬁxz 0, for (t,x) € R x (0,1),
o
—— 0, 2(t, 1) +v2(t,1) = d¢(t), for t € RY,
50.A(1,1) + T2(1.1) = B Y e
g *
%8352(15, 0) = 0, for t e R s
2(0,z) = ¢(ze(t)), for x € (0,1).

We consider the backstepping transformation associated to these rescaled problems:
for any t > 0, z € (0,1):

w(t,x) == z(t,x) — /Ox k(t,z,y)z(t, y)dy, (2.6.6)

where z is a solution to (2.6.5), w a solution to (2.6.1) and k an unknown function defined
in Dy :={0 <y <z < 1}. Assume everything is smooth and compute derivatives:

dpw(t,z) = Opz(t,z) — k(t,z,x)2(t, z) — /Ox Ouk(t, 2, y)z(t,y)dy, (2.6.7)
D2 w(t,x) = 0% 2(t,x) — Oy (l%(t,:v,x)z(t,x)) — O k(t, @, x)z(t, )
- /Ox aazcxlz"(tv T, y>z(t7 y>dy

and:

Dw(t, x) = Bz — / Rt 2, y) 9=t y)dy — / Ok(t,x, ) (b, y)dy
0 0

— L 2 i . T L 9 i

- at];(uxay)z(tay)dy
0
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Now use integration by parts for the integral terms in the middle. It holds:

/ k(t, x, y)ydypz(t,y)dy = k(t, z, x)xz(t, ) / 9y (yk(t, z,y))z(t, y)dy,

and, using d;2(0) = 0:

/ k(t, ,y)2(t,y)dy,

so that it holds:

Buw(t, z) = <82 Rt )02 (t, ) + (ay/%(t,x,x)z(t,x) - aylé(t,x,())z(t,()))

/ k(t, x,y)z(t, y)dy>

+ — =0 <x6 z+/ Oy (yk(t,,y))z(t, y)dy — E(f,fﬁafﬂ)m(l‘)>

/&e (t,z,y)2(t, y)dy

(2.6.8)
Now we insert (2.6.7),(2.6.8) into the equation satisfied by w:
Orw — 82w——x8w+)\w—0
' 6( )? e(t)
After cancellations, it remains, for any x € (0,1):
o d -~ ~
0= SOE Q%k(t,x,x) + X ) z(x) — Oyk(t,x,0)2(0)
"ok - P — 2 F) — —— (20, + 0, (y +A12)dy,
[ (00— @R = 92 — @0k + 0,00
which leads to the following problem for ¢ > 0
~ B L 2 ~ . 2 ~
ok~ 55 (k6. 2.) — Ohak(ts.)
—%(ﬁ@xk—kyayl;ﬁ”%)—k)\l%:o (x,y) e{0 <y <z<1},
O _8,k(t,z,0) =0 z e (0,1) (269)
é(t) Y P - 9 9
200 d -+
=0 )Q@k(t T, ) = —A\ z € (0,1).
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Now we look for a solution with separate variables under the form (k does not depend
explicitly on time): .

k(t,z,y) =e(t)k(xe(t),ye(t)). (2.6.10)
Inserting (2.6.10) into (2.6.9), the terms in e(¢) cancel each other and coming back to
the original domain we obtain

O k(y) — O, br,y) = 2kay) (,9) € {0 <y <w <eh),

0, k(. 0) = 0 2 € (0,5(1)), (2.6.11)
—%x € (0,2(1)),

Moreover, inserting (2.6.10) into (2.6.6), it is clear with a change of variables that the
k defined from (2.6.10) enables to recover the original kernel in (2.4.2)-(2.4.3) we were
looking for.

k(z,z) =

2.6.4 Failure of the basic quadratic Lyapunov approach

We show why the common approach of directly using a basic quadratic Lyapunov function
would fail to provide exponential stabilization. In order to have a proper basic quadratic
Lyapunov function, we work on the rescaled system (2.6.5). A basic quadratic Lyapunov
function for the L? norm has the form, for some positive function f € C2((0,1)) N
c'([o, 1)),
1
V() = / F(@)2(t, )2da. (2.6.12)
0
Let us take V as a Lyapunov function candidate. By differentiating along C? solutions
of (2.6.5), we have
d ! o 9 v
@V(z(t, ) = /0 2f(z)z [e(t)anxz + %xaxz dz,
Integrating by parts the first term gives

1
g g

' 2 /
[Qfe(t)2z(‘)$z]0 — 202 /0 [2f(a:)(axz) +2f (x)z@xz] dr,

while the second terms gives

[fer}t)Z2E — 62(:) /01 (22 (f + 2f') + fr20,2) da.

Note that the last term in the previous equation is the same term we integrated by parts.
Therefore putting everything together we obtain:
1

%V(z(t,-)) _ ([2fe<‘;)2zazz]o + [fxez)t)zQ]:))

a

1 . )
_ ()2 /0 [Qf(ﬂf)(axZ)Q + 2f’(x)28xz} dx — e(t)/o 22 (f n xf’) dz,
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which gives, using again an integration by parts for the second term in the first integral
and the boundary conditions of (2.6.5)

(e I )

1 = 1
S 2)(02)? — f'(2)2%] do — — [ 22 zf') dz
75 | Rr@@22 - @ do - s [ var)a
— l z —122 L z 2 —Z 2t
= (i FBOR(01) — o0 1) + T (0270 (0.1 (1) )
-7 1 x z)% — ”sz]d:c—v/122(f+xf/)dx
7 [ @2 - '@ < /. -

To have a Lyapunov function ensuring an exponential stability estimate, there has to
exist v > 0 such that the right-hand side is lower or equal than —yV for any ¢ € [0, 7]
and any solution of (2.6.5). From that point one would typically require in the Lyapunov
approach that for all t € [0, +00) and Z € C?(]0,1]),

2 T o R,
<e(t)f(1)5w(t)z(1> E(t)Z (1))+E(t)2 (Z(0)2f'(0) — Z(1) f(1))>
l —
_ T g ’ 2 v 2f — 'z o . 2| g
[ 2.2y + (50 + o) - @)z - 1)) 22| e <0,

In particular this would be true for any Z € C?([0,1]) with compact support which
implies that

[} g+ (o +ei - 1@ —se) 7] a0

Since this has to be true for any time and any Z € C2([0, 1]), and since &(t) — +oc when
t — +oo, this implies that for any z € (0,1),

zf'(x) = 7f(x) 2 0,

J; (0,400)) this is impossible: indeed, denoting M = supy;;(f') € R

but as f € C1([0,1
(f) > 0 this would imply in particular that

and m = infjg )
xM >~ym >0, Yz € (0,1),

which would lead to a contradiction. Note that, although Lyapunov functionals of the
form (2.6.12) fail here, some other Lyapunov functionals ([95, 232] or quadratic function-
als with time-dependent weights) may manage to provide rapid stabilization results for
this system.
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3.1 Introduction

The aim of this work is the study of a multispecies degenerate Ginzburg-Landau energy
and its relation to a system of cross-diffusion Cahn-Hilliard equations which was recently
studied in [118]. The latter model describes the evolution of a multicomponent mixture
where cross-diffusion effects between the different species are taken into account, and
where only one species does separate from the others. This is motivated by multiphase
systems where miscible entities may coexist in one single phase, see [166] for examples.
Within this phase, cross-diffusion between the different species is taken into account in
order to correctly account for finite size effects that may occur at high concentrations.

We assume that the mixture occupies an open, smooth and bounded domain Q c R¢
with d = 1,2,3 and that there are n + 1 species in the mixture. We denote by u;(z,t),
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

i=0,...,n, the volume fraction of the i** species at point €  and time t > 0 and set
u = (ug, - .., u,). The dynamics of the system is governed by the free energy functional
- €
E(u) := / [Z(u, Inw; —u; +1)+ i\Vu0|2 + Buo(l —up) | dz, (3.1.1)
& Li=o

where € and [ are positive constants. Denoting by g = D, E(u) the chemical potential,
the corresponding evolution system formally reads as

O = div (M (u)Vpu) in Q x (0,+00), (3.1.2)

where M : Rt — ROHDX(n+1) i 4 degenerate mobility matrix. More precisely, for
every ¢ # j = 0,...,n, let K;; be positive real numbers satisfying K;; = Kj;, then for
u € erfl, it has entries

Mij(u) == —Kjjuu, foralli# j=0,...,n,
Mii(u) := Z Kipuuy foralli=0,...,n. (3.1.3)
0<k#£i<n

As expected, due to their interpretation as volume fractions, the quantities u; must satisfy

n
0 <wui(xz,t) <1 foralli=0,...,n and Zui(x,t) =1forae z€Q, te(0,+00),
=0
(3.1.4)
and the constraint on the sum is referred to as the volume-filling constraint. The evolution
system is supplemented with no-flux boundary conditions as well as initial conditions
consistent with the constraints. The main result from [118] is the existence of a solution
to a suitable weak formulation of this problem. The aim of this paper is twofold. First,
we study some solutions to the stationary problem

0= div (M(u)Vp) in Q. (3.1.5)

In general, the analysis of this system of coupled, degenerate elliptic equations is by no
means straightforward. In this work, motivated by the gradient flow structure of the time-
dependent equation highlighted above, we focus our study on the set of local minimizers of
the energy functional (3.1.1). The latter are natural candidates for solutions to (3.1.5), in
the sense that one naturally expects that solutions of the time-dependent system should
converge in the long time limit to one of these local minimizers. We acknowledge here that
other stationary solutions may exist, but stress on the fact that local energy minimizers
are of particular physical relevance for the present system. When the parameters are
chosen such that the energy functional is convex, the unique minimizers are constants and
we show that solutions to the evolution problem (3.1.2) converge to them exponentially
fast.

In the non-convex case, the dynamics is much more complex which leads us to the
second aim of the paper: we introduce a finite volume scheme that preserves the structure
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of the continuous time-dependent system. The simulations demonstrate the capability
of the scheme and allow to explore the dynamics for arbitrary parameter regimes.

Let us briefly review previous contributions on the respective components of our model.

Cross-diffusion systems with size exclusion

Systems of partial differential equations with cross-diffusion have gained a lot of interest
in recent years [171, 76, 77, 177, 156] and appear in many applications, for instance
the modelling of population dynamics of multiple species [54] or cell sorting as well as
chemotaxis-like applications [203, 202].

Ginzburg-Landau Energy

In the case n = 1, which implies up = 1 — uy, (3.1.1) reduces to the classical Ginzburg-
Landau energy with singular potential as introduced in [58]. The works [140, 139] study
the structure of energy minimizers to the functional

1 1
Eqr(v) = / §|VU|2 +,0- v?)? da,
Q

when the system size is large and the mean value of the phase parameter v is close to
—1. The authors study the case when constant stationary states are local but not global
minimizers and estimate the size of the energy barrier, i.e. the difference of the energy
at the respective states. In particular, the authors prove bounds on the minimizers using
suitable competitors which inspired part of the construction in the proof of Theorem 7.

Cahn-Hilliard equation

The scalar Cahn-Hilliard equation with constant mobility was introduced in [58| as a
model for phase separation. It is indeed the H~!-gradient flow to (3.1.1) for two species.
Existence of weak solutions was first shown in e.g. [122, 56] in the case of constant
mobility, and later extended to degenerate, concentration dependent mobilities [120].
Regarding the long-time behaviour, for a constant mobility and in one spatial dimension,
the authors in [200] show that for initial data with bounded distance to a so-called kink
state, algebraic convergence to equilibrium holds. This was further improved in [199].
We also refer to [1, 213, 214] for long-time analysis in the case of logarithmic nonlinearity.
More details can be found in the review [195] and the monograph [190].

Multi-species Cahn-Hilliard systems have been studied in several earlier works and
usually consider an energy functional of the form

E(u) ::/Q [\Ii(u)—F%Vu-FVu dz, (3.1.6)

for some symmetric positive semi-definite matrix I' € R(+D*(+1) and bulk free-energy
functional ¥. In [121], Elliott and Luckhaus proved a global existence result for such
a multiphase Cahn-Hilliard system with constant mobility and I" = 4I for some v > 0.
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In [119], the authors generalized their result to the case of a degenerate concentration-
dependent mobility matrix with a positive definite matrix I' while [52] study a system
of Cahn-Hilliard/Allen-Cahn equations with cross-kinetic coupling. Recently, in [43],
the authors proposed a novel hierarchy of multispecies Cahn-Hilliard systems which are
consistent with the standard two-species Cahn-Hilliard system, and which read as the
model introduced above with I" positive definite, a particular ¥ and for a constant mobil-
ity matrix. Numerical methods for such systems were proposed and analyzed in several
contributions, see e.g. [132, 230, 78, 22].

Concerning coupled cross-diffusion Cahn-Hilliard systems, other than [118], the only work
we are aware of is [150], which treats the case where all species aim to separate, i.e. the
case when I" in (3.1.6) is positive definite.

Structure-preserving finite volume schemes.

The finite volume method is a classical discretization method to approximate conserva-
tion laws, see a pedagogical introduction in [128]. It is a natural physical requirement for
a discretization method to preserve as much as possible of the structure of the continuous
problem such as conservation laws, nonnegativity or dissipation. In addition, such prop-
erties can be mathematically useful, since they enable to “transfer" the mathematical
analysis to the discrete level. A method that preserves the dissipation of an energy (resp.
entropy) is often called “energy-stable” (resp. entropy-stable). Following the success of
the entropy method, there has been considerable effort in order to preserve the entropy
structure of scalar parabolic equations |35, 70, 63] and parabolic systems [60, 62, 61, 65,
164, 162, 101, 161, 64, 146, 157] at the discrete level. See also a review of energy-stable
schemes for the Cahn-Hilliard equation in [44].

3.1.1 Contributions and outline

Our work makes the following contributions

e Proving existence and uniform lower and upper bounds for the local minimizers
of (3.1.1) in the L>®(Q)"! topology. We emphasise that the latter, in contrast
to the results of [118], requires a construction which has to preserve not only the
constraints (3.1.4) but also the mass of the competitor (candidate for lower energy
in the contradiction argument), which significantly complicates the argument.

e Gaining regularity of the minimizers from the Euler-Lagrange system, we show
that they qualify as classical solutions to the stationary system. We also show that
the Euler-Lagrange equation for the void species decouples, revealing a strong link
with the single-species energy.

e We study the convexity properties of (3.1.1) and are able to give explicit quan-
titative bounds. In a particular parameters regime, we show that the minimizers
are constant and that solutions to the dynamical system converge exponentially
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fast to them, for arbitrary initial data with finite energy. We give explicit rates of
convergence.

e We introduce a two-point finite volume scheme that approximates the evolution
problem (3.1.2), preserving the constraints (3.1.4). The discrete free energy is
shown to be nonincreasing, adapting the convex-concave splitting of [118] to the
discrete case. We provide numerical simulations to illustrate the behaviour of the
scheme and to investigate the variety of stationary solutions in the long-time limit.

Remark 5 (Nonlocal and potential contributions to the energy). We remark that most
of the results of this work remain valid, after minor modifications, if potential or non-local
interaction terms of the form

/V}(m)uz(x) dx  or cij/uiL*uj dx
Q Q

are added to the energy. Here, for all 0 < i < n, V; : Q = R is a given potential and
L : Q — R is an interaction kernel. All these functions must be sufficiently smooth.
With these additions, existence of minimizers (Lemma 11), strict bounds (Theorem 7)
hold without any changes. First order optimality conditions have to be adapted and the
reqularity of solutions (Theorem 8) is limited by the regularity of L and V = (V;)o<i<n.-
Under suitable assumptions on the matriz C = (¢;j)o<i,j<n the numerical scheme can be
adapted and still preserves the structure.

The paper is organised as follows: Section 3.2 contains an analysis of properties of
the energy functional and establishes the link with stationary solutions. Section 3.3 is
dedicated to the large-time asymptotics in a globally stable regime. Section 3.4 is devoted
to the introduction of a structure preserving finite volume scheme and some numerical
results are presented in Section 3.5.

3.1.2 The model

We now present the system under consideration in full detail. For ¢ > 0 and 8 > 0
we consider the energy functional given by (3.1.1). We define formally the chemical
potentials as variational derivatives of the energy by

pi = Dy, E(u) = Inw, foralli=1,...,n, (3.1.7)
as well as
po = Dy E(u) = Inug — eAug + S(1 — 2up), (3.1.8)

so that p := (uo, 1, - -, pin) = Dy E(u). Furthermore, we introduce the auxiliary vari-
ables
w; =Inwu; —lnwug, 1 =1,...,n, (3.1.9)

as well as
wp 1= —eAug + B(1 — 2uyp). (3.1.10)
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With these definitions, (3.1.2) can be rewritten as

atui = div Z Kmulu]V(uz - /‘Lj)
0<j#i<n

=div Z KijuinV(wi - wj) (3.1.11)
0<j#i<n

= div Z Kij (uJVuz - uZVuJ) — KiouinVwo ;
0<j#i<n

fori=1,...,n and

n
Orug = div Z Kojuoui V(po — 15)
j=1

= div Z KOjUOUjV(wo - wj) (3112)
j=1

n
= div Z Ko (ujVuo —uoVuj + UOUijO)
j=1

The conservative form (3.1.2) together with the zero-flux boundary conditions suggest
that the mass of each species is conserved along the evolution. Therefore, given fixed

n
masses mo, ..., My > 0 such that ij = ||, we will look for solutions to (3.1.5) in
j=0
the admissible set

A, = {u = (Ug, . . ., up) € (L))" u; >0, / wpdr=m;,1=0,...,n,
Q
Zuj =lae in Qand uy € Hl(Q)}
j=0

Note that A, is non-empty, convex, and that for any u € A,,, it holds 0 < u; < 1 for
alli=0,...,n.

3.2 Minimizers of the energy functional

In this section we use the direct method of the calculus of variations to prove the existence
of minimizers to the energy (3.1.1) over the set A,,:

in E(u). 3.2.1
Jnin (u) (3.2.1)
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Arguing by means of competitors, we further obtain strict bounds which then allow for
higher regularity by making use of the optimality conditions. In consequence, minimizers
are solutions to the stationary problem (3.1.5).

Lemma 11. Let E: Ay, — R be defined by (3.1.1). Then, E has at least one minimizer.

Proof. We apply the direct method of calculus of variations. First, using the non-
negativity of the function [0,1] > # — xInz—x+1, together with the fact that |Vug|? > 0
and that vo(1 —vg) > 0 for any v = (vy,...,v,) € Ay, we obtain that E is nonnegative
on A,,. Moreover, it is clear that 4,, contains constant solutions with finite energy.
Thus, there exists a minimizing sequence (v(p))p en € A, such that E (v(p)) is bounded
and

lim E(v(p)) =inf F.

p—o0 Am
In particular, we have that (HVU(()p )H 12 (Q))peN is bounded as well. Therefore, without
relabelling, up to the extraction of a subsequence, there exists ug € H' () such that
Vv(()p) — Vg weakly in L?(£2), and thanks to the uniform L>-bound we have v(()p) — U

strongly in L1(Q2) for every 1 < ¢ < 0o and a.e. in Q. Furthermore, since vgp) is bounded
in L2(Q) by construction, it follows that, up to the extraction of a subsequence, for all
i=1,...,n, there exists u; € L?(2) such that vz-(p) — wu; weakly in L?(92). We also easily
obtain that 0 < u; < 1 almost everywhere on ). Then the convexity of the integrands
together with the strong continuity of the functional (dominated convergence) imply the
lower-semicontinuity

/ u; Inu; de < liminf/ ng) lnvi(p) dx
Q Q

p—o0

as well as
/ |Vug|? da < liminf/ |Vv((]p)|2 dzx.
Q p=oo Jq
Furthermore, the weak convergence in L?(Q) yields
/(—vgp) +1) dx —>/(—ui+1) dx foralli=0,...,n,
Q Q
while the strong convergence gives

/v(()p)(l—v(()p)) dm—>/u0(1—u0) dx.
Q Q

This implies
E(u) < liminf E(v®) = inf 7,

p—00
and that fQ u; dx = m; fori = 0,...,n. Finally, the weak convergence in L?(Q) also yields
n
that Z u; = 1 almost everywhere in ) so that u € A,,. The conclusion follows. O
i=0
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Remark 6. We point out that the uniqueness of the minimizer is neither guaranteed nor
expected, due to the non-convexity of the energy functional.

