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Résumé xi

MODELES DE TISSUS VIVANTS, SIMULATIONS NUMERIQUES ET IMMUNOTHERAPIE DES CAN-
CERS

Résumé

Nous étudions deux types de modéles couramment utilisés pour la représentation en temps et en es-
pace des tumeurs : I’équation de Cahn-Hilliard pour les tissus vivants et le modéle de Keller-Segel. Les
méthodes numériques que nous développons cherchent & représenter de maniére précise et efficace ces
équations tout en préservant leurs propriétés. Pour I’équation de Cahn-Hilliard, notre étude s’appuie sur
une méthode de relaxation dont nous prouvons la convergence vers le modéle initial. Méme si elles repré-
sentent mathématiquement des phénoménes physiques proches de ceux étudiés en dynamique des fluides,
les équations utilisées pour les tissus vivants sont souvent différentes pour rendre compte du caractére
actif des cellules. Les équations résultantes contiennent de nombreuses singularités et dégénérescences
qui sont difficiles & analyser théoriquement et simuler numériquement de maniére efficace. La méthode
de relaxation a été introduite pour faciliter 'implémentation de nos schémas numeériques ; nous propo-
sons ainsi des schémas numeériques éléments finis simples & adapter dans les codes pré-existants. Afin
de préserver les propriétés des équations continues lors des simulations numériques, nous proposons des
schémas numériques basés sur la Méthode de Variable Auxiliaire. L’adaptation de cette méthode pour
les équations des tissus vivants n’ayant pas été réalisée, nous proposons dans cette thése d’y remédier et
d’étudier les propriétés analytiques de ces schémas numériques. Sur la base de ces travaux numériques,
nous présentons 1’étude de deux phénoménes biologiques. En collaboration avec des biologistes de 1’Uni-
versité de Nantes, nous étudions la compactification des sphéroides de glioblastome in-vitro en réponse
4 un médicament utilisé en chimiothérapie. Notre deuxiéme application s’intéresse a ’étude des effets
physiques jouant un réle dans ’émergence d’instabilités a la surface de certaines tumeurs invasives.

Mots clés : Modeéles de tissus vivants, Analyse numérique, Equation de Cahn-Hilliard dégénérée, Mo-
déle de Keller-Segel

Abstract

We study two classes of mathematical models currently used for the modeling in time and space of tumors:
the Cahn-Hilliard equation for living tissues and the Keller-Segel model. The numerical methods we
propose aim to represent these equations efficiently and accurately while preserving their properties. For
the Cahn-Hilliard equation, our study is based on a relaxation method for which we prove the convergence
to the original model. Even though the physical effects modeled by these equations are close to the ones
studied in fluid dynamics, the equations used to model living tissues are different in order to represent
the active behavior of cells. The resulting equations contain numerous singularities and degeneracies,
which result in technical difficulties to analyze and simulate them efficiently. Our relaxation method
has been introduced to facilitate the implementation of our numerical schemes. Hence, we propose
numerical schemes that are easy to implement in already existing finite element software. In order
to preserve the properties of the equations during numerical simulations, we design numerical schemes
based on the Scalar Auxiliary Variable method. However, since this method has never been used in the
context of models of living tissues, we study the analytical properties of our schemes. Based on these
numerical works, we present two studies of biological phenomena. In collaboration with biologists from
the Université de Nantes, we study the shrinking of in-vitro tumor aggregates of glioblastoma due to
a certain chemotherapeutic drug. Our second study focuses on understanding the physical effects that
play a role in the emergence of instabilities at the borders of certain invasive tumors. Therefore, this
work aims at providing mathematical tools to biologists that give insights into underlying biological
phenomena based on the Physics of cells and living matter.