A remarkable property is that the minimizers are in the interior of the set A,,, i.e.
they strictly satisfy the box constraints in (3.1.4). This is shown by constructing suitable
competitors in the following theorem.

Theorem 7. Let E be the energy functional given by (3.1.1). Then, there exists a
constant & > 0 such that for every local minimizer w € A,, of E for the L>(Q)"*!
topology, it holds that

0 <wu; a.e foralli=0,...,n,

which, together with the volume-filling constraint in (3.1.4), implies the upper bound
u; <1—nd a.e foralli=0,...,n.

Proof. Let u := (ug,...,u,) € Ap be alocal minimizer of E for the L>(Q)"! topology,
i.e. there exists € > 0 such that for all v := (vo,...,vs) € Ay With [[v — ul|pe(q) =
max l[vi—wil| oo (@) < €, necessarily E(v) > E(u) holds. In order to prove the assertion,
1= n

we proceed as follows: first we show that there exists dp > 0 such that dg < ug < 1 — .
Then we proceed to show that there exists §; > 0 such that §; < u; for i = 1,...,n.

Finally, 6 := min(dg, d1, ..., d,) is the constant that appears in the statement.

Step 1: &g < ug. Arguing by contradiction, we assume that for all min <e, 27&) >0>0

the set
Cs ={x € Q: uy(x) < d}

is such that |C5| > 0. We further define the set

o . mo
Cavg = {‘T SRO Uo(x) > |Q| }’

i.e. the part of €2 on which wug strictly exceeds its average. Note that

Cmg NCavg =0 and ‘Cﬂ‘>0
[ 2[Q]

2

imply [Cavg| > 0. We then define, for all 0 < A < 1, the perturbed function

) in Cs
ug’)‘ =< (1 —=XNug + )\‘Tg—‘)' in Cavg
U otherwise,

which satisfies 0 < ug’A <1 and ug’A € H'(2). Moreover, for any 0 < A < ¢/2, it holds
that |Jup — ug”\HLoo(Q) < €. Observe that

/ug’odx: 6dm+/ uod:n>/uodx+/ ug dr = my,
Q Cs O\Cs Cs N\Cs
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while on the other hand

/ug”\dm:/ddac—i-/ uodx-i-)\/ d$+< /\)/ ug dx
Q Cs Q\(CsUCavg) Cave |Q‘ Cavg
:5|C5|+/ [ d$—|—)\/ (m—u0> dz.
Q\Cs Cavg ’Q‘

In order to estimate the last integral of the previous equality we observe that

mo
0= / ( — u0> dx
o \ €]
mo mo mo
= — — U dx—{—/ (—u0>dm+/ <—u0>d:p
/cﬂL (!Q| > O\(C mg UCavg) \ 1€ Cavg \ €]

2[Q] 2[Q]

mo mo
> e, 0wy d
—mﬂ%$+ém<mr“o“”

which implies
mo mo
— = dr < ———|Cmq |.
fo, (i) do < ez

Then, from the previous calculations, we conclude that for any 0 < § < min (e, %) and
any A € [0,€¢/2],
A
Cdr < (0—A—|]|C 3.2.2
fyutar< (5= ) eyl mo (322
Let us now assume that ¢ is chosen so that § < 27‘?20' Then, it holds that

66/2d < §— e 10 Cm
/Q x ( 4|Q|>‘ ‘m|+m0<m0
5)\

Thus, for all 0 < § < Z?ﬂ there exists A5 € (0,¢/2) such that the function u := ug
satisfies

/ u dz = my. (3.2.3)
Q

2195

mo

Furthermore, it holds from (3.2.2) that A necessarily satisfies A5 <
hm(;*)O A; = 0.

While the constructed ug preserves the mass constraint, the volume-filling constraint
is no longer valid. To recover them we have to modify at least one of the other species.
To this end, we make the following observation: in the set Cgs, it holds that

, so that

n
Zuizl—uozl—é.
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Therefore, denoting by u := max u;, we necessarily have
i=1,...,n
a>17% we d *<i 1—up<1- e (3.2.4)
U in an U u=1—u — — in Cayg- 2.

Let us now define for almost all x € )

k(z):=min{k=1,...,n, w(z)= max u(z)}

i=1,...,n
so that u(z) = uj,)(z) almost everywhere on 2. Let us then denote for all k =1,...,n,
n
Ck .= {z € Cs, k(z) = k} so that Cs = U CF and CENCY = 0 as soon as k # k. By

k=1
definition, it then holds that

up =7 in CY. (3.2.5)
On the one hand, let us introduce

m&k = / (u — ug) d.
ck

)

Then, it holds that 0 < m&k < 5|c¥| < 6|Q|. On the other hand, from the definition of
ug and from the calculations above, it holds that

/ (up — ud) dx = / (u) — ug) dx = ng,k'
Cavg Cs k=1

Therefore, using Lemma 16, there always exist measurable subsets C;}ng fork=1,...,n
such that
n
* U Cg{zkg = Cavg;
k=1

o Cg(,]fg N C;S’ngl = () as soon as k # k';
° fcédg(uﬂ — ug) dx = m&k S fC(’;(UO _ Ug) dax.

We can then define for all k = 1, ..., n the perturbed function ui in the following way:

(3.2.6)

. 6,k
L=

U otherwise.
It can then be easily checked that [|u§ — ug|| () < € for § arbitrarily small. Moreover,
as a consequence of (3.2.4) and (3.2.5), for § small enough, it holds for all k =1,...,n,
1-96

0§T_gguz:uk+(uo—ug)gukglin0§.
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On the other hand, using again (3.2.4) and (3.2.5), we can estimate

0< < b = — ) = )\*( ><1 /\< @) Cﬁk
S Up = Uy uk+(u0 uO) U + As(uo — ’Q| ‘Q’+ § |Q’ m Cavg-

Since A\ — 0, choosing § small enough implies that \5(1 — mg/|Q]) < mg/|Q| and
55 0 4
—

therefore ui <1lin Cg{,@ Furthermore,

/ u de = / uy dr + / (up — ul) do = / uy dz. (3.2.7)
Q Q chkuck Q

Finally, we observe that, almost everywhere in 2,

Zu _ZUZ o—uo)

holds so that > jul = > ju; = 1. From this, we conclude that u’ := (uf,...,ud)
lies in the set A, and satisfies ||u — u§||Loo(Q)n+l < € for ¢ small enough.

We now show that for § < 1, it holds E(u®) < E(u) strictly, which gives us the
desired contradiction. Firstly, let us note that |Vud| < |Vugl|, which gives

E(u®) — E(u) < / Z ((uf Inud — uslnwg) — (ud — uz)) dx
=0
+ ﬂ/ (ug(l — ) —up(1 — u0)> dx
Q
To estimate this difference, we first observe that (3.2.3)-(3.2.7) imply

/(uf—ui)dx—() fori=0,...,n
Q

Using the convexity of  +— zlnz and the concavity of = — x(1 — z) allows to further
estimate

E(u®) — E(u) < é/ﬂ (lnui + 1) (ud — uy) dz +/Q (lnug + 1) (ud — ug) dx

s (3.2.8)
+ B/ (1 = 2up)(uy — uo) dx
Q
=: AF + AFE> + AE;5.
To estimate AFE; we first observe that
AFE; = Z/ <lnui + 1) (u — ug) do = Z/ , (lnui + 1) (up — u)) dx
k=179 k=1 C¥UCag
(3.2.9)

n
6(,,0
:E /k M—lnuk(uo—uo) dx.
— Jekue

avg
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The quantity — In ui is nonnegative in C(’f ch{,’fg while (ug —up) is nonnegative in Cg“ and
nonpositive in Cg{,kg, and furthermore (3.2.4) gives

_ 1-6 1 mo .k
— = — < — — < = — - .
In ug, In(w) In < - ) In <n <1 2] |>> in Cs

Therefore (3.2.9) reduces to

1 mo §
AF < —In(—(1—-—= — dz.
v (1)) [ o

In order to estimate the second term on the right-hand side of (3.2.8) we first observe
that in the set Cayg it holds Inu > In(mg/|Q2|), while due to the mass conservation we
have

/ (uh — o) dw = —/ (u) — uo) dz. (3.2.10)
Cé Can
It follows that

AFEy = / Inud(u — up) de <Inéd [ (ud — up) dz + In(mg/|Q)] / (u — ug) dx
Q

Cs

— (o 1n(m0/ym)>/ (w8 — ug) da.

Cs

Finally, for the last term in (3.2.8) we use the fact that —1 < 1 —2up < 1 and (3.2.10)
again to have

AEy <6 [ (1= 2u0)(uf —wo) do < 5 [ Juf o] do
2 @ (3.2.11)

<B | (u)—wup)de—p (ud —up) dz =283 | (u) — up) d.
C(S Cavg CS

Summarising we have

E(’) — B(u) < [1115 ~In(mo/|Q) — In < <1 - 277‘?2")) + 24 /C(s (ud — o) da.

Thus, since / (ug — up) dr > 0 for all & > 0, taking J sufficiently small so that the
Cs
constant in front of this integral becomes negative yields the desired contradiction.

Step 2: ug < 1 — dg. We argue again by contradiction and assume that for all

i > h
mln( 2’Q‘> 6 > 0 the set

Cs={zcQ: u(z) >1—35}
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3.2 Minimizers of the energy functional

is such that |Cs| > 0. We further define the set

5avg:={xea :ug(x) < T’éﬁ}

i.e. the part of  on which wg is strictly below its average. As before we argue that
|Cs5| > 0 for all 6 > 0 arbitrarily small implies |Cavg| > 0. We then define, for 0 < X < 1,
the perturbed function

1-9 in C~5
~5\ .5
Uy =< Aug + (1 — )\)’l%‘)' in Cavg
UuQ otherwise,
and arguing as in the previous step we show that for all fﬁ?ﬁ > § > 0 there exists

~O,AL
Az € (0,€/2) such that the function @ := @, ° has the same mass as ug and satisfies

|luo — uOHLoo (@) < €. We then observe that it holds

Zul =1—uy>1- ‘Q] in Cavg,
which implies that the function @ := max must satisfy
i=1,....,n
1 m ~ - ~
u > *(1—‘60‘) in Cavg and ﬂﬁzuz':l—uoﬁﬁncé-
n
i=1
For almost all z € Q, we denote by k(x) := min {k = 1,...,n, u(z) = max ui(w)}.
i=1,....,n

Moreover, for all k = 1,...,n we denote by CN(’; = {ZE € C~5, l;:(:r) = k} so that C5 = CJ C7§

and Ci’; N (Z?l = () as soon as k # k. By definition, it then holds that .
U =7u in (z];”.

By the mass conservation property

/~ (up — @) dx = /~ () — o) de, (3.2.12)
Cavg C5

for all § > 0 sufficiently small, using again Lemma 16, there exist measurable subsets
Cavg C Cayg for all K =1,...,n such that

Cave = U Cat

. Cavg avg = () as soon as k # k';
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

L] fgg,vkg (U() — ng) dr = fC~,’§ (ag — UO) dz.
Thus, for § sufficiently small, for all £ =1,...,n, we define the function

Sy 50,k
. {uk+(uo—u8) in C(’;“UCa’Vg
=

Ug, otherwise

which is such that 0 < ui < 1 and /

Q
as in Step 1, we obtain that for § sufficiently small, @’ := (@j,...,al) € Am and

Hﬁé _ UHLO@(Q)"“ < €. Moreover, it holds that

B(@d) — E(u) < Z/ In @ (a9 — ug) dx + / In @) (@) — ug) da
k=1 Q Q

+ B/(l - 2u0)(ﬂ8 — ) de =: AE] + AFE, + AEs.
Q

712 dxr = / up dx. Using similar arguments
Q

To estimate AFE; we first observe that
1 s A0k
N E (5( - %3)) in Cai
> —Ind in Cé“.

Thus we can estimate

AE, = Z/lnuk " — UL) dw-Z/M In @9 (@ — uz) da

CavaUCk

:_Z[/ In @l (@ —uo)daz—/cg’k (ln k—i-l)( —uo)d]

Vg

< [—lné—l—ln (;(1 _ ’?ﬁ))] /Cé(ag — up) d,

where we used (3.2.12) to obtain the last inequality.
The second integral AFEs in (3.2.8) can be estimated via

AE, = / In @3 (@) — up) dz < In(1 — 5)ﬁ
Q

(@ — uo) de + In(mo/|9) / (@ — o) da,
C5 a

where we used In(@d) < In(mg/|Q|) in é;vg. Using again (3.2.12), we obtain

AEy < (1 = 8) = In(mo/|9) [ (5 — o) do.

Cs

Estimating the concave part AE3 as in (3.2.11) and collecting all terms eventually yields

E(@’) - E(u)
< [_ Iné 4 In (Tll (1 - |Q°’>) +1n(1 = 6) — In(mo/|Q]) + 25] [ (@3 — uo) da.

Cs
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3.2 Minimizers of the energy functional

As the integral on the right-hand side is strictly negative but the coefficient in front of
it becomes positive for § sufficiently small, we again reach the desired contradiction.

Step 3: 6 <wu;, i =1,...n. To fix the ideas let us assume that ¢ = 1. While the proof
uses the same construction as in Step 1, it is crucial to make sure that the index l_ﬁ(ac)
used to construct the sets C¥ and the functions such as in (3.2.6) is such that k(=) is
never equal to 0, as applying (3.2.6) to define ug with £ = 0 would yield a function ug
which does not belong to H'(Q) and thus renders the value of the energy to be infinity.
To this end, we may use the upper bound on ug established at Step 2 of the proof to

calculate

Z uj =1—uy—uy > (6o —0) inthesetCsy:={recQ : u(x)<d}.
7#0,1

As §p from Steps 1 and 2 is fixed at this point, choosing § < dg we can go on from here
to ensure that, defining k(z) ;== min{k = 2,...,n, ur(zr) = max;—2__,u;(x)}, we have
that ug,)(2) > (do — 0)/n almost everywhere in Cs1. Then, arguing as in Step 1 gives
the existence of §; > 0 such that §; < u;. As the choice i = 1 was arbitrary it follows
that the argument can then be applied to any other u;, using the same construction as
just done for wuy.

Step 4: Conclusion. We then observe that the parameter 6 := min(do,d1,...,0,)
satisfies all the properties in the statement, and therefore the conclusion follows. O

Thanks to these uniform bounds and arguing by elliptic regularity, we can derive first
order optimality conditions as given by the following theorem.

Theorem 8. Let u € Ay, be a local minimizer of the energy (3.1.1) in the L>(Q)"+!
topology. Then ug € H2(Q)) and is solution to

1-— 1 1-—
—eAug = In u B(1 — 2ug) — / <ln U B(1 — 2u0)> dx, in Q,
ug €] Jo ug
Ouo =0, on 0L2.
on
(3.2.13)
Moreover, it holds
m; .
= (A —wg), i=1,....n. 3.2.14
U |Q‘ — mO( uO) ¢ n ( )

In addition, u is an element of (C°°(Q))" ™! and a classical solution to (3.1.5).

Proof. Step 1: establishing (3.2.13) and (3.2.14). Given % := (¢1,..., %) € (C*(Q))",

set

1
Vi = wi—/wi dr foralli=1,... n. (3.2.15)
€2 Jo
Fix now r > 0, consider the perturbations

Up; = u; +ry; foralli=1,...,n,
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

and set
n n n n
Upg =1 — Zum =1- Zuz —T‘ZVi =ug + ryg, with 1y := —ZVZ'.
=1 =1 i=1 =1
We then set v := (vp,...,vy), from which w, = w + rv and in turn w, € A, for

r sufficiently small, due to the strict lower and upper bounds of minimizers shown in
Theorem 7, so that E(u) < E(u,). We now want to calculate the variation of F, that
is,
E —F
lim Elur) — E(u) :
r—0 r

Note that, thanks again to the strict bounds of Theorem 7, we obtain uniform L*°-bounds
on Inw;,Inw,;, for any ¢« = 0,...,n and for r sufficiently small. Therefore, we can use
dominated convergence to calculate

E(u,)—FE -
Oﬁlim(u)(u):/Z[(lnui—lnuo—ﬁ(l—2uo)>1/¢—6Vuo-Vm] dx,
" Q=1

r—0

for all such v;. We repeat the same argument for —v and then use (3.2.15) to eventually
infer, using Fubini theorem,

0= /QZ [<Inui —Inwug — B(1 — 2u0)>1/;i —eVug - V%] dx
=1

—/Q(’Sa/glnui—lnuo—ﬂ(l—Quo) dy)dji dx

for every ¥ = (¢1,...,1n) € (C®(Q))". Setting
1
A = / Inu; —Inug — B(1 — 2up) dy,
€2 Jo
we obtain that for any i = 1,...,n, for any ¢ € H' (),

/ [lnui —Inuy— B(1 — 2u0)}ap dx — 5/ Vug - Vi dr = )\i/ o dx. (3.2.16)
Q Q Q
Thanks to the uniform bounds of Theorem 7, we know that

Inu; — A — Inug — B(1 — 2ug) € L2(Q) foralli=1,...,n,

therefore, using standard elliptic regularity theory (see, e.g., [224]), we get from (3.2.16)
that up € H?(2). This in turn implies that the Euler-Lagrange system is satisfied in
strong form as follows

—eAug =Inu; — A; —Inwug — (1 —2ug) a.e. in Qforalli=1,... ,n. (3.2.17)
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3.2 Minimizers of the energy functional

Let us now proceed to eliminate the Lagrange multipliers from the equations. We write
(3.2.17) for any pair of indexes i # k € {1,...,n} and take the difference of the corre-
sponding expressions. This gives

Inu; — Inug = A — Ag, (3.2.18)

that is,

U = uie)‘kf)‘i.

Solving this equation for u; by using the volume-filling constraint gives

eri

n
> e
k=1

(1 — ug). (3.2.19)

U; =

Inserting (3.2.19) in (3.2.17), the Euler-Lagrange system reduces to the following PDE
on ug together with n Lagrange multipliers

1 _ n
—eAug=In— 51— 2up) — In (Z e>"“> . inQ, (3.2.20)
o
k=1
together with the boundary condition
d
% —0, ondQ. (3.2.21)

Integrating (3.2.20) over €, together with (3.2.21), gives

g 1 1—u
A | 0 .
In ( g e k) = /an w B(1 = 2ug) dz =: Ag.

k=1

Then integrating (3.2.19) over {2 we obtain that

Ai Moo =1
..

e :7|Q‘—m06 s

S,

and in turn (3.2.14).