Keywords: Living tissues models, Numerical analysis, Degenerate Cahn-Hilliard equation, Keller-Segel
model

Laboratoire Jacques-Louis Lions
Sorbonne Université — Campus Pierre et Marie Curie — 4 place Jussieu — 75005 Paris — France
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Chapter 1

Introduction

1.1 Motivations

Mechanobiology is the science that focuses on the mechanics of biological systems. This is a
science at the interface of Biology, Mechanics, and Mathematics. This manuscript focuses on the
design, analysis and numerical simulation of mathematical models of living tissues. Thereby, this
work belongs in the active research field of the mathematics of Mechanobiology. These models
describe the evolution of cells in time and space. In the present study, we focus on the repre-
sentation of living matter as a continuum, adopting a macroscopic point of view. The structures
depicted are referred to as tissues but under this definition falls many cells’ arrangements as long
as they are observable with the naked eye. These models do not aim to give a precise description
of the microbiology of cells but are focusing on average quantities and phenomena occurring at
the scale of the structure. Therefore, the tissue mechanics that affect its shape, organization,
and growth are the main focus of these models. Phenomena that can be represented are the
collective movement of cells, the growth of the tissue, the formation of patterns, etc. The main
objective of researches in mathematical Mechanobiology is to propose to biologists mathematical
tools that give insights into underlying biological phenomena based on the Physics of cells and
living matter in general. The models of living tissues are also used to study pathologies such as
inflammations and cancer. Indeed, the previous definition of living tissue encompasses tumors.
A tumor is a collective organization of cells, and the mechanical effects exerted by and on it are
of primary importance. Furthermore, the effect of treatment on tumors can also be included
in the model. A second objective of the work in mathematical Mechanobiology is to provide
medical teams with tools for predicting the behavior of a specific tissue (healthy or tumorous)
under certain constraints such as mechanical stresses or drugs.

Due to cells’ active behavior, mathematical models of living tissues often pose technical diffi-
culties both for analytical and numerical works. They are often of nonlinear type and sometimes
exhibit a hyperbolic behavior, i.e., forming discontinuous interfaces even if the initial solution is
smooth. Other effects such as backward diffusion or degeneracy of a mobility coefficient lead to
additional analytical difficulties. On the numerical side, the main issue is to keep the properties
of the solution of the continuous model during numerical simulations. Indeed, the mathematical
model is an approximated representation of the biological tissue, and the numerical method is
another approximation level. To make reliable predictions from the numerical simulations, it is
necessary to design a numerical scheme that is the best approximation possible of the continuous
model. Therefore, the design of the numerical scheme must be oriented to preserve the essential
properties of models of living tissues that are: the monotonic decay of the associated energy,
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the preservation of the positivity of the densities, the conservation of the initial mass of cells if
proliferation does not occur, etc.

However, accuracy must not be the only focus. To apply a mathematical model to a concrete
study in relation with Biology or Medicine, it is necessary to test many scenarios and, hence,
run many numerical simulations. To do so, the numerical method must be efficient, and its
computational cost must be reduced to its minimum for each simulation. The tradeoff question
between accuracy and efficiency is at the center of every numerical work with the aim of concrete
applications.

Based on these observations, in this manuscript, we focus on the design of accurate and
efficient novel numerical methods for some nonlinear partial differential equations used for the
mathematical representation of living tissues. Mainly, we work with models used to represent in
vivo and in vitro tumors that are a pathology of living tissue.

1.2 Mathematical representation of living tissues

1.2.1 First steps of mathematical modelling

We present the formulation of a prototypal model of N € N* components from which we can
derive models that include precise effects. We define the domain () C R? as the tissue or a
part of it, and where d = 1,2, 3 is the dimension and ¢ is time. The boundary of Q(t) is denoted
by 0€2(t) and is assumed to be sufficiently regular. In the following, we adopt the Eulerian point
of view: for a fixed point in space, we observe what happens without moving x. The second
point of view (that we will not consider in this manuscript) is the Lagrangian or material point
of view, where the observer follows the flow i.e. the material point X € Q(t) of the domain moves
with respect to the flow given by a certain velocity. To describe how the different forces act on
the tissue, we take an arbitrary volume V() C Q(t). We define B,.(z) as the ball of center x and
of radius 7 > 0. We define the mass density of the i-th component at (¢,z) € RT x Q in Eulerian
coordinates by (B.(@)

. Mz Br X
pi(t,x) = lim V(B.(z)
where M;(B,(x)) is the mass of the i-th component inside the ball B,.(z) and V(B,(z)) is the
volume of the latter. We also define relative quantities such as the relative mass densities

) . My(B.(x))
pi(t,z) = lim Vi(B ()

where V;(B,(x)) is the volume occupied by the i-th component inside the ball B,.(z), and the
volume fraction of the i-th component

_ iy Vi(Br(@))
ni(t,z) = }1;% VBr2)

We also consider the mass fraction ¢; defined by

_ i Mi(Br(x))
ci(t,x) —}12(1) MB()

Therefore, it is easy to verify the relation

pc; = ping, for i=1,... N.
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The starting point of the mathematical models that we study is the conservation equation in
integral form
8pi (tv i)

+V-Ji(t,x) dz = Si(t,z) dz, (1.1)
vy Ot V(t)

where J;(t,z) = J;i(p,Vp,v) is the net flow of the components across the boundary of the
arbitrary volume V' (t). This flux is defined as a function of the density of the i-th component, of
its gradient and of a velocity field v; (¢, z) which needs to be defined using a constitutive relation
or given by an equation. However, to be able to represent the Physics of the tissue, one needs to
use laws of mechanics and thermodynamics to derive a set of physically relevant equations and
explain the different constitutive relations. In (1.1), the term S;(¢, ) represents the growth of the
tissue but also its degradation. This proliferation effect depends on many aspects occurring both
at the scale of the cells and the tissue, such as the stress in the tissue, the amount of available
nutrients, or the available space in the neighborhood of dividing cells.

The integral form of the continuity equation is useful to give a description of the different
forces acting on the arbitrary volume V (¢). However, since the equation (1.1) is satisfied for any
volume V (t), we use the local form of this equation

%?x)—l-v-.]i(t,x) = S;(t,x), (1.2)

In the following, we present the derivation of two essential models of living tissues—the Cahn-
Hilliard model for Biology and the Keller-Segel model. The first one is used to represent tissues
as a multiphase fluid and describes the attractive and repulsive interactions of cells. As a result,
the model can reproduce the formation of patterns and is used to represent tumors as fluids. The
second is modeling chemotaxis: a type of movement that cells exhibit in nature. Indeed, cells
have the capacity to sense their micro-environment, and their migration is driven by signals. The
Keller-Segel model represents cells’ movement toward zones of a large concentration of certain
chemicals called chemoattractants and due to random Brownian motion.

1.2.2 The Cahn-Hilliard model for modelling of tissues and tumours

Derivation. A detailed description of the derivation of the Cahn-Hilliard equation (CH in short)
from the different mechanics and thermodynamics laws requires lengthy calculations. For the
sake of simplicity, we give here a simple description of the Cahn-Hilliard equation for the mixture
of two incompressible fluids. We also assume that the tissue under investigation is not growing
nor degrading. This model is relatively simple and focuses only on the organization of two types
of cells. However, as we will see in the following of this manuscript, it already gives a good
description of tissues (especially tumors) and is at the center of many research pieces.

To satisfy the previous assumptions, we set N = 2 and S;(t,z) = 0 (for i = 1,2). For the
representation of tissues, we can assume that cells inside the phase ¢ = 1 are cells constituting
the tissue of interest (or the tumor), and the phase i = 2 is used to represent the rest of the cells
of the micro-environment. From the incompressibility assumption, the continuity equation (1.2)
can be simplified and written to follow the evolution of the mass fraction ¢; or the volume fraction
n;. We present the case where we focus on volume fractions, and since these quantities satisfy

ny +mng =1,

we define the order parameter n = n;. Hence, in order to obtain the evolution of both volume
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fractions, it is now only necessary to solve the continuity equation

0

5 +div(h) =0, (1.3)
where we have used the fact that J in (1.2) was equal to J = p;h; along with the fact that
the fluids are incompressible, i.e. div(p;) = 0 for all i = 1,2. Before giving the constitutive
relation for the flux h, we first describe the energy associated to this model and use some of
basic thermodynamics quantities.