Step 2: establishing (3.1.5). First, it follows from (3.2.13) combined with the uniforms
bounds on wug that, by elliptic regularity, ug is smooth in §2, and as a consequence of
(3.2.14), u is smooth as well. Secondly, it is enough to show that w; satisfies (3.1.11)
fori=1,...,n, since then (3.1.12) is automatically satisfied thanks to the volume-filling
constraint. Remark that, rewriting (3.2.17) and (3.2.18) with the notations (3.1.9)-
(3.1.10) leads to

wl‘—’wo:)\i, ZZl,...,n,

wi—ij)\i—)\j, i;éjzl,...,n.
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

Taking into account that w is independent of time and using the previous relations, we
obtain from (3.1.11) that

div E Kijuiu; V(w; — wy)
0<j#i<n

= div Z uzu] w~ — wj) + KiouinV(wi — 'UJ(])
1<j#i<n

= div Z Kijuiu; V(A — Aj) + Kijpuiug VA,
1<jFi<n
-0,

which concludes the proof. O

Let us make a few comments on the result that we have established here. First, we have
proved that any local minimizer of the energy functional E for the L>(2)"! topology
is indeed a solution to the stationary problem (3.1.5). Of course, we do not expect the
converse to be true, in the sense that there may exist other solutions to (3.1.5) which are
not local minimizers of the energy functional E. However, because of the gradient flow
structure of the time-dependent system (3.1.2), it is natural to conjecture that solutions
to this system will converge in the long-time limit to some stationary states that are
local minimizers of E. We are not able to prove this claim here, but give some numerical
evidence in Section 3.5.

Second, thanks to Theorem 8, we can study the properties of the local minimizers of
E by studying the scalar equation (3.2.13), which is now the first-order Euler-Lagrange
equation of the single-species Cahn-Hilliard energy

Eoluo) = / [uo In o + (1 — up) In(1 — ug) + %yvuoﬁ + Bug(1 — uo)} dr.  (3.2.22)
Q

3.3 Convexity properties and long-time behaviour

In this section we present some results obtained on the behaviour of solutions to the time-
dependent system (3.1.2) in the case when the parameters ¢ and § are chosen such that
the functional F is convex. While this range of parameter values may not be practically
relevant for some physical applications where separation effects dominate over diffusion,
we nevertheless believe that the present analysis is instructive and might be seen as
a useful preliminary step towards the study of the long-time behaviour of solutions to
(3.1.2) in the general case. We first give explicit conditions on the parameters ¢ and S for
FE to be convex. We then prove that, in a stable regime, solutions of the time-dependent
system converge exponentially fast to the minimizer of E, which is proved to be unique
in this setting.
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3.3 Convexity properties and long-time behaviour

3.3.1 Convexity properties

Let us now study convexity properties of the energy (3.1.1). We begin by recalling the
famous Poincaré-Wirtinger inequality: there exists a constant C}, > 0 such that for all

ve HY D),
2
/ (v—l/ vdy) dz SCp/ ]Vv|2 dx, (3.3.1)
Q 12 Jo 0

as well as the logarithmic-Sobolev inequality on bounded domains, [108, Lemma 1],

/flogf dr < Csob/ |V\/ﬂ2 dz, for every f € HY (Q;R,) s.t. / fdx=1, (3.3.2)
Q Q

where the constant Cs,, depends on d and €2, only. We then have the following lemma:

Lemma 12 (Convexity of the free energy). Let n > 1 and C), be the Poincaré constant
n (3.3.1). Assume that
1 1 €
—t — == - > 0. 3.3.3
omo Q|<20p 5) = (3:3:3)

Then, the energy functional (3.1.1) is convex in the set Ap,. If n = 1, the result holds
under the weaker condition

(9] 1(5

2mo([2] —mo) 9] \2G, ~6)z0 (334

Moreover, whenever the inequalities are strict, the energy is strictly conver.

Proof. Let w := (ug,...,up),v := (vo,...,0,) € Ap. This in particular implies that

/uidw:/vidac foralli=0,...,n.
Q Q

We want to estimate from below the quantity
E(u) - E(v) — E'(v)(u - v) Z / it 2 4 (9 — o) — B — wo)? d

The first terms can be estimated thanks to the Csiszar-Kullback—Pinsker inequality [226]

as
/ull </|ul—vl|dm> , 1=0,...,n,
Q

while the gradient term is estimated using the Poincaré inequality (3.3.1). We obtain

E(u) — E(v) v)(u —v)
n 2

</ s — Ul|dx> + ——B (/ o — vl dx) 55
) o
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

where we applied Jensen’s inequality. If n = 1, using u; = 1 — ug,m; = || — mg, we
obtain

E(w) - B(v) — F'(v)(u - v) > (Qm(m“,'_m) G /3)) (/Q o — vol dx)2

thus condition (3.3.4) ensures convexity. However, when n > 2, one cannot easily take
n

1 2
advantage of the terms Z — < / lu; — vi]dx) . Therefore, using only the fact that
Q

2m;
i=1 v

they are nonnegative, one obtains from (3.3.5) that

Bw) - E(v) - B(w)u-0) > (5 + (e =) ) ([ 1uo = v d)

which gives again the convexity of F under condition (3.3.3). O

When applicable, it follows from strict convexity that both the minimization problem
and the Euler-Lagrange equation (3.2.13) have a unique solution. Moreover, the constant
state ug = %)‘ always solves (3.2.13). This leads to the following corollary.

Corollary 2 (Uniqueness of the minimizer). Whenever condition
1 1 5
—+ == - >0
2m0 + |Q| (20p ﬁ)
holds, the minimization problem (3.2.1) has a unique solution, given by the constant states

u® = i foralli=0,...,n. (3.3.6)
jo
3.3.2 Large-time asymptotics in the stable regime

We discuss now the large-time asymptotics of the evolution system (3.1.2) in the frame-
work of Corollary 2, i.e. when the energy admits a unique (constant) minimizer. We aim
to show that w converges exponentially fast to this unique minimizer, for arbitrary large
initial data with finite relative energy.

It follows from [118, Theorem 2.1] that, for any initial condition in A,,, the system
admits a weak solution u = (ug, uy, ..., u,) that satisfies the constraints (3.1.4) and such
that (see [118, Definition 2.1| for more details),

o u; € L2((0,7); H'(Q)) forall i = 1,...,n;
o ug € L*((0,T); H*(Q));

e Juu; € L2((0,7); (HY(Q))) for all i = 0,...,n;
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(e}

Let u™ = (ug°,...,u;’) be defined by (3.3.6). The relative energy functional is

P

defined as, for all u := (uq,...,u,) € Ap,

RE[u|u®] = E(u) — E(u™) — E'(u™)(u — u™)

n w £ . - (3.3.7)
:/ [Zullnoo+2|V(Uo—Uo )‘Q_ﬁ(UO_UO )2 dx
Q |z U

Our result is stated in the next theorem.

Theorem 9 (Global exponential stability of the constant steady state). Let u™ be given
by (3.3.6) and let u® € A, be an initial condition such that u® € H*(Q)"* and

RE[u’ | u™] < .

Let w be a weak solution to (3.1.2) as constructed in [118]. Then, u satisfies

RE[u(t) |u®] < e MRE[u’ |u™], t > 0, (3.3.8)

with the rate ) ) 28
A=4kmin | —, — — — 3.3.9
(Csob Cp € > ( )

with k = ming<jzj<p Kij > 0, Cp and Cyop, being the constants in (3.3.1) and (3.3.2),
respectively. Furthermore, under the condition

3
— - 3.1
e 8> 0, (3.3.10)

it holds, for alli=0,...,n,
||lui(t) — uf°||%1(9) < RE[u(t) |u®] < e MREN® [u®] =0 ast— +oo, .

Remark 7. The global stability condition (3.3.10) is stronger than the convezity condition
on the energy (3.3.3) as it does not take the mass into account.

We recall here some results proved in [118] and in particular the construction of a
weak solution to the time-dependent system. The method consists in introducing a
time-discrete regularised version of the evolution system, together with a suitable weak
formulation. More precisely, the following theorem holds:

Theorem 10 (Theorem 3.1 from [118]). Define the sets

A= {u = (ui)lsign S (LOO(Q))TL cu; > 0,0=1,...,n, ug:=1-— Zu, > 0}

and

B:= {qﬁ = (¢i)1<i<n € (LZ(Q))" : ¢o:= _Z¢i € Hl(m} ’
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and let T > 0 be a discrete time step, let p € N, and let uP € AN (H?(Q))". Then, there
exists a solution (WP, W) € (AN (H2(Q)") x (H2(Q))" to the following coupled
system: for all 1 <i < n, for all ¢; € H*(Q),

WPt P
/legbz dr = —7‘<7I}f+1,gbi>H2(Q)

—/( Z Kijufﬂu?HV(wa p+1)—|—K up—|rl p+1va+1) -V, dx,
2 M<ji<n
(3.3.11)

and for all ¥ = (Y;)1<i<n € BN (L®(2))",

n
Z/Q(lnuf“ nuf ) + eVul T - Vipodz = Z/ a4 (1 2u0)) wida,
i=1
(3.3.12)
n
where uf =1 — Z uf’. Moreover, the function aPt! satisfies the following property: there

=1
exists 6, > 0 such that
n
uerl >0p, foralll <i<n, and upJrl .zl—Zuf+1 >0p, a.e in(0,T) x Q.

Proof of Theorem 9. Let u® := (uf),...,ud) € A, N H?(Q)" L. For a given value of time

step 7 > 0, and starting from @° := (ul,...,u)), we consider the sequence (uP)yen of

discrete iterates given by Theorem 10. For all p € N, we then define u? = (uf, u?) where
ub :=1-3"" , uf’. We first note that they enjoy enough regularity to define the following

quantities for all p > 0, using T = (w f“, L ahth,
1/2 1
wg+ /2= —eAub™ + B(1 - 2ub),
wf“ ::wf+1+w§+1/2, fori=1,...,n,

wt = (W) <.

Then, one can define the piecewise constant interpolation (") as well as its time-shifted
version o,u(™: for all p € N\ {0}, define the discrete time t, = pr and, for all t €

(tp? tp+1])

together with 4(7)(0) = u°. For any t € (0, 00), we also define P(")(t) € N\ {0} to be the

lowest integer such that ¢, > t. Choosing ¢; = @/ = f“ gH/Q (3.3.11) one

obtains a discrete (relative) energy-energy d1881pat10n inequality and the authors showed
in the proofs of [118, Lemmas 4.2, 4.3, 4.4] that the terms in the dissipation can be

114



3.3 Convexity properties and long-time behaviour

estimated, which yields the following inequality, for all £ > 0,

RE[u () | u™®] — RE[u’ | u™]
PM(t)-1

—kzn: A deds+ Y AkBT|IVUl | ool Vub|
o Jo (.,.) L2(Q) 0llL2(£2)
=0 1

p=0
t
—2k5/ /|Au % deds — // T) \VwOT)IQ dxds
- / an 0 ey ds.

Considering the nonnegativity of the two last terms, and using the inequality

POt -1 t
> 4kBTIVEE 2@ IV 120y < 268 /0 (IVu§ 1320 + 90,0 B2y ) ds,
p=0

the energy inequality rewrites

RE[u)(t) | u>®] — RE[u’|u™>] < 4kZ//V\/7\ dxds

- 2/{:6/0 /Q\AugT)F dzds + 2]<:B/0 ||vu§f)HiQ(Q) + HaTVugT)Hiz(g)) ds.

We use the logarithmic Sobolev inequality (3.3.2), together with the following estimate,
which we prove for any v € H?(2) with 9,v = 0 on 9: denoting by m = ﬁ Jovdz, it

holds that
/ \Vo|? dx = / V(v —m)?de = — / (u—m)A(u —m)
Q Q Q

< ([w-mp) v (f (A(u—m»?)m

CYAE m>|2>1/2 ([au- m>>2)1/2
;/Q]Vu|2 dx+(;”/Q(Au)2

Vv € H?(Q) with d,v = 0 on 09Q, / |Vo|? dx < Cp/(Av)2 dx
Q Q

IN

IN

l.e.

We thus obtain, using the fact that for all p € N, up+1 € H*(Q) is such that 8nu8+1 =0
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(this is a consequence of the weak variational fomulation (3.3.12)):

/ / Z (r) ln d:z:ds
sob

2k5
/ 197 22 0y s + 288 / 1965122 + o T2 ds.

RE[u™ (1) |u>®] — RE[u’ | u™]

We need to pass to the limit as 7 — 07 before estimating further. On the one hand,
using the analysis of [118], it holds that (u(()T))T>0 and (aTu(()T))T>0 converge strongly to
ug in L?((0,t); HY(R)), so we can pass to the limit in the three gradient terms. On the
other hand, (ul(-T))T>o converges strongly to u; in L2((0,t); L2(Q2)) for any i = 1,...,n, so
by the continuity of the function [0, 1] 3  +— zInz and Lebesgue dominated convergence
theorem, we can pass to the limit in the mixing terms, and therefore in the entire energy

itself as well. We obtain
/ / Z U; n — dmds
sob

RE[u(t)|u™®] — RE[u’|u™] < —

3
11 28\ [t
< —4kmin | —, — — =& E d
< —akmin (o o= 2 ) [ RERu | as,

so that applying an integral version of Gronwall inequality gives (3.3.8)-(3.3.9). Moreover,
under the same condition, the Poincaré and the Csiszar-Kullback inequalities (see [155])
show that the relative energy (3.3.7) dominates the square of the L'-norm, hence the
conclusion. O

Remark 8. Note that the scope of the previous result is restricted to a regime where
the system evolution is mainly diffusion-driven. In particular, the system does not enjoy
phase separation. The dynamics outside of this regime is more relevant, but also much
more difficult to study. Some constant states may become unstable, leading to the concepts
of spinodal region and spinodal decomposition (see Figure 3.5). This phenomenon has
been studied in the context of the single-species Cahn-Hilliard equation [195] and for
Cahn-Hilliard systems [131]. It is an interesting perspective to study it for cross-diffusion-
Cahn-Hilliard systems, which we postpone to future work.

3.4 Finite volume scheme

We introduce a two-point finite volume scheme to solve (3.1.2) and study its large-
time asymptotics. In the next subsection, we introduce a suitable discretization of the
space-time domain and useful notations. Then we present our scheme and prove several
properties related to the preservation of the structure of the continuous system.
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3.4.1 Mesh and notations

An admissible mesh of Q is a triplet (7, &, (zx)ke7) such that the following conditions
are fulfilled.

(i) Each control volume (or cell) K € T is non-empty, open, polyhedral and convex.
We assume that

KNL=0if K,LeT with K #L, while | J K=0.
KeT

(ii) Bach face o € £ is closed and is contained in a hyperplane of R?, with positive
(d — 1)-dimensional Hausdorff (or Lebesgue) measure denoted by m, = H4" (o) >
0. We assume that H? (e N¢’) = 0 for 0,0’ € £ unless 0 = ¢’. Forall K € T,
we assume that there exists a subset £ of € such that 0K = J, ¢, 0. Moreover,
we suppose that (Jxcr Ex = €. Given two distinct control volumes K, L € T, the
intersection K N L either reduces to a single face o € £ denoted by K|L, or its
(d — 1)-dimensional Hausdorff measure is 0.

(iii) The cell-centers (zk)reT satisfy zx € K, and are such that, if K, L € T share a
face K|L, then the vector x; — xk is orthogonal to K|L.

We denote by my the d-dimensional Lebesgue measure of the control volume K. The
set of the faces is partitioned into two subsets: the set & of the interior faces defined
by

Eint ={o €& |o=K]|L for some K,L € T},

and the set ot = € \ Eint of the exterior faces defined by Eoy = {0 € € | 0 C 00}
For a given control volume K € T, we also define Exing = Ex N &t (respectively
Ekext = Ex N Eext) the set of its faces that belong to &ing (respectively Ecxt). For such a
face 0 € Ek int, Wwe may write 0 = K|L, meaning that o = KN L, where L € T. Given
o €&, we let

Mg

do'_{|xK_1:L| lfO':K’LE(gint, and Tg—d '

| Jzk — @6 if 0 € Ek ext,

In what follows, we use boldface notations for any vector-valued quantity, typically for
elements of R*1 RITI RIEI (RIT"+1 and (RI€N"+1. Moreover, we use uppercase letters
to denote discrete quantities, in contrast to lowercase letters used in the previous sections
for functions. Given any discrete scalar field V' = (Vk)geT € RI71, we define for all cell
K € T and interface o € £k the mirror value Vi, of Vi across o by setting:

v _ [ Vi ifo=K|L € &m,
Ko=) Vi ifo € Eoy.

We also define the oriented and absolute jumps of V' across any edge by

Di,V =Vis — Vi, and D,V = ‘DKUV’, VK € T, Vo € &k.
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

Note that in the above definition, for all o € £, the definition of D,V does not depend
on the choice of the element K € 7 such that ¢ € . Therefore, it can be checked that
the following discrete integration by parts formula holds, for any V., W e RI7!:

Z Z DgoW .V = — Z DgoW .Dgo V. (3.4.1)
KeT oeéx 0€& s

Concerning the time discretization of (0,7"), we consider Pr € N* and an increasing
infinite family of times 0 < tg < t; < --- < tp, = T and we set At, = t, —t,—1 for
pe {17 7PT}~

3.4.2 Numerical Scheme

Let u® = (u),...,uY) € A, be an initial condition satisfying the constraints (3.1.4). It
is discretized on the mesh 7 as

0 _ (170
U" = (Uik) ket ocicn
by setting .
Uy = / u(z)de, YK €T;i=0,...,n. (3.4.2)
) mK K

Assume that UP = <Uf K)K T ocic is given for some p € N, then we have to define how
’ €7,0<i<n

p+1

to compute the discrete volume fractions UPT! = <Ui K . Forg=pp+1

) KeT,0<i<n

and ¢ = 0,...,n, we introduce the notation U{ := (Uqu) . We also introduce

KeT

discrete fluxes J?H = (Jf’}i) , which are based on edge values U? ;Ll for
’ KeT,0e€k,0<i<n ’

allc € £,1=0,...,n. For any K € T such that o € £, the definition of Uf:l makes

use of the values Uip ;21 and U ip }}7 but is independent of the choice of K. The edge volume
fractions are then defined through a logarithmic mean as follows

. . p+1 p+1
0 1 if mln(Uﬂl( , Z»7KU1) <0,
p+ . p+1 _ rrp+
rtl_ ) Uik 0 <V =V ko (3.4.3a)
2,0 UP+1_UP+1
ik YiKo

otherwise.
1n(Ug;1)—1n(U§j;{T)

This choice is motivated by a discrete chain rule property: for any i =0,...,n, K € T,
o€ &k, if Uf}l, Zp;é > 0 then

Dy UM = UPF Do In(UPT). (3.4.3b)

We employ a time discretization relying on the backward Euler scheme:

+1
mKqu > =0, VKeT,i=0,...,n (3.4.3¢)
Aty v 7 7 B

0EEK int
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3.4 Finite volume scheme

and the discrete fluxes are adapted from formulas (3.1.11)-(3.1.12) as
e S (UﬁleKan“ ~ U3 D, U
0<j#i<n
+ 1, Ko UP S UGt D W0 Li=1,...,n,

g? =T ZK,[) (UPHDKUU;SH Up+1D Up+1) (3.4.3d)

— Ty Z K’LOUp+1 ;D+1D WO ,

where the auxiliary variable wy is discretized from (3.1.10) as W7§ /2 (VVé7 }}1/ 2

where for any K € T,

)KGT’

+3 €
Wng - Z 7D, UM 4 B(1 — 2U7 i )- (3.4.3¢)

mg
0EEK int

Note that, in the latter formula, we apply the same convex-concave splitting as in [131]:
the convex part of the energy is discretized implicitly while the concave part is discretized
explicitly. This well-known technique is crucial in order to recover free energy dissipation
at the discrete level [132], see the proof of Proposition 5

Remark 9. Rather than defining the system (3.4.3c) for alli = 0,...,n and then check
that it holds >, Ug;l =1 for any K € T, p € N | one could have written only n
equations and define Ug}'{l =1->7", Ug}l (it is the chosen approach to define weak
continuous solutions). However, it is important not to define the value on the edges Ué’;l

as1—>7" UpJrl but rather as the logarithmic mean according to (3.4.3a). In doing so,
the saturation constraint does mot necessarily hold on the edges anymore, but one can
recover free enerqy dissipation.