Indeed, the formulation of the free energy associated to the system is often considered the
starting point to give a simple derivation of the Cahn-Hilliard model. As in its original descrip-
tion, the Ginzburg-Landau free energy is given by

Eln(t) == /Q (2190 +6(m)) do.

The free energy density is the sum of two important terms. The surface tension 3 |Vn|2 is a force
occurring at the interface between the two phases. This terms has the effect to penalize large
gradient of the order parameter and tends to make the interface between the two phases smooth.
Hence, the length of this diffuse interface is given by /7. The second term 1)(n) is related to the
mechanical interactions between the cells, and is called the homogeneous free energy. Attractive
and repulsive forces for the two cell types are represented by this term. Therefore, attraction
occurs when ¢ (n) < 0 and repulsion when ¢”(n) > 0. For volume fractions such that ¢" (n) = 0,
we say that the mixture is at equilibrium, i.e. attractive and repulsive forces balance out.

We define 11 = p(n, Vn) the chemical potential as the variational derivative of the free energy
with respect to the order parameter

IJ/ = 5
n
Going back to the definition of the net flux h, and using a generalized Fick’s law, we obtain

h = —b(n) Vi,

where b(n) is a mobility coefficient to represent the active movement of cells. Altogether, and
assuming zero-flux boundary conditions, the original Cahn-Hilliard equation for diphasic fluids
reads

(1.4)

9 = on —, t>0,z €00,

{%’Z — div(b(n)V (—yAn +'(n)), t>0,z€Q,

where v is the outward normal vector to the boundary 0f).

The Cahn-Hilliard for Biology. This equation found its original application in the context
of material sciences. Cahn and Hilliard [48, 47] first proposed the equation to represent the
separation of phases occurring in binary alloys during a sudden cooling, assuming isotropy and
constant temperature. Indeed, the equation can model the different stages of phase separation:
from the formation of microscopic structures (i.e. spinodal decomposition) to the coarsening of
them to form large arrangements. Later, the Cahn-Hilliard equation has been used to represent
many phenomena in Physics, such as dealloying occurring in corrosion [81], thin films [191],
image processing [53], or even about the formation of the rings of Saturn [196]. The previous
references do not cover the extensive literature that exists for each of these subjects. However,
the interested reader can find more references in the review book of Miranville [147].
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In this manuscript, we are interested in its application to Biology, especially to represent
tissues and tumors. Due to qualitative similarities between the formation of patterns in nature
and the processes of phase separation occurring in materials, researchers started to use the Cahn-
Hilliard equation as a phenomenological model for biological applications, such as population
dynamics [62], wound healing [126], tumor growth [203, 90] or even the organization of mussel
banks [138]. In the previous references, a source term g(n) is often considered inside the equation
to represent growth of the tissue or its degradation, leading to the generalized Cahn-Hilliard
equation [59]

0
al;‘ = div (b(n)V (—yAn + 1/ (n))) + g(n), t >0,z € Q. (1.5)
Both [62] and [126] used the Cahn-Hilliard to produce results close to observed phenomenon with-

out focusing on the consistency of the model with their system thermodynamics. The first work
that proposed a mechanically and thermodynamically consistent derivation of the CH equation
for Biology is [203]. The authors derived a system of CH-type equations using thermodynamics
laws to derive constraints for the constitutive relations of their model. Their model is capable
of representing multi-species systems, and they considered as a test case the representation of a
system with four species: viable tumor cells, dead tumor cells (necrotic core), healthy cells, and
the rest of the micro-environment. In the previous references that propose a CH model for living
tissues, the mobility coefficient (i.e. b(n) in (1.5)) is taken to be a constant and the potential
(n) is double-welled and logarithmic, i.e. it describes the segregation of the two different types
of cells. For this application, a thermodynamically consistent potential used in many research
pieces is
1

P(n) = %nlnn +(1-n)ln(l—-n)—(n— 5)2,

but is often approximated by a polynomial function for simplicity.