3.4.3 Elements of numerical analysis

Lemma 13 (Mass conservation). For all p € N, it holds

Z m Ulp;;l —/u?(m)d:ﬁ, 1=0,...,n

KeT @

Proof. Summing (3.4.3¢) over K € T leads to:

S kU U = AR Y Y =0, n,

KeT KeT 0€€K int

and this quantity is null because of cancellations on both sides of o € &;,,t. The conclusion
follows by induction and using (3.4.2). O
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Chapter 3 On a cross-diffusion Cahn-Hilliard system

Lemma 14 (Volume-filling constraint). Let p € N and assume that

U = (U7
K ) geT 0<i<n

K € T. Then any solution UPT! to the scheme (3.4.3) satisfies it as well.

satisfies the volume-filling constraint Z?:o UJPK =1, for any

Proof. Fix K € T and sum (3.4.3c) over ¢ = 0,...,n. Then on the one hand we have
the sum of the cross-diffusion contributions

n n
7 > Ky (U Do UTH — U i UE)
i=0 j=0
that cancels thanks to the symmetry of the coefficients K;;. On the other hand, it is

clear by construction that the Cahn-Hilliard term in Jg }}10 exactly compensates the sum
of the Cahn-Hilliard terms in the n other fluxes. Therefore, one obtains

1 « "
mKAth(UZTK —U£K> =0.
i=0

O]

Lemma 15 (Weak positivity property). Let p € N and assume that U? is nonnegative.
Then any solution UPT! to the scheme is nonnegative. If moreover UP is positive, then
any solution UPT is positive as well.

Proof. We begin by proving nonnegativity. Fix ¢ € {0,...,n}. Reason by contradiction
and assume that U? ! has a (strictly) negative minimum U? ;21 in the cell K € 7. The
conservation scheme (3.4.3c) in the cell K gives that

Ul - ur
i, K oK p+1
mKT - Z Ji,KU’
p 0E€EK int
and using that U? is nonnegative we get that
> Ik >0 (3.4.4)

0€EK int

But using that, for any o € Ex int, Ug :1 = 0 by definition (3.4.3a), several terms cancel

in the fluxes formula (3.4.3d), and we get

oo l-% Y. KyUMHDr,UP | >0,

0E€EK int 0<j#i<n

but since Kjj, UJP;I, DKJUfH, 7, > 0, we obtain a contradiction. Therefore UfJrl > 0.
If U? is furthermore (strictly) positive then we can assume the minimum U? ;1 to be

only nonnegative and still obtain (3.4.4), so the same reasoning gives U? 0. O
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3.4 Finite volume scheme

Thanks to the previous lemma, the chain rule (3.4.3b) is always valid provided the
initial condition is positive everywhere. We make this assumption in the following. As a
consequence, we can define the discrete chemical potentials (see (3.1.7)-(3.1.8)) as follows:
for any K € T,

W =Ur), i=1,...,n, (3.4.5)

and
Mo = ln(Up“) + Wé’}}?. (3.4.6)
For all i = 0,...,n, we introduce pb™" := (uf}l);(efr. The discrete fluxes (3.4.3d)

can thus be rewritten in the following entropy form (independently of the discretization
formula (3.4.3¢)):

+1 +1pHl +1 1\ .
Ty =10 Y KU UM Diy (i = )i =0, (3.47)
0<]7éz<n

This latter formulation of the fluxes is at the core of the discrete free energy dissipa-
tion inequality. Let us define, according to (3.1.1), the following discrete free energy
functionals: for all V' = (V; i )o<i<n KeT,

ET(V) = EconV,T(V) + ECOHC,T(V)a

= €
Eeony,7(V) = Z > mr(VixIn(Vig) = Vik +1) + 3 > DoVl
i=0 KeT €€, o=KL
Beone7(V) := 8 Y miVox(1 - Vo),
KeT

(3.4.8)
with Vo = (Vo k) ke7. Their differentials at U = (U; i )o<i<n,keT are given by

Coan -V = Z Z mg ln ZK 1K +e€ Z TeDrkoUoDksVo,

i=0 KeT 0€&int, o=K|L
DEcone7(U) -V =8> m(1 —2Uo x)Vo k-
KeT
(3.4.9)
Remark that, by convexity (resp. concavity), it holds, for p € N:
EconV,T<Up+l) - ECOHV,T<UP) < DECOHV7T(UP+1> : (Up+1 - Up)’ (3 4 10)

EconC,T(Up—H) - Econc,T(Up) < DEconc,T(Up) . (Up+1 - Up)

We establish a discrete free energy dissipation inequality, as stated in the next proposi-
tion. Recall the definition (3.1.3) of the mobility matrix.

Proposition 5. Let p € N and U? be (strictly) positive. Then any solution UP*! to the
scheme satisfies

Er(UPtY) — Er(UP) + Aty Y 7o(Dop )" M(UP ™) Diop?t' <0, (34.11)
Uegint
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where UPT! = (U-pJrl

o . In particular, since M(UI;H) 1s always a positive semi-

>O§i§n
definite matriz, it holds

Er(UPT) < Er(U?) < Er(U°).

Proof. Multiply equations (3.4.3c) by At,u! }1 and sum over all species ¢ = 0, ...,n and
all cells K € T:

f: > muc (U = U ) b = —Atpi SN (3.4.12)

=0 KeT =0 KeT o€k

On the left-hand side, we obtain using the definitions (3.4.5)-(3.4.6) of the discrete chem-
ical potentials:

>3 e (U2 - V) il = XS (23 ) Uz

1=0 KeT KeT =0
1
+1 p+35
3 e (URR = UBc) Wo i

where we obtain two different contributions that we want to identify to derivatives of
the discrete energies (3.4.9). The first term identifies to the Boltzmann part, taken at

1
UPT against (UPT! —UP). Using the definition (3.4.3¢) of Wé’}_f and using the discrete

integration by part formula (3.4.1), the second term can be expressed as:

1
p+1 P p+5
Z mKg (UO,K - Uo,K) WO,K

KeT
1 1 1
SO Y DU Y iU~ U 2
KeT 0€EK int KeT
—& Y 7 DoUL Dico (U = UB) + 8> muc(URR = U ) (1 = 208 ),
o€Ent KeT

where we identified the Cahn-Hilliard contributions of (3.4.9), respectively taken at UP*!
and UP, against UPT! — UP. Putting everything together, we can identify the total
derivative of the energy:

Z Z my (U’f}l - Uf}() Mﬁ}l = DEconv,T(l 7p+1) . (UP+1 - Up)
i=0 KeT
+ DEcone, 7(UP) - (UPH _ Up) 7

and we conclude from (3.4.12), using the convexity (resp. concavity) inequalities (3.4.10),
that:

n
B ) < 20,3 5 3
i=0 KeT oe€k
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On the other hand, using the entropy form of the fluxes (3.4.7), the right-hand side reads:

Y Y

1=0 K€T o€€k

55D SED DI B SR Es o P

i=0 KET 0€EK int 0<j#i<n

Using once again integration by parts, this is equal to

n
p+1 p+1 p+1 p+1 pt+1
=D T D KU UL Do = b Drconi
o€€int 1=0 0<j#i<n

and having in mind the expression of the mobility matrix (3.1.3), we finally obtain

1 1
—Z oS Rt = =3 o (Drop” )T MU Do
i=0 K€T o€k TEEmt

We have obtained (3.4.11). O

3.5 Numerical Simulations

The numerical scheme has been implemented in the Julia language. At each time step,
the nonlinear system is solved using Newton’s method with stopping criterion HUp’k‘H —
Up’kHoo < 107 !0 and adaptive time stepping. We always consider the case n = 2 of three
species and the cross-diffusion coefficients are chosen to be Ky = K19 = 0.2, K19 =
K91 = 0.1, Koz = K99 = 1 (diagonal coefficients do not play any role). We study the
dynamics for different values of ¢ and 8 and different initial conditions, with a particular
focus on the stationary solutions obtained in the long-time asymptotics and the shape of
the free energy over time.

3.5.1 One-dimensional simulations

We consider the domain (0, 1), a uniform mesh of 100 cells, a maximal time step At; =
1073 and three initial profiles defined as smooth perturbations of a constant state: for

€ (0,1),

ug(x) = u?(x) (1 + kcos(krz)), ug(x) =1- ug(x) — u(l)(a:),

»Mr—‘

where the perturbation is parametrized by its amplitude x € (0, 1) and frequency k € N*,
making sure that the box constraints in (3.1.4) are respected. Note that the mass is
preserved by the perturbation, so that it holds mg = fQ u8 dr = 0.25. Moreover, the
Poincaré constant of the domain is C) = 1.
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Figure 3.1: Profiles along time in the globally stable case. e =4, =1,k =k =1.

We begin by illustrating Theorem 9 and we denote by U the discrete constant state
defined according to (3.3.6). We first consider € = 4, 5 = 1 so that condition (3.3.10) is
satisfied. Starting from various initial conditions, we always observe a diffusive behaviour
with exponential convergence to U, which confirms the globally stable behaviour. In
Figure 3.1, we give some snapshots of the evolution and plot the discrete relative free
energy RET(U? | U] = E7(UP)— Er(U™) (see (3.4.8)) over the discrete time, starting
from a specific initial condition and with time horizon 77 = 10. For ¢ = 0.5,8 = 2,
(3.3.10) is not anymore satisfied, but the simulations behave similarly. Note that the
convexity condition (3.3.3) on the energy reads

and is verified in this case. It seems that this condition is more determinant for the
dynamics than (3.3.10).

We are now interested in the unstable regime and consider ¢ = 0.1, 5 = 10, so that
both (3.3.10) and (3.3.3) are widely violated. In Figure 3.2, we display the results of
the dynamics starting from the same initial condition as before and with a time horizon
T, = 8. We observe convergence to a non-constant stationary solution with a diffuse
segregation interface and exponential decrease to 0 of the quantity E7(UP) — E(UT2)
over the discrete time. Let us make two remarks about this quantity: first, in contrast to
the stable situation, we can only measure the difference with respect to the final solution
U2 since we do not know a priori the limit of the dynamics. Second, since the limit is
not homogeneous in space, the quantity E(UP)— E7(Ut72) differs by a linear term from
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0 2 4 6
T t

(c) T, =38 (d) E(u(t)) - E(uw(T2))

Figure 3.2: Profiles along time in the non-convex case. ¢ = 0.1, =10,k = k = 1.

an approximation of the relative energy (3.3.7). In Figure 3.3, we display the results of
the dynamics starting from an initial condition with higher frequency k = 2 over a time
horizon T35 = 2. We observe exponential convergence to another stationary solution, for
which the free energy is smaller. Note that, in accordance with the results of Theorem 7,
diffusion prevents the profiles from being exactly zero somewhere, and we always observe
a d > 0 such that all profiles are uniformly bounded between § and 1 — é.

Finally, we provide numerical evidence that, in the general regime, the solution should
converge to a local minimizer of the energy. Although the property of being a local
minimizer cannot be easily verified numerically, one can use Theorem 8 and verify that
the obtained numerical stationary solutions satisfy a discrete version of the optimality
conditions (3.2.13)-(3.2.14). In Figure 3.4, we plot, for the two previous simulations, the
L norm of the residual of this system over time and observe exponential convergence
to 0, which indicates that the solution converges to a critical point of the energy.
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0.0 05 1.0 15
t

(d) E(u(t)) — E(u(Ts))

Figure 3.3: Profiles along time in the non-convex case. ¢ = 0.1, =10,k =1,k = 2.

Figure 3.4: Residual of the Euler-Lagrange system in the case k = 1 (left) and k& = 2 (right).
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3.5.2 Two-dimensional simulations

We consider the domain (0, 1)2, a uniform mesh of 150? squares and a maximal time step
Aty = 5 x 1073, We want to observe spinodal decomposition, so we pick initial profiles
defined by random perturbation of constant states: for (z,y) € (0,1)2,

1
ug(z,y) = 0.5+ 2k (no(x,y) - 2) ,

1

ug(x,y) =1- Ug(l’,y) - u(1)($7y)a

where, for any (z,y) € (0,1)2, no(z,y) and n1(z,y) are independent noises drawn uni-
formly in (0,1) and x = 10~2. We choose the parameters ¢ = 1073, 3 = 5. The results of
the simulation are given in Figure 3.5. As expected, ug quickly separates from the two
other species. Then on a slower time scale, the effect of cross-diffusion homogenizes uq
and ug to the constant states. Finally, the coarsening process happens on a much slower
time scale, minimizing the interface energy.
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Figure 3.5: Spinodal decomposition successively at times ¢ = 0,0.06,0.13,0.49, 1.5.
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3.6 Appendix

Lemma 16. Let Q C R? be a measurable bounded domain and let u € L*(Q) be such

that u > 0 almost everywhere on Q. Let M := fQuda;, n € N* and mq,...,m, € Ry
such that
n
M .= Z mp.
k=1
Then there exist n measurable subsets Q, C Q for k=1,...,n such that
o Upoi =9

e U NQ =0 as soon as k # k';
. kaudx:mk.

Proof. Let x1 €  and consider the function f: Ry — Ry defined as:

Vr >0, f(r) ::/ udx.
QNBy

Then, it can be easily seen that f is continuous using the Lebesgue convergence theorem,
non-decreasing, such that f(0) = 0 and that there exists R > 0 such that for all r > R,
f(r) = M. This implies that there exists r; > 0 such that f(r;) = mi, and we defined
Q1 = QN B,,. The other sets (2y,...,, can be constructed using exactly the same
procedure by induction on the set Q2 \ €. O
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Cross-diffusion systems coupled by a
moving interface
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4.1 Introduction

We propose and study an extension of the mathematical model introduced in [24] to
describe a physical vapor deposition process used in particular for the fabrication of
semiconducting thin film layers in the photovoltaic industry. The process can be de-
scribed as follows: a wafer is introduced in a hot chamber where chemical elements are
injected under gaseous form. As the latter deposit on the substrate, a heterogeneous
solid layer grows upon it. Because of the high temperature conditions, diffusion occurs
in the bulk until the wafer is taken out and the system is frozen. There are two essential
features in the problem: the evolution of the surface of the film and the diffusion of the
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various species due to high temperature conditions. In the series of works [24, 25, 68],
the authors introduced and studied a one-dimensional moving-boundary cross-diffusion
model where only the evolution of the solid layer was considered. The latter is com-
posed of n different chemical species and occupies a domain of the form (0, X (¢)), where
X(t) > 0 denotes the thickness of the film at time ¢ > 0. For any ¢ € {1,...,n}, the
flux of atoms of species ¢ absorbed at the surface of the solid film layer at time ¢ is
denoted by Fj(t). For all t > 0 and x € (0, X (¢)), denoting by ¢;(¢,x) the local volumic
fraction of species i at point x € (0, X (¢) and time ¢ and setting F'(t) = (F;(t))1<i<n and
c(t,z) = (¢i(t,x))1<i<n, the resulting moving-boundary cross-diffusion system reads as

oe(t, ) — 0, (As(e)0rc)(t,x) =0, for t > 0 and z € (0, X (t)), (4.1.1)

for some cross-diffusion matrix function Ag : R™ — R™*"™ describing the diffusion in the
solid phase, together with the boundary conditions

(As(€)dye)(t,0) = 0, (4.1.2
(As(c)dzc)(t, X () + X' (t)e(t, X (1) = F(1), (4.1.3)

and appropriate initial conditions. In other words, no-flux boundary conditions are
assumed on the bottom (z = 0) part of the thin film layer while (4.1.3) expresses the fact
that the flux of the i" species absorbed on the upper part of the layer (corresponding to
x = X(t)) is given by F;(t). The evolution of the thickness of the layer is assumed to be
driven by the following equation

- En:Fi(t). (4.1.4)
=1

In [24, 25], the absorbed fluxes F'(t) are assumed to be explicitly known, which is of
course not realistic since the values of these fluxes depend on the interaction between
the gaseous and the solid phase in the hot chamber. A more realistic model thus has to
account for the evolution of the gaseous phase and of how the deposition occurs at the
interface between the two phases. This work is a first attempt to build a more evolved
model taking into account the evolution of the gaseous phase and its interaction with
the solid phase. For the sake of simplicity, we only consider here an isolated system (no
incoming fluxes in the hot chamber) in order to mainly focus on the moving-interface
coupling. The present paper is then devoted to the theoretical and numerical analysis of
the proposed system.

Let us present some related contributions from the literature before highlighting the
novel contributions of the present work. Cross-diffusion systems have gained significant
interest from the mathematical community in the last twenty years. Indeed, it has been
understood in the seminal works [77, 53, 159, 160, 156] that many of these systems have
a variational entropy structure, which enables to obtain appropriate estimates in order
to prove the existence of weak solutions and to study convergence to equilibrium. In
particular, many contributions study theoretical and numerical aspects of the Stefan-
Maxwell system [38, 41, 160, 40, 145, 61] and of the size-exclusion system [53, 156, 62,
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147] that we both consider in this work as typical applications. The variational entropy
structure was extended to reaction-diffusion systems of mass-action type in [186], and to
bulk-interface systems in [142], see also the related works [188, 181, 112, 192]. However,
all these contributions are restricted to a fixed domain.

Similar problems posed in moving-boundary domains were investigated in previous works
by the authors: in [24], the existence of global weak solutions to the system (4.1.1)-(4.1.2)-
(4.1.3) was proved and the long-time asymptotics were studied in the case of constant
fluxes F'. The rapid stabilization of the associated linearized system was studied in
[68]. A similar moving-boundary parabolic system was introduced and studied in |5,
6, 4] to model concrete carbonation. In [72], the authors introduced a finite volume
scheme approximating the system, using a rescaling to a fixed domain, and proved its
convergence towards a continuous weak solution. Additionally, the long-time regime
of the approximated moving-interface was studied in [237] (see also the thesis [238]).
In [208], the authors studied a scalar parabolic problem in a one-dimensional moving-
boundary domain, using Wasserstein gradient flows methods. This approach was adapted
to a more complex model in [185]. The authors of [39] studied Stefan-Maxwell reaction-
diffusion in moving-boundary domains of arbitrary dimension. Their model, though
more complex, is very much related to ours, but they do not seem to include energy
dissipation through the interface and are more interested in dynamical aspects than
numerical considerations. We also refer to the monograph [209] for mathematical tools
related to quasilinear parabolic problems in moving-boundary domains.

Our work makes the following contributions:

e In Section 4.2, we introduce a new moving-interface cross-diffusion system and
highlight its variational entropy structure. The latter implies the thermodynamics
consistency of the model and lays the foundations for a rigorous mathematical
analysis. The stationary states are identified and insights are given concerning the
long-time behaviour.

e In Section 4.3, a finite-volume scheme is introduced to approximate the system. In
contrast to the scheme designed in [72], we do not rescale the system to a fixed
domain but rather discretize the moving-interface following a cut-cell approach.
Thus the main novelty lies in the numerical treatment of the moving interface

e We present some results of numerical analysis of the scheme in Section 4.4. We
prove the existence of at least one discrete solution to the scheme at each time
step and that this solution preserves the full structure of the continuous system. In
particular, updating the interface and the mesh preserves the decay of the entropy
at the discrete level. The proofs require some more technicalities with respect to
the situation of a fixed domain.

e Numerical results are given in Section 4.5, illustrating the properties of the model
and the good behaviour of the scheme. These results also support conjectures
concerning the long-time behaviour.

133



Chapter 4 Cross-diffusion systems coupled by a moving interface

4.2 Moving-interface coupled model

This section is devoted to the presentation and analysis of the continuous system we
consider in this work. The model is first broadly presented in Section 4.2.1 while tech-
nical assumptions on the cross-diffusion matrices together with relevant examples are
given in Section 4.2.2. The entropy structure of the system is formally investigated in
Section 4.2.3. Finally, Section 4.2.4 is devoted to the characterization of the stationary
states and to a discussion about the long-time asymptotics.

4.2.1 Presentation of the model

Let Q = (0,1) be the physical domain containing both the solid and gaseous phases. For
all t > 0, let X(t) € [0, 1] denote the position at time ¢ of the interface between the two
phases. More precisely, at time ¢, the solid phase occupies the domain (0, X (¢)) and the
gaseous phase occupies the domain (X (¢),1). We adopt the convention that if X (¢) =0
(respectively X (¢) = 1), then the domain is entirely composed of a gaseous (respectively
solid) phase. Themap X : Ry 3¢ — X (t) € [0, 1] is assumed to be absolutely continuous.
We denote by @ := R x € the time-space domain of the problem. We consider n different
chemical species represented by their densities of molar concentration. More precisely,
for all ¢ € {1,...,n}, ¢;i(t,x) represents the density of molar concentration of species i
at time ¢ > 0 and point z € Q and we set c(t, ) := (ci(t,7))ieq1,....n)- From a modelling
perspective, it is natural to expect that so-called volume-filling constraints are satisfied,
i.e. for almost all (¢,x) € @, the vector ¢(t, x) is expected to belong to the set

A= {(cl,...,cn)G]R”, Zn:cl-zl}. (4.2.1)

=1

The volume-filling constraints arise from size exclusion effects in the solid phase and
from isobaric assumptions in the gas mixture (see Examples 1 and 2 and Remark 10 in
Section 4.2.2 below). We assume that initial conditions for the model are given such
that, at time ¢ = 0,

X(0) = X% and ¢(0,z) = c°(z), (4.2.2a)
for some X° € Q and c® € L>(Q; A). Now, for almost all (t,2) € Q and alli € {1,...,n},
we denote by J;(t,x) € R the molar flux of species 7 at time ¢ and point x € 2, and set
J(t,z) := (Ji(t,x),..., Jo(t,2))T. The local conservation of matter inside the solid and
gaseous phase respectively reads as

oic+ 0, J =0, ae. in Q. (4.2.2b)
Let us also denote by
Qs :={(t,x) €@, z € (0, X(¢))} and Qg:={(t,z) €@, v € (X(t),1)},

the time-space domain associated to the solid and gaseous phase respectively. Cross-
diffusion phenomena are modelled by a diffusion matrix-valued mapping A5 : R™ — R™?*"
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4.2 Moving-interface coupled model

(resp. Ay : R™ — R™ ™) in the solid (resp. gaseous) phase, as

J =—-A,(c)0zc, ae. in Qy,

4.2.2
J =—-A4(c)0yc, ae. in Q. ( ©

We require that the diffusion mappings A, and A, satisfy some assumptions which will
be made precise below in Section 4.2.2. On the boundary of the full domain €2, zero-flux
boundary conditions are imposed, i.e.

J(t,0)=J(t,1) =0, for a.a. t > 0. (4.2.2d)

In addition, we assume that J and ¢ are regular enough in order to define their trace
on the boundary of Qs and @, respectively. More precisely, for all ¢ > 0 such that
X(t) € (0,1), we assume that we can define for all i € {1,...,n},

TR (t) = Ji(t, X(t)7), JI(t) = Ji(t, X()F), € (t) = ci(t, X(1)7), ] (t) = cs(t, X (1)),
and set c(t) = (¢j(t))ief1,...n}, () = (c/(O))ieqr,.ny> J°() = (JF())icqr,...n}
JI(t) == (J7(t))ieq1,..ny- To complete the definition of the model, it now remains to
introduce (i) the evolution of the position of the interface X (¢) and (ii) the flux bound-
ary conditions at this interface. To this aim, we use a flux vector F'(t) = (Fi(t))ieq1,....n}
which accounts for phase transition mechanisms located at the vicinity of the moving
interface between the solid and gaseous phases. We focus in this work on interface fluxes
of Butler-Volmer type. More precisely, we introduce some constant reference chemical
potentials p** := (1" )icq1,... .} 059 = (11;9)icq1,..ny € R™ and define the constants

B = exp (i), [l o= i — i* Vi€ {L...,n}. (4.2.2¢)

Then, the vector F(t) is defined for all ¢ > 0 such that X (¢) € (0,1) by

(1) — /Brei(t), Vie {1,... ). (4.2.20)

and by F;(t) =0 for all i € {1,...,n} for all ¢ > 0 such that X (¢) =0 or X(¢) = 1. Note
that (4.2.2f) is a trivial case of the law of mass action.

Fi(t) =

Then, the evolution of the location of the interface is defined as, for almost all ¢ > 0,
X'(t) =Y Fi(t). (4.2.2g)
i=1

Notice that, if there exists top > 0 such that X(tp) = 0 (respectively X (tp) = 1), then
X(t) = 0 (respectively X (¢t) = 1) for all ¢ > tp, and the system boils down to a simple
cross-diffusion systems with no-flux boundary conditions on the boundary of the whole
domain © and diffusion matrix given by A, (respectively A,). We define

T :=sup{t e Ry, X(t) € (0,1)}
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Chapter 4 Cross-diffusion systems coupled by a moving interface

so that X (¢) € (0,1) if and only if t € [0,T). Then, for all 0 < ¢t < T, we impose the
following boundary conditions across the moving interface

=J5(t) + X'(t)e*(t) = —JI(t) + X' (t)c?(t) = F(t). (4.2.2h)
Note that this implies in particular that for almost all 0 <t < T,
[I(6)] - X' (O)]e(®)] =0, (4.23)

where

[T(O] = J() = J°(t)  and  [e()] = *(t) — c(t)

Let us point out that conservation of matter follows from the local conservation equation
(4.2.2b), the zero-flux conditions on the fixed boundary and the conservative condition
(4.2.3) (which was designed accordingly). Indeed, taking into account the discontinuity
of the fluxes and concentrations at the interface, it holds that for any ¢ € {1,...,n} and
almost all ¢t > 0,

i ([w0) = ([0 [ 0)
X(t) 1
:/0 By (t) + ; dei(t) — X'(O)]ei(t)]

» <t>1
—_ / B Ji(t) — / A Ji(t) — X' () [ei(1)]
0 X()
)]

=[] = X' () [ei(t
=0,

where [¢;(¢)] = ¢! (t) — i (t) and [J;(t)] = JY(t) — JE(2).

(2

4.2.2 Assumptions on cross-diffusion matrices

The aim of this section is to summarize the assumptions that A, and A, must satisfy
for the coupled interface system presented in the previous section to enjoy the entropy
structure that will be highlighted in the next section. Let us define

Vo := {z:(zl,...,zn) e R", ZZZ-:O}.
i=1

We make the following two assumptions: for all a = s, g,

(A1) for all c€ AN (R%)", An(c) Vo) C Vo
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4.2 Moving-interface coupled model

(A2) There exists Co > 0 and my,...,m, < 2 such that for all ¢ = (¢i)icq1,...n) €
AN (RL)™ and all z = (Zi)ie{17...,n} €V,

2T A, (c)H(c) ™'z > C, ZCTi|Zi|2,
i=1

where | - | denotes the Euclidean norm of R™ and where
1 1

H(c) = diag (,...,) .
C1 Cn

Let us make a few remarks before giving explicit examples of diffusion matrices sat-
isfying conditions (A1)-(A2). First, let us point out here that, if A; and Ay are chosen
so that (A1) is satisfied, then in the light of (4.2.2b)-(4.2.2¢) this implies, at least on the

n n

formal level, that Z Ji(t,z) = 0 and Zci(t,x) = 1 for almost all (¢,z) € Q. Second,
i=1 i=1

let us mention that condition (A2) implies that the cross-diffusion system associated to a

pure (gaseous or solid) phase enjoys an entropy structure in the sense of [156] associated

to the logarithmic free energy functional with free energy density defined by

Ve = (ci)ieqr,.ny €A, h(e) = ¢;loge;.
=1

Let us point out in particular that H(c) is the Hessian of h at vector ¢ € AN (R%)". In
the following for all ¢ € AN (R% )", we denote by

M, (c) = Ay(c)H !(c). (4.2.4)

the so-called mobility matriz of the phase a.

We give in the following two typical examples of diffusion mappings which satisfy
conditions (A1) and (A2). We will use them throughout the rest of the article.

Example 1 (solid phase): We consider here the diffusion mapping introduced in [24].
More precisely, for all 7,5 € {1,...,n}, we introduce some cross-diffusion coefficients
Ki; = K5 >0 (with xf; = 0 by convention). For all ¢ = (¢;)ieq1,...n} € R", the diffusion
matrix As(c) € R™™" is defined by

(As)ii(c) = Zﬁfjcj, ie{l,...,n},
el (4.2.5)
(As)ij(c) = _"ffjci, i#je{l,...,n}.
First, it can be easily checked that for all ¢ € A, A;(c) satisfies condition (A1). Moreover,

it can be checked that A; satisfies condition (A2) with m; = 1 for any ¢ € {1,...,n} and
we refer the reader to [24, Lemma 1| for a proof.
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Chapter 4 Cross-diffusion systems coupled by a moving interface

Example 2 (gaseous phase): For all 4,j € {1,...,n}, we introduce some (inverse)
cross-diffusion coefficients /-@fj = /{?i > 0 (with &), = 0 by convention). In the gaseous
phase, the fluxes are implicitly defined via the Stefan-Maxwell linear system [38]

Ay(c)J = —0zcand J €V, ae. in Qq, (4.2.6)

where for all ¢ = (¢i)ieqi,....n}, the diffusion matrix zg(c) € R™™ is defined by

(A,) (€)=Y whes i€ {1, o),
_ 7 (4.2.7)
(4,), (€)= ~rei, i€ (1),

Notice that the expression of gg(c) is similar to the one of A4(c). The matrix Ag(c)
is not invertible in general, but it holds that for all ¢ € AN (R%)", Ag(c) Vo) C Vo
and the restriction Ag4(c)|y, defines an invertible linear mapping from Vy onto Vy (see

[38, Section 5]). As a consequence, for all ¢ € AN (R%)", there exists a unique matrix
Agy(c) € R™™™ so that

~ .
Ao = M@z e
0 if z € (Vo) .
The relationship (4.2.6) can then be rewritten as
J=—-A4(c)0zc, ae. in Qq, (4.2.8)

It can then easily be checked that A, satisfies condition (A1). The proof that its satisfies
condition (A2) with m; =1 for any i € {1,...,n} can be found in [160, Lemma 2.4].

Remark 10 (Physical variables). In [2/], the system in the solid phase is written in
terms of volume fraction variables, and the volume-filling constraints originates from size
exclusion effects. Since we work here with molar concentrations, we should rather write
Z?Zl vjcj; = 1in (0, X), where the vj are constant molar volumes, but we normalize these
constants to one to simplify. In [38], the volume-filling constraint in the Stefan-Mazwell
model follows from isobaric conditions in the mizture. Let us point out that, although
void can be modelled in the solid layer as one particular species accounting for vacancies
at the microscopic level and represented by its volume fraction in the continuous limit,
the Stefan-Mazxwell model, because it is written in terms of molar concentrations of an
incompressible mizture, does not address void (or free volume), see for example [198].

4.2.3 Entropy structure

The aim of this section is to highlight the entropy structure of the coupled model intro-
duced in Sections 4.2.1 and 4.2.2. For any ¢ € L>=(Q;.A) and X € [0, 1], the coupled free
energy functional is defined by

X 1
H(C,X):/O hs(c)+/th(c), (4.2.9)
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4.2 Moving-interface coupled model

with free energy densities given by, for a € {s, g},

n

Ve = (cieft,.my €A hale) =) cillog(e) — ™) —ci + 1. (4.2.10)
=1

For all ¢ := (¢i)igq1,....n} € A, the chemical potentials are defined as
pi(e) =log(ci) — p®, Vie{l,...,n}. (4.2.11)

Note that Oyu“(c) = 0y log(c) for a € {s,g}. Then differentiating formally the free
energy with respect to time and using (4.2.4), we obtain the free energy dissipation
equality: for almost all t > 0,

d X(1) .
5 el?), X () + / 9 log(e(t))” M(c(t))d, log(c(t))
o (4.2.12)
+ o I log(e(t))' M y(c(t))0: log(c(t)) + F(t) [u(t)] = 0,
where
[n@®)] = { gtg(t) — (1), :)ftflfrvggég) with p9(t) := pu9(c?(t)) and ps(t) := ps(c*(t)),

First, since, for a € {s, g}, A, satisfies condition (A2), it holds that, almost everywhere

in QOM

n n
‘ 1

(9 log(e)T M (¢)d, log(c) > Cy Zc;"’\ax log(c;)|* > Cy, Z W@Ccﬁ > Cy|0pcl?,

i=1 i=1 Ci

(4.2.13)

where in the last inequality we used the fact that, for any ¢ € {1,...,n}, m; < 2 and
¢i < 1. Furthermore, for almost all ¢ € (0,7), the Butler-Volmer fluxes (4.2.2f) can be
reinterpreted, using (4.2.11), as, for i € {1,...,n},

1 * S 1 * s . 1
R0 = e (31 - e (311 =2/ @ sinn (G0 )
(4.2.14)
which guarantees that, for almost any ¢ > 0,

F(t)" [u®)] = 0.

As a consequence, the free energy is a Lyapunov functional of the coupled system, in the
sense that for almost all £ > 0,

d
%H(c(t), X(t)) <o.

Note that, given the definition of the free energy density (4.2.10), this property guarantees
the preservation of nonnegativity of the concentrations along the dynamics.
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Chapter 4 Cross-diffusion systems coupled by a moving interface

Let us now go a step further in the analysis of the variational structure of the interface
potentials (4.2.2f) with respect to the free energy (4.2.9). In the series of works [186, 142,
181], the mass action law was associated to a quadratic gradient structure with respect
to H. Later, the authors of [2, 3, 189] tried to derive this structure from microscopic
systems using large deviations theory. Interestingly, they did not recover the previously
known quadratic structure, but discovered a new generalized (non-quadratic) gradient
structure. We choose to use this structure in this work. More precisely, let us introduce
an auxiliary function, defined on the real line as

o(x) =4 (cosh (g) - 1) , Vo e R.
This function is smooth, strictly convex, nonnegative and such that ¢(0) = 0. Its deriva-
tive is given by
¢ () = 2sinh (g) , Yz €R,

and ¢’ is bijective from R to R. The convex conjugate of ¢ is given by (see [3, Section
5al)

¢*(z) = sup{xz — ¢(x)} = 2z log <Z+2Z2+4> —2vz22+4+4, VzeR.

z€eR

The Fenchel-Young duality states that z = ¢/(z) if and only if

o(z) + ¢*(2) = 2z, (4.2.15)
so that
¢"(¢(z)) = 2¢(z) — ¢(2), = €R,
which implies, by strict convexity of ¢, the fact that ¢(0) = 0 and that ¢’ : R — R is
bijective, that ¢* > 0 in R and ¢*(z) = 0 if and only if z = 0.
Let us now remark that the Butler-Volmer fluxes (4.2.14) are related to ¢ via the
following relationship

¢ ([ma]) = \/]:Tc ief{l,....,n}

As a consequence, applying (4.2.15) to x := [u;], it holds that for any i € {1,...,n},

@ <¢([[Hi]]) +¢" ( ch>> = Fi[ui]-

(2

Therefore, one can rewrite (4.2.12) as

X(7)
H(c / / (0 log(e(T))T M 4(e(7))d, log(e(7)) dzdr
+// (8x10g(c(7')))TMg(c(T))8$log(c(r))dwdT

(R _
/ <>( ([ + ¢ (()())) dr =0,
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4.2 Moving-interface coupled model

This relation is not yet satisfying, since it may degenerate when ¢f, ¢/ = 0. To circumvent
this issue, we use on the one hand the estimates (4.2.13) on the diffusion terms, and on

the other hand the fact that it holds

\@<¢<ﬂmﬂ>+¢*< - )) > CfC?¢*< 2 ) > 4'(R) 20,
cic GG

) i)

The first inequality follows from the nonnegativity of ¢ and the second from the convexity
of ¢* combined with ¢*(0) = 0. We have derived the weak dissipation inequality: for
some Cy,Cy > 0,

t pX(71) t rl
H(e(t), X (1)) + C. / / uc(r)? dadr + C, / / Oue(7)|? dadr
0 Jo 0 JX(7)
(4.2.17)

tn
“(F3(7))dr &, X0,
+/0;¢>(Fz( ) dr < H(, X°)

Remark 11 (Extension of the model). The derivation of the dissipation equality (4.2.12)
shows that, in fact, a more general equality holds:

X(t)
%H(c(t), X(t) + / D log(e(t))! M s(c(t))0y log(c(t))

0
1
+ o 0: log(e(t))T M y(e(t))0: log(c(t)) + F (1) [n(t)] = X'(t) [x(c)] ,

where we have introduced the thermodynamic pressure, for a € {s, g},
7(c) = c- pu*(c) — h(c). (4.2.18)

The term X'(t) [w(c)] happens to be null in our case, but we have identified three different
contributions to free energy dissipation: the two first terms account for bulk diffusion; the
term F(t)T[u] accounts for reactions at the interface, driven by a jump of chemical
potentials; the last term X'(t)[n(¢)] accounts for a displacement of the interface driven
by a jump of pressure. It is worth noticing that, if the volume-filling constraints were
not normalized to the same constant in (4.2.1) (which would be physically relevant, since
the molar volumes are not expected to be equal in the two phases), then there would be
a (constant) nonzero contribution of [w(c)] to the dissipation of the free energy. To
go further in the modelling, one may question the relevance of the isobaric assumption
(or incompressibility) in the context of vapor deposition. This assumption led to the
saturation constraint in the gas phase, and is fundamental for the Stefan-Mazwell model.
Going beyond it would lead us to implement a different model to describe a compressible
fluid maxture. In this model, the pressure m may become a proper time-dependent variable,
and equation (4.2.12) would suggest defining an evolution law for the location of the
interface of the form

X' = 37##(05, c, [[ﬂﬂ),

, AXxAxR — R

for some function 1 : { (e eam) > (er o)

beyond the scope of this work.

to ensure dissipation. This goes
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Chapter 4 Cross-diffusion systems coupled by a moving interface

4.2.4 Stationary states and long-time asymptotics

One deduces from the weak dissipation inequality (4.2.17) that stationary solutions (€, X)
must be such that € is equal to a constant vector €° := (¢})ic(1,..n} € A in (0, X) and
another constant vector & := (¢]);cq1,.,3 € A in (X,1). Moreover, if X € (0,1)

F; = \/F should be equal to 0 for any i € {1,...,n}. We set m® := / e
Q

B* ’L
(remember that ¢” is the initial condition of ¢ given by (4.2.2a)), and denote by m{ the
it" component of m® for all i € {1,...,n}.

Definition 11. A state (¢°,¢9,X) € A x A x [0,1] is said to be a stationary state of
model (4.2.2) if and only if

(i) for alli € {1,...,n}, X& + (1 —X)&/ =m) (mass conservation);

(ii) if X =0 (respectively X = 1), then & = 0 (respectively & = 0) (convention in the
pure phase case);

(iii) if X € (0,1), F; :== \/1[? ¢l — \/Bies =0 (zero-flux in the two-phase case).

We characterize the set of stationary states of (4.2.2) in the sense of Definition 11, as
stated in Proposition 6.

Proposition 6 (Stationary states). Let us assume that m{ > 0 for all i € {1,...,n}.
In addition to the trivial pure phase stationary states (m°,0,1) and (0,mP°,0), we can
characterize the set of stationary states of model (4.2.2) (in the sense of Definition 11)
as follows:

Case 1: If 5f =1 for alli € {1,...,n}, then the set of non-trivial stationary states is
equal to the set of vectors of the form (m° m°, X) with X € (0,1).

Case 2: If there exists ig € {1,...,n} such that By # 1, then there exists a non-trivial
stationary solution (i.e. such that X € (0,1)) if and only if

n n
1
min (Z m?BZ*,Zm?B*> > 1. (4.2.19)
i=1 =1 t

In addition, if (4.2.19) is satisfied, then this non-trivial stationary state is unique.
Proof. Since the initial condition ¢” is assumed to belong to L>(; A), this implies that
n

Zm? = 1. Moreover, it can be easily proved that for all x € R, z + % > 2 with

i=1
equality if and only if z = 1. As a consequence, it holds that

- 1
> mi(Bi+ ) =2,
i=1 i
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with equality if and only if g7 =1 for all i € {1,...,n}. We can thus distinguish two
cases:

Case 1: For all i € {1,...,n}, B = 1. Then, it holds that

n n 1
0 % 0
>l =Yg =1
i=1 i=1 i

Case 2: There exists 99 € {1,...,n} such that 8; # 1. Then, it holds that

S md(6; + B{k) 9
=1 ?

In this proof, we consider each case separately.

Case 1: Let (¢°,87, X) € AxAx(0,1) be a non-trivial stationary state of model (4.2.2)
in the sense of Definition 11. Then, from (iii), it holds that for all i € {1,...,n},
F; = ¢l — ¢ =0, which yields € = €. Now, the mass conservation property (i) implies
necessarily that & = &/ = m". Conversely, for any X € (0,1), (mg, mg, X) can be
easily checked to be a stationary state of model (4.2.2).

Case 2: Let (¢°,89, X) € AxAx(0, 1) be a non-trivial stationary state of model (4.2.2)
in the sense of Definition 11. Let us first prove that for all i € {1,...,n}, & > 0 and
¢ > 0, reasoning by contradiction. Indeed, if for instance there exists ig € {1,...,n}
such that Efo = 0, the fact that F;, = 0 yields that ¢;, = 0 as well. This yields a
contradiction with the fact that

Xeg + (1—X)el =m) > 0.

io
Now, it is easy to see that (i) and (iii) are satisfied if and only if

m?

Vie{l,...,n}, & =pf¢ andc = — L. 4.2.20

As a consequence, (&°,8%,X) is a stationary state in the sense of Definition 11 if and
only if X is a solution in (0,1) to

n

my -1 4.2.21
;Xw:(lxr : (4221)

In addition, for any solution X € (0,1) to (4.2.21), & and & are necessarily given
n n

by (4.2.20), which immediately implies that Z ¢ = Z ¢! =1 and thus that €’ and &°

1=1 1=1 _
belong to A. It thus remains to characterize the set of solution X € (0,1) to (4.2.21).
Let us introduce
0,1] — R (42.22)
SOZ sz V4N
o= Yin we s b

143



Chapter 4 Cross-diffusion systems coupled by a moving interface

Then, the function ¢ is C* on [0, 1] and its first and second-order derivatives are respec-
tively given by

n m0 )2m0
/ 7, m; mi
Ve e [0,1], ¢'( E $+5*1— )2 and ¢"( —25 x+6*1—x))

=1

Then, the function ¢ enjoys the following properties. First, it can be easily seen that
¢"(x) > 0 for all x € [0, 1], the strict positivity stemming from the fact that there exists
at least one index ig € {1,...,n} such that 8 # 1. Hence ¢ is strictly convex. Second,
it holds that ¢(1) = > 71, my —1 = 0. Thus, there exists at least one solution X € (0,1)
to the equation ¢(X) = 0 if and only if

©(0) >0 and ¢'(1) >0, (4.2.23)

and the solution is then unique. The desired result is then obtained by remarking that
(4.2.23) is equivalent to (4.2.19). O

Let us now make some remarks on the dynamics. Under condition (4.2.19), we expect
the two-phases stationary state to be the only stable one, and the solution to converge
exponentially to this state. Note, however, that this convergence can by no means hold
for any initial condition, but at best for close enough initial conditions. Indeed, the
interface dynamics only depends on the local concentrations around the interface. In
consequence, there is no reason for the interface to be monotone over time (think of very
slow diffusion), and, since the value of X(¢) might reach 0 or 1 for some time ¢, the
dynamics may get "trapped" in a one-phase solution, even when (4.2.19) holds. Thus, it
seems difficult to predict to which state the dynamics converges for any initial condition,
since it certainly does not depend only on the quantities involved in condition (4.2.19).
On the other hand, if (4.2.19) is violated, the system should converge to one of the one-
phase solutions, depending on which quantity violates the condition. We refer to the
numerical results in Section 4.5 and highlight the difficulties in the analysis below.

Letting time go to infinity in the weak dissipation inequality (4.2.17), we expect weak
solutions to converge to the previously identified set of stationary points. First remark
that the free energy functional is uniformly bounded from below by a real constant C' € R,
so that the time-integrated dissipation terms in (4.2.17) are nonnegative and uniformly
bounded from above. Thus, as time goes to infinity, the integrals in time must remain
bounded, which implies that, necessarily,

X() 1 n
/ 10,.¢|?, / |0c?, Y 6" (Fi(t)) — 0 as t — oo, (4.2.24)
0 X(¢) i—1

From the last convergence, we get an alternative: either lim; ,4o X(¢) = 0 (resp. 1),
and we deduce convergence to the one-phase gas (resp. solid) stationary state, either
X(t) € (0,1) for any t > 0, then F;(t) is given for any time by the formula (4.2.2f) for any
i €{1,...,n} and, if we knew in addition that X (¢) converges to a constant X € (0,1),
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4.3 Finite volume scheme

then we could use the conclusions of Proposition 6. However, the convergence of the
interface is not granted and we cannot directly conclude.

This difficulty leads us to consider the dynamics of a simplified model. Assuming that
diffusion is infinitely fast in comparison to the interface reactions, our system amounts
to a system of ordinary differential equations. More precisely, we assume for the moment
that all the components are uniform in space and still denoted by ¢*(t), ¢9(¢). Then, the
masses are simply defined by m*(t) = ¢*(t) X (t), m9(t) = m® —m?*(t) and the dynamics
reduces to the system of ordinary differential equations

d

Zm’(t) = F(1). (4.2.25)

We intend to perform a stability analysis of the above ODE system in the future.

4.3 Finite volume scheme

This section is devoted to the finite volume approximation of system (4.2.2). In Sec-
tion 4.3.1, we introduce a space-time discretization of the domain and some useful nota-
tions. The scheme is presented in two steps: in Section 4.3.2, we discretize the conserva-
tion laws, while Section 4.3.3 is devoted to the mesh displacement.

In this section, we restrict ourselves to the case where the cross-diffusion mapping for
the solid (respectively gaseous) phase is given by Example 1 (respectively Example 2) of
Section 4.2.2.

4.3.1 Discretization

We consider N € N* reference cells of uniform size Ax = % The N + 1 edge vertices
are denoted by 0 = T3 < T3 < - < Tyl = 1. More precisely, Tyl = KAz for

all K € {0,...,N}. We con51der a time horlzon T > 0 and a time dlscretlzatlon with
mesh parameter At defined such that NpAt = T with Ny € N*. The concentrations
are discretized as ¢}y , = (CZ')K)ie{l,...,n}, Kef1,..ny for p € {0,..., Np}. The interface is

2

time-discretized as XP for p € {0, ..., Ny}, and we denote by K? € {0, ..., N} the lowest
integer such that vy, 1 — XP| < |wp. 1 — XP|forall K € {0,...,N}. Forall p > 1, at
2 2

time tP~! = (p — 1)At, the mesh is locally modified around XP~!. More precisely, for all
K €{1,...,N}, we denote by C’f(_l the K*" cell of the mesh defined by

Tp_ 1,2 1 ifK<Kp_1 OYK>KP_1-|-17
K K+
2 2
Ck = (vam,%,X”‘l) if K = KP~1,
(prl,xmfug) K = Kr141.

We refer to the initial configuration in Figure 4.1, where the interface cell is assumed to
be the K*" one (instead of KP~1) to alleviate the notation. The size of the cell C’f(_l is
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Chapter 4 Cross-diffusion systems coupled by a moving interface

then denoted by AP~ for all K € {1,...,N}:

(XPt —2pp 1) if K =KPL
2
AP = (@gp1ps = XP7Y) K = K771 41, (4.3.1)
Az otherwise.

With this notation, a constraints-compatible initial condition ¢® € L>(€; A) is naturally
discretized as c? ;- = ALO Joo & dx for any i € {1,...,n}, K € {1,...,N}. Starting from
k) K K

the knowledge of (cg;l, XP~1) our scheme consists in

i) solving the conservation laws and updating the interface position, leading to the
intermediate solution denoted by (¢, XP).

ii) updating the cells of the mesh (C%) Kef1,..,n} and post-processing the interface
concentrations into the final values cp A

4.3.2 Conservation laws

The conservation laws (4.2.2b) are discretized implicitly as, for K € {1,...,N},i €
{1,...,n},

At(A%*cf}; — A + Jp[*ﬂf Jvav =0, (4.3.2a)

where we have introduced the numerical fluxes and the quantity (see the intermediate
mesh in Figure 4.1 where K := KP~1)

(XP —2ppn 1) if K= KP7L

2
A =S (@eporys — XP) i K = K770 41, (4.3.2b)

Azx otherwise.

We can impose conditions on the time step At to guarantee that the new position of the
interface X7 still belongs to (T p-1_1,%gp-1,3). These conditions are made explicit in
2 2

the next section and we assume that they hold here. The aim of the term ﬁ(A’}é*cf ’;( —
A’I’(_lcﬁ}l) for K = KP~! in (4.3.2a) is to yield the approximation

d /X(t) (0 1 /X(t”) ) /X(t"‘l) ()
7 cit N ci(t) — ci(tP-
dt \ /), INAVS .

—-1_1 —-1_1 —-1_1
KP 2 limip P 2 KP 3
1 Xr xr-1 .
* _
~ ’ —_—
~ At / i, Kp—1 / C?,KP*1
x 1 1 x —-1_1
Kp—1-1 Kp—1-1

Dyx * p—1 -1
At(AK” 1%, Kp—1 AKP 1 zKpfl)'
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4.3 Finite volume scheme

—1 —1 —1
czK i, K+1 i, K+2

| ! | | |

I [ | I I
x 1 X 1 X 3 X 5
Kfi K+§ K+§ K+§

xp-1
W —

p—1 p—1 p—1
AK AK-H AK-i—2

e
—e

* * *
1,5 i, K+1 %, K+2

[e)

Py p,* P,
AK AK+1 AK—l—2

CE)K CZ')K+1 CZ')K+2

] 1, 1,

—_—~

x 1 x 1 |J} 3 x 5
K—§ K+§ K+§ K+§

| S S
p p P
AK AKJrl AK+2

Figure 4.1: A virtual mesh displacement between t*~! = (p — 1)At and #* = pAt, where
K := KP~L
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Chapter 4 Cross-diffusion systems coupled by a moving interface

Similarly, the aim of the term = (AL 7 — APTP ) for K = KP~1 41 in (4.3.2a)

$Kp_1+%

. . . . d
is to yield an approximation of —
X(t)

boundary of the domain 2 = (0,1) are discretized as:

ci(t)>. The zero-flux conditions at the

vie{l,...,n}, Jf”’1 = Jp];+é = 0.

We are thus left with the definition of the fluxes J]I?étr , = (Jp 7 for all
2

z‘,K+;>4
te{l,...,n}
K € {1,...,N —1}. To this aim, we need to introduce the edge concentrations ¢”* ,

K+3
for all K € {1,...,N — 1}, defined through a logarithmic mean as

2

0 if min(c%, % ;) <0,
RN BC if 0 < =% (4.3.2¢)
1

i K+ L o pk px
A3 Ci,K % K+1

10g(cf,’;()—log(cf7’;{+1)

otherwise.

Let us also introduce the finite difference notation, for all K € {1,..., N — 1}, and any
¢ = (cx)ref1,..ny € (RN)Y with any g € N*,

DK+%C ‘= CK+41 — CK.

Then, Definition (4.3.2c¢) yields a discrete chain rule: for any ¢ € {1,...,n}, K €
{1,...,N =1}, if 'k, g > 0, then

Dy 1] = cP* Dy, 1 log(c]™). (4.3.2d)

We define, for o € {s, g}, the coefficients £*“ = min;; f@% > 0, R% = n% — k5% >0 and,
for all ¢ = (¢i)ief1,...ny € R", we define the matrices Aq(c) € R™™ similarly to (4.2.5)

by
Aa)ii(C) = Z R%Cj, 1€ {1, RN n},
JFi
(Aa)ij(e) = —Rfei, i £ €{1,...,n}.
Then the bulk fluxes in the solid domain are discretized as (similarly to [62])

kS * ,x
=R DK+1CP ZK”L]<]K+ K+ %Cf cqu_ DKJr%c? )’

7j=1

Az JP”

7 K—l—%

for all 1 < K < KP~! which rewrites in compact form as

Dy* _ * x —1
AxJK+2 = (cp %) K+%cp , VI< K < KP7H, (4.3.2¢)
where R
Ve e R, Ag(e) := Ag(e) + w™°1, (4.3.2f)
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4.3 Finite volume scheme

with I € R™" the identity matrix. The bulk fluxes in the gas phase (4.2.6) are defined
similarly as in the scheme proposed in [61], introducing for all ¢ € A,

Ayc) = (Ay(c) + 91) 7", (4.3.2g)
so that

1
2

AmJI[);;l = —:‘9 <C];(:' > Dy 1P, VEP' <K <N -1, (4.3.2h)
5 2

The interface potentials (4.2.2f) are discretized as

*,8 _ *79 *79 _ f,S
Fip’* = cf,’(*KP*IH) exp (W) — cﬁ’}*(p,l exp (W) , Vie{l,...,n},
(4.3.21)
and we define
JP* = _FP*, (4.3.2)

Kp—i4l
where FP™* := (Ff’*)ie {(1m}’ This expression stems from the fact that, on the continu-

ous level, it holds using (4.2.2) that

d X(t)
v

Kp—1_

X (1)
ct) | = X'(t)c*(t) +/ Occ(t),

= X' () (t) = J*(t) + J(t, @ pep-1_
=F(t)+J(t, xpp-1_1).

1
2
1),
1
2

Finally, (4.2.2g) is discretized as

XP=XPl 4+ At PP (4.3.2k)
=1

A solution to (4.3.2) is denoted by (cl>, XP).

4.3.3 Post-processing

Once the new value of the interface location XP has been determined, the updated value
of the integer KP can be determined. The mesh has then to be updated, together with
the discretized values of the concentrations accordingly.

First note that, if for all 1 < K < N, i = (cp* € A (we prove in

ZK)
" ie{l,...n}
Lemma 17 below that it is indeed the case), this implies the uniform bound on the

interface fluxes |Flp >
from (4.3.2k), defining

1
< 2] cosh(§[[,uﬂ])|, for any i € {1,...,n}. Therefore, we obtain

1
Cpr = 2| cosh(=[1])| > 0, 433
S X | cosh(5 [xi])] (4.3.3)
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Chapter 4 Cross-diffusion systems coupled by a moving interface

for all p € N*,
|XP — XP~1 < Oy At

Assuming then that At > 0 is chosen in order to ensure the condition

At < Ar

4.3.4
= 20, (434)

we obtain that, necessarily, for all p € N*, | XP—XP~1| < %Aw, which in particular ensures
that [K? — KP~1[ < 1 and that X? belongs to (Zgp-1_1,%p-1,3) (see Figure 4.1 with
2 2
K = KP71).
If KP = KP~! then we can directly iterate the scheme with A, = CZ; Otherwise,
let us assume that K? = KP~! +1 < N, the case K = KP~! —1 > 1 being treated

similarly. We perform the following steps (see the final mesh in Figure 4.1 where the
notation K := KP~! is used):

i) Projection: The value ¢/, , is assigned to the virtual cell (z,-1_1,XP). We
) 2

assign this value to both the fixed cell C7,_; = (Zgp-1_1,Tgp1,1) and the new
2 2

K
interface cell C',_, | = Cfp = (pr_1+%,Xp):
CﬁKpfl = czKpfl_H = C?:[*(p—l' (4'3'5)
ii) Average: We define the value in the cell Cf(p—1+2 = (XP,zgp-1,9) as the following
average:
1
Lty =Cpep = ————— |APT P A,
i, KP—142 1, KP+ Ax + A];é:fl.H Kp=14174,Krp—141 i, KP—142
(4.3.6)

iii) For all 1 < K < N, such that K # KP~', KP~' + 1, KP~1 4+ 2, ¢ o = ')

In the limit cases where KP = N (resp. KP = 1), in agreement with the continuous
model, we consider that only a single phase remains in the system, and definitely set
XP =1 (resp. XP =0).

The scheme (4.3.2)-(4.3.5)-(4.3.6) is now complete and referred to as (.5).

4.4 Elements of numerical analysis of the finite volume
scheme

The aim of this section is to gather some elements of numerical analysis of the finite
volume scheme presented in Section 4.3. We present here some properties of the scheme
on a fixed grid, the convergence of the scheme when discretization parameters go to zero
being work in progress.
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4.4 Elements of numerical analysis of the finite volume scheme

4.4.1 Non-negativity and volumic constraints

To prove the a priori nonnegativity of the concentrations and the volume-filling con-
straint, we need to slightly modify the scheme (S) as described below. For all x € R,
we set 1 := max(0,x) and 2° := max(0,min(1,z)). We then introduce a modified
scheme, which we denote hereafter by (S). Starting from (cp , XP~ 1) e AN x (0,1),
and assuming that 1 < KP~! < N, we first compute (cly>, XP) € (R”) x (0,1) solution
to (4.3.2) up to the following modifications:

(i) Equation (4.3.2j) is replaced by

Np?*

T = F (4.4.1)
where F = (ﬁlp’*) a with, for all 7 € {1,...,n},
1e1,...,
* © * ©
— ifmin(Z (chp 1) DYy (ch,, 1+1) ) > 0,
~ <&
i (32 () 32 (o))
i=1 i=1
* N O N e
[(C” o1 oxP (2> = (o) exp (2)] ;

— otherwise,

~ « <o /ﬂ(’s — Iu,f’g % <o qu’g — M* s
= () o (55 () o (155,

(ii) Equation (4.3.2a) is modified by

E(ﬁ%cﬁ’;} — A + T = =0, (4.4.2)
where
(XP¥ — 2y 1) if K=KPL
~ 2
A= (Tppo1,3 — XPI9) i K = KP1 41, (4.4.3)
2
Ax otherwise,
with
XPS = XPU 4 ALGP (1), XP9 = XP71 4+ AtGP(ch ), (4.4.4)

where for all ¢ = (¢;)ieq1,....n}5

o {0 T T S

0, otherwise.
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Chapter 4 Cross-diffusion systems coupled by a moving interface

The resulting modified scheme is referred to as () while we still denote a possible solution
by (>, XP) (resp.(c},, XP) after post-processing). We prove existence of a solution to

(S) that satisfies the positivity of the concentrations and the volume-filling constraint,
and is therefore a solution to the original scheme (S). Lemma 17 provides some a priori
estimates fulfilled by a solution to (S). From now on and in all the rest of the section,
we assume that the time step At satisfies the following assumption:

Ax

At < ——,
2C5,

(4.4.5)

where C}, was defined in (4.3.3). Then, we have the following results.

Lemma 17. Let p € N\ {0}. Let (&X', XP~1) be such that for all 1 < K < N,
c’;gl = (Cg‘);(l)ie{l,...,n} belongs to A. Let (i, XP5, XP9) be a solution to (S). Then it
holds that

g >0,Vie{l,...,n}, VK € {1,...,N},

cszl, VK € {1,...,N},

N N
S OALL = AV Vie{l,...,n}.

K=1 K=1
In particular, XP* = XP9 =: XP and (cl\ ,, XP) is then also a solution to ().

Proof. Let us prove the positivity of c’i; (hence of cgz) Let us reason by contradiction
and assume that there exists ¢ € {1,...,n} and K € {1,..., N} such that

cf ’}‘{ = min min c?’z
' je{l,..n} Le{l,..,N} ©

is such that cf ;( < 0. First, let us point out that the assumption on At and the expression

of the fluxes F*~ imply that Eﬂ’( > 0 for all 1 < K < N. In addition, the conservation
laws (4.3.2a) read
1 A ) —1 -1 ) )
E(A%Cff*( - AIID( CfK) = Jﬁ;_% - Jf?;@r%?
from which it follows that
p?* p?*
Ji,ng o Ji,KJr% < 0.

If K#KP~!and K # KP~! 41, the cell C’f{l is a bulk cell, and thanks to the specific
choice (4.3.2¢), it follows from the analysis in [62, Lemma 3.1] and [61, Lemma 3.1] that

JP* and —JP* | are nonnegative, which implies that
,K—3 4, K+3

Py* — Jb* —
Ji,K—% - Ji,K—f—% =0,
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4.4 Elements of numerical analysis of the finite volume scheme

and in turn that

%Cf =D K+%C§ =

In [62, Lemma 3.1] and [61, Lemma 3.1], the contradiction follows from iterating the
argument in the neighboring cells and reaching the conclusion that the entire mass is
nonpositive, using the connexity of the domain. We only need to check that the argument
can be adapted to the interface cell. Let us assume then that the nonpositive minimum
occurs in the interface cell Cflo(_pfl from which we get

Dk In
Jle N %—FZ- <0.

o> <&
Besides, if min (Z?:l ( i;l*(pq) 721 1 <Cf p— 1+1> > > 0,

- . n . o . <o
Fi = min Z ( Z'7Kp71> az ( Z'7Kp71+1>
; —1

1= 1=

AN it — x o e
% (CQKP*) exp <22Z> B (CZZ’(KP—IH)) exp <122>
n n S *,8 *,g
. M N
= — (Z ( i K- 1) ) ( i Kp— 1+1> ) (CP*KP 141) ) exp (ZQl) <0,

=1 i=1

~ <
so we conclude as before that F"* = 0, which implies that (cp o +1)) = 0 and in
turn that cp

Kr-111) < 0. We reach the same conclusion in the case when

win (30 () 32 () ) =0

The same argument being valid when reasoning in the interface cell crt we have

proven that cf’zx > 0.

Kpr— 1+17

Let us now turn to the volume-filling constraint. Using formula (4.4.3), it holds

n

-1
Allo(p 1 _App AL (ZCPKP 1) Zﬁzp,*‘

i=1
and
—1 n
p — AP ol
R i ] e I
i=1
We sum the conservation laws (4.3.2a) over ¢ € {1,...,n}. We obtain in C’f(p , (resp. in
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Chapter 4 Cross-diffusion systems coupled by a moving interface

—1
C%p_hrl):

n n

1 " n n _
P J* _ APl -1 _ Dx Dyx
A > Cirr1 — Br > Cir D= Ji,K"_1*%
=1 i=1 i=1 =1

AP!

n n
K -1 ) N K
- AZ; <§ 1: cf;(p_l - 1) — K" 21 DKp—l,%cf* =0.
1= 1=

In consequence, we obtain that the field (x)xeq1,.., Ny defined by nx = S cf;( -1
is the solution to a backward TPFA Euler scheme for the heat equation, with diffusion
coefficient £** in the solid phase and (x*9)~! in the gaseous phase (the two phases
decouple). As a consequence, we thus obtain that » ;" , cf;( =1forall K € {1,...,N}.
This implies that XP® = XP¥9 = XP, AI[)( = Azl’é* for any K € {1,..., N} and F" =
FP*_ so that (¢}, XP) is a solution to the original scheme (S).

Concerning conservation of matter, it follows from summing the conservation laws
(4.3.2a) over the cells K and the fact that the fluxes are locally conservative that, for
any i € {1,...,n},

N N

> ARk =) Mk

K=1 K=1

If KP = KP~! the result follows immediately. Otherwise, fix i € {1,...,n}, and let us
prove that the quantity X _, AR — S0 AR is null. Observe first that, from
the post-processing formulas (see Figure 4.1), we only have to study the difference in the

cells C%;l_l,Cf{;£1+1, C'f(_pihrz. Then compute, setting K := KP~1,

Al i+ D1 pen + Dol reso

= Az ey + (X —wp 1) ey + (T3 = XP) g

= A+ (X7 — e )k + [y = XD gy + Ar ]
= (XP - CUKf%)Cf}? + (g3 - XP)elgen + ATy

= Al + A e Nfoéiff,’;(m’

where we used formulas (4.3.5)-(4.3.6) in the second equality. The result follows.

[
4.4.2 Discrete free energy dissipation inequality
Let us introduce the notation, for any K € {1,..., N},
if K < KP
o = 55 % =25 (4.4.6)
g, it K> KP,
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4.4 Elements of numerical analysis of the finite volume scheme

so that the discrete version of the free energy functional (4.2.9) reads

N
HP (p, XP) = Y Alchgn (h) = Y ARh(ch) + Y ALh (4.4.7)
K=1

K<KP K>KP

Note that, besides the explicit dependence on (¢} ,, X?), the functional depends implicitly
on p through the interface cell KP (resp. through 04’;(). We eliminate this dependence
by introducing the interpolation operator Zar that maps ¢\ . into the (vector-valued)
piecewise constant function, defined in (0,1), that interpolates the values ¢X, on the
mesh defined by (A%.) Ke{l,..,N}- We can now connect the discrete energy functional to
its continuous counterpart (4.2.9) as

HP (ch,, XP) = H (Zar (ch,) , XP). (4.4.8)
Following the modifications of the diffusion matrices (4.3.2f)-(4.3.2g), we define the mod-
ified mobility matrices in the spirit of (4.2.4) as, for any c € (ANRY),

e ~ (4.4.9)

The positivity result of Lemma 17 implies that the chain rule is valid for any p > 1 and
therefore the fluxes (4.3.2¢)-(4.3.2h) can be rewritten in mobility form as

AmJi’ZF% = (cp* ) K+ log(cP*), V1 < K < KP~1, a10)
o * * -1 o
A.%'J];(+% = — (C};(+2) K+1 log(cP*), VKP7' < K < N — 1.

We are ready to prove a discrete version of the free energy dissipation relation (4.2.12),
as stated in the next lemma.

Lemma 18. Let (3", XP~1) be such that 3. > 0 and Y7, cf}l =1 for any K €
{1,...,N}. Let (&, XP) be a solution to (S). It holds

A
X

HP(chy XP) 4 0 S0 (D log(eP™) "M s (€22

K#Kp—1

%)DK_% log(cP™)
" (4.4.11)
+ ALY P Dy [log(ef™) — ] < HP7 (e, XP)
i=1
In particular, HP(c},, XP) < Hp_l(cpA_xl,Xp_l).
Proof. In the same spirit as in the proof of matter conservation, we first introduce the
intermediate energy quantity

MLt X7) = ZA h (@) = Y ARG+ Y AR ).

K<Kp—1 K>Kp-1
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Using the expression of the entropy density (4.2.10) and conservation of matter, it holds

HPY (SRS, XP) — HP (R, XY =
N

~ (Ao PRy = o) A (log () — oo
ZZ ¥ G | log(cx) — iy — Ak Gk |loglei k) — 1 :

K=11i=1

On the other hand, multiplying the conservation laws (4.3.2a) by the quantity
p—1
At <log(cf’[*<) - ,u:’aK >, we obtain

n

N -1
S (ot ot ) (st 1)

i=1 K
ol * * * ap_l
Y (- ) (st - )
=1 K=1

Using the mobility form of the bulk fluxes (4.4.10) and applying discrete integration by
parts, the right-hand side of (4.4.12) can be reformulated as

n N
% *,ap71
— Atz Z (Jp7 p7 K+1> <10g(cf77K) _ ,U/Z K >
K=1

(4.4.12)

=1
At
- _E (DK+% log(cp’ ))TM p— 1(02+1)DK+% log(cp’*)
K#Kp—1 :
n
— ALY FP" Dy [log(el”) - i)
=1

On the other hand, the convexity of the functional ¢ — clog ¢ implies that

n N B B Pl
S5 (arei - ax ) (towe) - i)
=1 K=1
N x,0b 1 1 1 *,aP !
> Y 3 (agrers (touteri - ) - st (tosteih) - )
K=11i=1
=M (e, XT) = T (e, XY,

so inserting the two previous equations in (4.4.12) gives

* At
HPTH (R, XP) + s > (D1 log(e)) M ps (7

. Dy 1 log(e")
K#Kp—1

1
2

(4.4.13)

n
+ ALY FP Dy [log(e]™) = uf] < HPN (R, XPT
=1
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4.4 Elements of numerical analysis of the finite volume scheme

It remains to prove the inequality
HP (e, XP) < HPH (e, XP),
or equivalently
# (Zag, (o) X7) < (Zagy () X7)

The latter stems from the convexity of H with respect to its first argument and the fact
that IA% (ch) is obtained from IA%,* (c’&;) by projection (4.3.5) and convex combina-
tion (4.3.6).The proof is complete. O

4.4.3 Existence of a discrete solution

We are now in position to prove the existence of at least one discrete solution to the
scheme (S), thanks to the lemmas that were established in the previous sections.

Proposition 7. Let (¢!, XP~') be such that i, > 0 and 31
K €{1,...,N}. There exists a solution (c}\ ,, X?) to (S).

leK =1 for any

Proof. The proof uses the topological degree theory and in particular the properties of
the degree listed in [107, Theorem 3.1|. The idea is to continuously deform our coupled
system to two independent systems for which we know respectively that a solution exists,
while ensuring that some a priori estimates remain valid along the path. In fact, only the
nonnegativity and volume-filling estimates are needed, since they provide boundedness
in {*° norm. Let us detail the argument. The system (.5) is only deformed in the interface
cells as, for i € {1,...,n},

,8
Xg\) — :Z:Kp—l_l

1 1 .
At 2 <C,L‘A7Kp71 - 7;7Kp71> - AF)\ J’L>\Kp 1 % e 0’
A
Tpp-1,3 — XPO \ - R _
ZAt <Ci,Kp71+1 cp Kp— 1+1) + J Kp— 1+% + )\F 0 <4414)

X = Xp 1+>\AtG(cKp 1),
XP9 = XP71 4 AAtG(Chp-141)-

which, together with the rest of scheme (S), define the scheme (S)). We denote by
h(\,¢) € RN the residual associated to the scheme (S)). For A = 0, the interface cells
equations decouple and we obtain two independent nonlinear systems defined on a fixed
boundary domain with zero-flux boundary conditions, for which we know that a solution
exists (|62, Proposition 3.3] and [61, Proposition 3.4]). For A = 1, we get the scheme (),
for which we have already proven positivity and volume-filling constraint in Lemma 17.
The proof can be directly adapted to the case A € [0, 1), so that any solution C)A.r to the
scheme (S)) satisfies ci, > 0and >, CE\,K =1forany K € {1,...,N}.

Since the set A is not open, the topological degree cannot be directly applied and we
define, for n > 0, the open set

Ay = e RN, inf |lu— v <.
vim {u e R, it Ju - ol <.}
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The residual [0, 1] x A, 3 (A, ¢) = h(\, ¢) is clearly a continuous function, and moreover,
the estimates give that any solution ch to h(A, ch) = 0 lies in A and therefore in the
interior of A,. These two ingredients allow to conclude that the topological degree of
(hx, Ay, 0) is constant with respect to A and therefore equal to 1 when A = 1, which gives
existence of a solution to ().

O

As a direct corollary, we obtain the existence of an admissible discrete solution to the
scheme (4.3.2), satisfying all the previously established a priori estimates.

4.5 Numerical results

The numerical scheme has been implemented in the Julia language. The nonlinear system
is solved with Newton method, with stopping criterion [|¢&**! — k¥, < 10712 and
adaptive time stepping based on the CFL condition (4.3.4). We fix an initial interface
X0 =0.51 and consider smooth initial concentrations
0

Q@) = (@) = 3 (1 + cos(ra)) , x) =

1 (1 — cos(mx))

N | —

that are suitably discretized on a uniform mesh of N = 100 cells. The cross-diffusion
coefficients are taken equal in each phase, with values k12 = ko1 = 0.2, Koz = K32 =
0.1, k13 = k31 = 1 and the numerical diffusion parameters are k** = k™9 = 0.1 (but
remember that the cross-diffusion matrices of each phase are morally inverse of each
other). The solid reference chemical potential is chosen such that pu** = 0, so that
the interface dynamics only depends on 3* = exp(u™?). We always consider the time
horizon T' = 5.

Our first test case is devoted to the trivial situation 8* = 1. We start from a time
step At; = 8 x 10™%. Snapshots of the simulation are presented in Figure 4.2, where we
verify that, although discontinuities appear across the interface, the interface itself does
not move, and the system converges to constant concentrations in the entire domain.
Exponential decay of the relative free energy H(clk,, X?) — H(c>, X*°) is shown in
Figure 4.6a. Note that, in this case, the phases are only distinguished by different speeds
of convergence to equilibrium.

In our second test case, we choose B* = [6,0.25,0.25], so as to fulfill the equilibrium
condition (4.2.19), and an initial time step Aty = 6 x 10~%. The simulation is presented
in Figure 4.3, where we observe the interface evolution and convergence in the long-
time limit to the two-phase stationary solution defined by Proposition 6. To study the
long-time asymptotics, we first compute accurately the stationary solution (¢, X°)
(we construct the function ¢ defined in (4.2.22) and solve p(X*°) = 0 with Newton’s
method). Then, in addition to the relative free energy, we study the relative interface
| X — XP| over time, see Figure 4.6b, where we observe exponential convergence and
decrease of both functionals. In particular, our scheme is well-balanced and preserves
the asymptotics of the continuous system.

158



concentration

concentration

concentration

concentration

(a) Initial profiles

o6
4 T
o
0.0; X

(c) t=1.0

0.00

concentration

4.5 Numerical results

0.05 ¥
(b) t=0.25

C
k)
© 0.6
=
E - -
v 0.4
c
[}
1)

0.2

0.0

0 X~

(d) Stationary profiles

no interface movement

C
9 _
®© 0.6 -
5 ~ | —— =
c
...... -
Soal ~——
c —
o
o
02—
0.05 <

0.6

0.4

concentration

0.2

0.00

(d) Stationary profiles

Figure 4.3: Equilibrium case with monotone interface

159



Chapter 4 Cross-diffusion systems coupled by a moving interface

— 1.0

0.8
c c P
E E -
© © 0.6 -
b= b=
o o -
3 8 o0.al -—
c c —_—
[} [}
o R P P,

0.2

1 0.00 X

C C
hel hel
© ®© 0.6
b= b=
< S
Soal Soa
c c
[} [}
(S S o
0.2 7L —_—— 02t | e e e - — =
0.0 ool
0 0 x>

(¢c)t=1.0 (d) Stationary profiles
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Note that, in the previous case, the interface evolves monotonously and | X — XP| =
X — XP. However, modifying (3%, we can easily construct a test case where the interface
is not monotone along the evolution, see Figures 4.4 and 4.6¢. Finally, we verify that, as
soon as 3% # 1 violates (4.2.19), then the system converges to a one-phase solution, see
Figures 4.5 and 4.6d.

Our final test case is devoted to a convergence analysis with respect to the size of
the mesh. We consider a fixed time step Aty = 1074, a final time 75 = 0.25, uniform
meshes from 23 to 210 cells and we compare the different solutions with respect to a
reference solution computed on a finer grid of 2'* cells. The space-time (resp. time) L'
error on the concentrations (resp. on the interface) are displayed in Figure 4.7. One
clearly observes convergence, at first order in space for the concentrations. These results
should be compared with the second order accurate one-phase schemes [62, 61]. On the
one hand, it is plausible that the interface treatment induces the loss of order. On the
other hand, the discrete L'((0,1)) space distance we use to compare solutions is not
perfectly adapted since the solutions are defined in slightly different domains. Rescaling
all quantities might offer more insights into the convergence properties.
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4.6 Perspectives

Let us mention in this section some perspectives related to the present work. Of course,
a natural question is to prove the convergence of the finite volume scheme presented here
to some weak solution of the model (4.2.2), which would yield in particular the existence
of a weak solution to the model. For any x € [0,1], we introduce the broken Sobolev
space

Hy, = {ue L*(0,1), uloq € H'(0,2), wul1 € H (z,1)}.

For any u € H bl »» We also denote by

el = /TelZago ) + 1o gy + 1 gy

Notice that, since for all € [0,1], H'(0,1) C H} _, it holds that (H} ) C (H'(0,1))".
Furthermore, for any absolutely continuous curve X : Ry — [0, 1] and 7' > 0, we set

[L*((0,T), Hy)]  := {u € L*((0,T) x (0,1)), u(t) € Hy x ;) for a.a. t € (0,T),
/OT Ju(®)| . dt < +oo}.
We also define
[Lise(Res Hy)] = {u € Lise Ry x (0,1)), ulo.ryx(0.0) € [L*((0,T), Hy)] VT >0} .
In addition, we define
[Lioe Ry, (Hy))] = {9 € Line(Ry, (H'(0,1))'), ¢(t) € (Hy x))' for aa. t € Ry,

[ 1600y, it < 00 ¥T > 0}

Inspired from the analysis performed in [62, 61], we conjecture that a natural notion of
weak solution for model (4.2.2) should be given by the following definition.
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Definition 12 (Weak solution). Let X° € [0,1] and c” € (ngo)" such that c¥(z) € A
for almost every x € (0,1). A couple (¢, X) is a weak solution of (4.2.2) if

e the function X : Ry — [0, 1] is absolutely continuous;
o for any T >0, c|o.r)x(0,1) € [L*((0,T), H})]
e for almost any (t,x) € Q, c(t,x) € A;

e for almost any t > 0,

X/(t) — { g’:?_l Fi(t)a Olfhigzsz (O> 1)a (4.6.1)
where ]
Fi(t) = (t) = VBici(t), ie{l,....n}

V"

o for any ¢ € [L%OC(R'i_’HI})]& such that Oy € [LE (R4, (Hg)’)}& and such that
there exists T > 0 such that p(t) =0 for allt > T,

oo 1
0
| @ >( bt A [ ) 0.0) at

/ / OrpT Ag(c)dye dt+/ /X(S I’ Ay(c)oye dt (4.6.2)
S ARCHEOE

where F(t) = (Fi(t))iequ,....ny for almost all t > 0.

The study of the long-time asymptotic behaviour of such weak solutions is also on the
scientific agenda. In particular, proving the conjecture inspired by the numerical results
shown in Section 4.5 that the solution converges exponentially fast with respect to time to
some stationary state of the model in the sense of Definition 11 is an interesting question.
We intend to study these issues in a future work.
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Résumé en francais

Cette thése traite de ’analyse, de la stabilisation et de I’approximation numérique de
systémes a diffusion croisée dans des domaines & frontiére mobile. Ces systémes ap-
paraissent dans de nombreuses applications en sciences des matériaux et en biologie :
croissance de cristaux et de biofilms, corrosion de 'acier, carbonatation du béton... Ce
travail est spécialement motivé par la modélisation d’un procédé de dépot vapeur utilisé
pour la synthése de couches minces semi-conductrices dans les cellules photovoltaiques.

Le procédé peut étre décrit comme suit (voir Figure 1.2) : une plaquette est introduite
dans une chambre chaude ot des éléments chimiques sont injectés sous forme gazeuse.
Au fur et & mesure que ces derniers se déposent sur le substrat, une couche solide hé-
térogéne s’y développe. En raison des conditions de température, des effets de diffusion
interviennent dans la couche solide jusqu’a ce que la plaquette soit retirée et le systéme
figé.

Chapitre 1. Introduction

Pour fixer les idées, commencons par présenter le modéle de déposition introduit dans
[24]. Il s’agit d'un systéme a diffusion croisée posé dans un domaine unidimensionnel
dépendant du temps. Plus précisément, nous considérons une couche solide en expansion
composée de n + 1 différentes espéces chimiques. Le domaine considéré s’écrit |0, e(t)[C
Ry, ou e(t) > 0 représente 1'épaisseur de la couche. On travaille donc dans le domaine
espace-temps non-cylindrique

Ue:= | {t}x]0,e(1)].

teR?

Pour tout i = 0,...,n, on définit la fonction F; € L (R%) telle que F;(t) représente
le flux d’atomes de l’espéce ¢ absorbée a la surface de la couche mince au temps t.
L’évolution de 'épaisseur du film est déterminée par les flux (F;)i=o,.. n €t est donnée

par
t n

e(t) = eo —|—/ ZE(S) ds, t >0, (0.1)
0 i=0

ol ey > 0 représente 'épaisseur initiale du film. Les fractions volumiques locales des

différentes espéces uy, . . ., u, sont censées satisfaire les contraintes
n
ui(t,z) > 0pouri=0,...,n et Zuj(t,x) =1, t>0, x €0,e(t)[. (0.2)
§=0
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Résumé en frangais

Ces contraintes permettent d’exprimer de maniére équivalente uy comme 1 — > "7 | u;.
Par conséquent, le systéme entier peut étre réécrit en utilisant le vecteur inconnu v :=
(u1,...,up)T. En notant F la fonction & valeur vectorielle (Fy, ..., Fy,)T, le systéme a
diffusion croisée dans la couche solide est donné par :

O — Oy (A(u)0zu) = 0, (t,x) € U,

) ) =0, te R,

(A(u)dpu)(t, e(t)) + € (t)ult,e(t)) = F(t) teRY,
)

= u0($), x €]0, e,

(0.3)

pour une application matricielle A : R™ — R™*™ appelée matrice de diffusion du systéme
(voir par exemple (1.2.6)) et une condition initiale u’ compatible avec les conditions (0.2).
Les conditions aux limites indiquent que le systéme est isolé & x = 0 mais qu’il existe un
flux vectoriel entrant F(t) en = = e(t), ou le terme supplémentaire €’ (¢)u(t,e(t)) tient
compte de la croissance de la couche.

Ce modéle présente les caractéristiques mathématiques qui nous intéressent dans cette
thése : premiérement, la description de la diffusion fortement couplée des constituants
dans la couche conduit & un systéme a diffusion croisée, c’est-a-dire un systéme d’équa-
tions aux dérivées partielles paraboliques non linéaires. Je donne un apercu de ces sys-
témes dans la Section 1.2. Deuxiémement, & cause de la croissance de la couche, les
équations sont écrites dans un domaine & frontiére mobile. Dans la Section 1.3, je pré-
sente quelques approches mathématiques pour ces problémes et en particulier 'approche
par interface diffuse qui me permet d’introduire I’équation de Cahn-Hilliard. Enfin, si ’on
veut optimiser le procédé de dépot vapeur, il est naturel de considérer les flux gazeux
(Fo, ..., F,) injectés comme variables de contréle au bord. Je présente dans la Section 1.4
quelques idées de stabilisation, en me concentrant sur la méthode de backstepping pour
les EDP.

Le travail original de cette thése est divisé en trois chapitres. Le Chapitre 2 est adapté
de l'article publié [68], avec Virginie Ehrlacher et Amaury Hayat. Le Chapitre 3 est
adapté du travail soumis [69] en collaboration avec Virginie Ehrlacher, Greta Marino et
Jan-Frederik Pietschmann. Le Chapitre 4 est une version étendue du travail publié [59],
avec Clément Cancés, Claire Chainais-Hillairet et Virginie Ehrlacher.

Chapitre 2. Stabilisation par le bord

Dans ce chapitre, nous nous intéressons a la stabilisation par le bord du systéme (0.3).
La principale motivation des auteurs de [24] pour I’étude d’un tel systéme était de contro-
ler les flux gazeux (Fy, ..., F,) injectés pendant le processus de dépot afin d’atteindre
des profils de composition cibles. L’existence globale de solutions faibles au systéme en
boucle ouverte (F dépend seulement du temps) a été démontrée en adaptant au cas
d’une frontiére mobile la boundedness-by-entropy method, présentée dans la Section 1.2.4.
Les auteurs ont également obtenu un résultat de convergence en temps long des pro-
fils de fraction volumiques dans le cas de flux externes constants. Cependant, les profils
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asymptotiques correspondants semblaient étre stables avec seulement un trés faible taux
de convergence et nous nous sommes demandé s’il était possible d’améliorer ce taux
en utilisant un meilleur controle du flux F. Nous renvoyons a la Section 2.2 pour une
présentation compléte des résultats de [24].

Nous nous intéressons a la stabilisation de la version linéarisée de (0.3) autour d’états
de concentrations constantes. Le systéme linéarisé est donné par

Orou — A(w)d%,6u = 0, (t,z) € Us,
A(w)0z0u(t,e(t)) + vou(t,e(t)) = oy (t), t e RY, o4
A(u)d,0u(t,0) = 0, t e RY, (04)

ou(0,z) = 6u’(z),  x €]0,e,

ou du € R™ est I'état, 01 € R™ est le vecteur de contrdle, 7 > 0 et &(t) = ¢y + t.
Notons que le domaine "d’équilibre" ]0,e(¢)[ est toujours en expansion mais croit a vi-
tesse constante. Notre résultat est valide sous des hypothéses sur la matrice de diffusion
croisée A qui s’appuient sur les conditions habituelles de structure entropique pour trai-
ter le probléme non linéaire (voir le Théoréme 1), ainsi qu'une hypothése de symétrie
supplémentaire sur la matrice de mobilité (voir la définition (1.2.11)) du systéme a 1’état
considéré. En particulier, la matrice de diffusion croisée (1.2.6) satisfait ces conditions.
Nous montrons que nous pouvons stabiliser le systéme linéaris¢ (0.4) en temps fini arbi-
trairement petit, avec une loi de rétro-action obtenue par la technique de backstepping
inspirée de la méthode décrite dans la Section 1.4.3. En deux mots, il s’agit de trouver
une transformation inversible du systéme vers un systéme stable, la loi de rétro-action
étant alors directement déduite de la transformation.

Trés peu de travaux ont abordé des questions de controle de systémes a diffusion croi-
sée [182, 220| et notre travail est, & ma connaissance, le premier a aborder la stabilisation
par rétro-action de tels systémes. Bien que notre résultat concerne le systéme linéarisé
(0.4), il ouvre la voie a la stabilisation locale du systéme non linéaire (voir les perspec-
tives dans la Section 1.6). Du point de vue du backstepping, nous étendons la méthode
introduite dans [92] et décrite dans 1.4.3 & un contexte de frontiére mobile. De nouvelles
difficultés découlent de I'aspect "non-autonome" du systéme, en particulier la transfor-
mation de backstepping (voir (1.4.7)) doit dépendre du temps et il faut s’assurer que
cela ne compromette pas la stabilité exponentielle (resp. la stabilité en temps fini). En
effet, lorsqu’on applique la transformation inverse pour obtenir la stabilité exponentielle
du systéme d’origine, le cotiit de 'estimation dépend de la norme de la transformation et
de la norme de son inverse, qui dépendent elles-méme du temps (voir (1.4.11)). Si cette
norme croit exponentiellement vite en temps, le systéme d’origine pourrait ne pas étre
exponentiellement stable, et encore moins stable en temps fini, méme si le systéme cible
I’est. Nous montrons néanmoins que ce n’est pas une obstruction a la stabilisation de
(0.4).

Nos contributions peuvent étre résumeées ainsi :
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e Nous montrons que la structure entropique et I’hypothése de symétrie sur la matrice

de mobilité permettent de diagonaliser A(w), réduisant la stabilisation de (0.4) a
la stabilisation du probléme scalaire, pour A, > 0,

8tcg - Jaazsxcg = 07 (t,l') € UE?
00xC3 (8, (1)) + 05 (8,e(t)) = 0y (1), teRy, (0.5)
00,CS(t,0) = 0, teR".

Le systéme cible est naturellement donné par

0193 — 002,95 + A5 =0, (t,x) € U,
00295 (t,e(t)) +vg3 (¢, e(t)) =0, teRY,
00,93 (t,0) =0, teRY.

Cette réduction est cruciale. Nous commentons les difficultés rencontrées dans le
cas fortement couplé dans les conclusions du Chapitre 2.

Nous dérivons formellement le probléme du noyau scalaire dépendant du temps
(2.6.9) et nous remarquons qu’il admet des solutions avec des variables séparées
qui permettent de retrouver le probléme du noyau classique posé dans un domaine
en mouvement, voir (2.6.11). D’une certaine maniére, cela signifie que la transfor-
mation de backstepping Volterra est "compatible" avec la frontiére mobile. La loi
de rétro-action scalaire est donnée par

e(t)
0y (t) :=o k3 (e(t), ()X (¢, e(t)) + /0 [00:kx(€(t), y) + ThA(e(t), y)] CX (¢, y)dy.
Le caractére bien posé de la transformation backstepping est ensuite rigoureusement
vérifié dans un cadre de régularité L? (voir les résultats de la Section 2.4.5).

Nous prouvons que le probléme du noyau scalaire est bien posé et nous donnons des
estimations quantitatives (voir Proposition 3). Les estimations sont données par,
pour tout = €]0,e(¢)],

| (5l + 1985 @) ) dy < Cem VAR, (0.6)
x A 4
[ 5 ne + 95w aw<c () e, (0.7

Ceci permet de conclure a la stabilisation rapide de (0.5) (Corollaire 1) et donc du
probléme couplé (0.4) (Théoréme 5).

Enfin, nous utilisons les estimations (0.6)-(0.7) pour adapter la stratégie décrite
dans la Section 1.4.3 afin d’obtenir une stabilisation en temps fini arbitraire (Théo-
)

réme 6). Le point essentiel est que la constante de stabilité est de la forme Ce
qui peut toujours étre "battu" par le terme de décroissance e quand A > 1.



Chapitre 3. Analyse d’un modéle Cahn-Hilliard avec diffusion
croisée

Avant de détailler les contributions de ce chapitre, il est utile de présenter le modéle
introduit dans [118]. Ce dernier décrit ’évolution d’un mélange ou les effets de diffusion
croisée entre les différentes espéces sont pris en compte et ot une seule espéce tend & se
séparer des autres. Le mélange occupe un domaine ouvert, lisse et borné Q C R? avec
d = 1,2,3 et est composé de n + 1 espéces dont les fractions volumiques sont notées
ui, © = 0,...,n. En notant v = (ug, ..., u,), la dynamique du systéme est régie par la
fonctionnelle d’énergie libre

n

E(u) := /Q [Z(UZ Inwu; —u; + 1)+ §|Vuo\2 + Bup(1l —up) | de, (0.8)
=0

ol € et [ sont des constantes positives. Il s’agit d’'une généralisation multi-espéces de
Iénergie de Ginzburg-Landau classique avec potentiel logarithmique. Notant y = Dy, E(u)
le potentiel chimique, le systéme d’évolution correspondant est donné formellement par

Oyu = div (M (u)Vu) dans 2 x (0, +00), (0.9)

ot M : R — RM+DX(+D) ost une matrice de mobilité dégénérée, voir (3.1.3) et
la Section 3.1.2 pour une présentation compléte du modéle. La matrice de mobilité est
associée a la matrice de diffusion (1.2.6), déja étudiée dans le chapitre précédent. En
raison de leur interprétation en tant que fractions volumiques, les quantités u; doivent
satisfaire, pour z € Q, t € (0, +00),

n
0 <wy(t,x) <1 pourtouti=0,...,n et Zui(t,x) =1. (0.10)
i=0

Le systéeme d’évolution est complété par des conditions aux limites de flux nul ainsi que
des conditions initiales compatibles avec les contraintes. Le principal résultat de [118] est
I’existence d’une solution a une formulation faible appropriée de ce probléme.

Le but de notre travail est ’étude de I’énergie de Ginzburg-Landau dégénérée multi-
espéces (0.8) et de sa relation avec le systéme d’équations de Cahn-Hilliard & diffusion
croisée (0.9). Tout d’abord, nous étudions quelques solutions du probléme stationnaire

0=div(M(u)Vu), dans Q. (0.11)

En général, I'analyse de ce type de systéme elliptique dégénéré est difficile. Dans ce
travail, motivés par la structure de flot de gradient du systéme d’évolution mise en
évidence ci-dessus (voir la Section 1.2.3), nous concentrons notre étude sur I’ensemble
des minimiseurs locaux de la fonctionnelle d’énergie (0.8). Ces derniers sont des candidats
naturels pour étre solutions de (0.11) car l'on s’attend & ce que les solutions du systéme
dépendant du temps convergent dans la limite en temps long vers I'un de ces minimiseurs
locaux.
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Nous obtenons des bornes uniformes strictes sur les minimiseurs locaux de (0.8) pour la
topologie L>(Q)"*!. Ce résultat est basé sur un argument de compétiteur oii la construc-
tion doit non seulement préserver les contraintes (0.10) mais aussi la masse de chaque
espéce. Grace a ces bornes strictes, nous pouvons dériver le systéme d’Euler Lagrange
associé a ’énergie et obtenir de la régularité sur les minimiseurs, qui sont ainsi des solu-
tions classiques du systéme stationnaire (0.11). Nous remarquons également que 1'équa-
tion d’Euler-Lagrange pour 'espéce ug se découple, révélant un lien étroit avec 1’énergie
de Cahn-Hilliard & une espéce (3.2.22).

Lorsque les paramétres sont choisis de maniére & ce que la fonctionnelle d’énergie
soit strictement convexe (nous donnons des conditions explicites), 'unique minimiseur
est constant et nous montrons par la méthode d’entropie que les solutions faibles du
probléme d’évolution (0.9) convergent vers cet état exponentiellement vite. Dans le cas
non-convexe, la dynamique est plus complexe et nous I’étudions & l'aide d’un schéma
volumes finis qui approche (0.9) en préservant les contraintes (0.10). Nous montrons que
I’énergie libre discréte n’augmente pas en utilisant d’'une part une régle de la chaine
logarithmique discréte et d’autre part une discrétisation semi-implicite convexe-concave
en temps. Enfin nous présentons des simulations numériques en dimensions une et deux
pour illustrer le comportement du schéma et étudier la variété des solutions stationnaires
dans la limite en temps long (Section 3.5).

Chapitre 4. Couplage de systémes a diffusion croisée par une
interface mobile

Dans ce chapitre, nous proposons et étudions une extension du modéle (0.3). Dans ce
dernier, les flux absorbés F'(t) étaient supposés connus alors qu’ils dépendent en réalité
de linteraction entre les phases gazeuse et solide dans la chambre chaude. Un modéle
plus réaliste doit donc tenir compte de I’évolution de la phase gazeuse et de la facon dont
le dépot se produit a I'interface entre les deux phases. Nous proposons un premier modéle
dans cette direction. Par souci de simplicité, nous ne considérons ici qu’un systéme isolé
(pas de flux entrant dans la chambre chaude) afin de nous concentrer principalement sur
le couplage par l'interface mobile.

Je présente ici briévement le modéle et renvoie & la Section 4.2 pour plus de détails.
Soit © = (0,1) le domaine physique contenant les phases solide et gazeuse. Pour tout
t >0, e(t) € [0, 1] désigne la position a I'instant ¢ de I'interface entre les deux phases. Plus
précisément, a U'instant ¢, la phase solide occupe le domaine (0, e(t)) et la phase gazeuse
occupe le domaine (e(t),1). Nous désignons par @ := Ry x Q le domaine espace-temps
du probléme.

Nous considérons n espéces chimiques différentes représentées par leurs densités de
concentration molaire. Plus précisément, pour tout i = 1,...,n, u;(t,x) représente la
densité de concentration molaire de ’espéce i au temps t > 0 et au point = € ) et nous
notons u(t,r) = (ui(t,x))ieq1,.. ny- Les contraintes volume-filling (0.10) doivent étre
satisfaites dans Q). Pour (t,z) € Q et i = 1,...,n, nous notons J;(¢, x) € R le flux molaire

de I’espéce i au temps ¢ et au point = € Q et notons J(t,z) := (Ji(t,),..., Ju(t,2))T.
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La conservation locale de la matiére a I'intérieur de la phase solide et de la phase gazeuse
implique
Oic+ 0z J =0, dans ]0,e(t)[U(e(t), 1). (0.12a)

Les phénoménes de diffusion croisée sont modélisés par les matrices de diffusion Ay :
R™ — R™ ™ (resp. Ay : R™ — R"™*™) dans la phase solide (resp. gazeuse), via

J = —A4(c)0zc, x €]0,e(t)

[
J =—A,(c)0zc, x € (e(t),1). (0.12b)

Les matrices A, et A, doivent satisfaire certaines hypothéses liées a la structure entro-
pique (voir la Section 1.2.4) et aux contraintes volume-filling (voir la Section 4.2.2). Sur
la frontiére du domaine complet 2, nous imposons des conditions de flux nul

J(t,0)=J(t,1) =0, t > 0. (0.12c¢)
En outre, nous supposons que J et ¢ sont suffisamment réguliers pour définir leur trace
en e(t)* : pour tout ¢ > 0 tel que e(t) € (0, 1), nous définissons pour i = 1,...,n,

(0.12d)

Nous utilisons un vecteur de flux F'(t) = (Fi(t))ie(1,...,ny qui rend compte des mécanismes
de transition de phase situés au voisinage de I'interface mobile entre les phases solide et
gazeuse. Nous nous concentrons dans ce travail sur des flux d’interface de type Butler-
Volmer. Plus précisément, nous introduisons des potentiels chimiques de référence u** :=
(,u?s)ie{l,...,n}a w9 = (N:’g)ie{l,...,n} € R™ et définissons les constantes

pi =exp ([, Wil =p"—p* i=1,....n (0.12e)
Le vecteur F'(t) est alors défini pour tout ¢ > 0 tel que e(t) € (0,1) par

1

L’évolution de I'interface est définie, comme dans (0.1), par

Fi(t) =

uf () = V/Biui(t), i=1,....n. (0.12f)

n
¢(t)=> Fi(t), t > 0. (0.12g)
i=1
Enfin, nous imposons les conditions aux limites suivantes sur I'interface mobile

— () + (Bt () = —J9(E) + € (L) = F(t). (0.12h)

Notre travail apporte les contributions suivantes :
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Résumé en frangais
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Nous introduisons un nouveau modéle de diffusion croisée avec interface mobile
(0.12) et mettons en évidence sa structure entropique variationnelle. Cette derniére
garantit la cohérence thermodynamique du modéle et jette les bases d’une analyse
mathématique rigoureuse. Les états stationnaires sont identifiés (Proposition 6) et
nous conjecturons le comportement en temps long.

Un schéma volumes finis est introduit pour approcher le systéme. Contrairement au
schéma congu dans |72], nous ne redimensionnons pas le systéme dans un domaine
fixe mais discrétisons plutét l'interface mobile en suivant une approche de type
moving-mesh. Aussi la principale nouveauté réside dans le traitement numérique
de l'interface mobile.

Nous prouvons par des arguments topologiques l'existence, & chaque pas temps,
d’au moins une solution discréte au schéma qui préserve la structure compléte du
systéme continu (Proposition 7). En particulier, la mise a jour de l'interface et du
maillage préserve la décroissance de ’entropie au niveau discret.

Les résultats numériques illustrent les propriétés du modéle et le bon comportement
du schéma (voir la Section 4.5). Ces résultats soutiennent également nos conjectures
concernant le comportement en temps long.
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