Later, other forms for the mobility and potential have been proposed to give a better rep-
resentation of the mechanics of cells inside tissues. Considering a constant mobility in the CH
model does not seem biologically relevant. Indeed, to represent the clustering of cells, a degener-
ate mobility is more relevant as pointed in [3, ], and consists in taking the mobility to be zero in
pure phase i.e. in zones where cells are too overcrowded (n =1 and n = 0). A possible example
is

b(n) = n(1 —n)?.

Featuring this kind of mobility the CH is often referred to as the degenerate Cahn-Hilliard model
(DCH in short). Another modification that renders the model biologically relevant for certain
applications, concerns the potential ¥(n). As said previously, this potential is often taken to
be a double-well logarithmic function with singularity points at the pure phases. However, as
proposed in [16], a single-well logarithmic potential seems to be more relevant for the modeling
of cancer. Indeed, tumor cells have the capacity to spontaneously form aggregates, and are
often the only active cells in the experiments. For example, modelling the formation of in-vitro
spheroids of cancerous cells, one can consider the two phases of the fluid to be the tumor cells
and the other phase is the inactive gel that serves as the culture medium. For this kind of study,
a phenomenological potential is

3 2

77/}(771) = *(1 — n*)ln(l - n) — % _ (1 o n*)% _ (1 B n*)’m

in which 0 < n* < 1 is a parameter used to represent the maximal density at which aggregates
are stable, i.e. attraction and repulsion forces balance out.
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Preview. In Part I, we work with the DCH model with a single-well logarithmic poten-
tial. Compared with the CH model original form (with constant mobility and a double-well
logarithmic potential), these modifications induce numerous difficulties on both the analyti-
cal and numerous sides. To tackle the resulting issues, we propose a relaxation of the model
and design a structure-preserving numerical method to simulate it.

The DCH with a single-well logarithmic homogeneous free energy has been used for the
modelling of skin cancer [55, 56, (1], and of glioblastoma [9]. In both of these studies, the results
of numerical simulations of the model were in good agreement with biological observations and
experimental results. Furthermore, in [10], the authors used their mathematical and algorithm
framework, which involves the DCH model in a concrete study with data coming from a patient
suffering from glioblastoma. The numerical simulations were able to represent the evolution of
the tumor of the patient even under treatment. The mathematical model was able to match
the volume and boundaries of the tumor observed in images realized by Magnetic Resonance
Imaging (MRI).

Although the previous Cahn-Hilliard framework provides a good representation of a tumor
in a healthy tissue or in vitro, as a diphasic fluid, it is necessary to consider a larger number of
cell types and include particular mechanical effects in some applications. To this end, in [98] the
authors derived a system of equations that comprises a CH-type equation to represent healthy
and tumor cells, coupled to an equation for the diffusion of the nutrients in the tissue. This
model is derived based on simple thermodynamics principles and represents nutrient diffusion,
chemotaxis, active transport, adhesion between cells, apoptosis (i.e., death of the cells), and
proliferation. Therefore, in the equation for the chemical potential, the effect of nutrients is
taken into account to represent the chemotactic movement. A velocity field is also taken into
account to represent non-active movement (i.e., advection). It is given by Darcy’s law which
states that the movement is towards zones of lower pressure. The extension of the model for
multispecies systems has been proposed in [97]. Numerical simulations of this model give a good
qualitative representation of biological phenomena, such as the emergence of a necrotic core
inside the tumor. In the two previous models, the transport due to the fluid movement was given
by Darcy’s law. However, to account for the fluid viscosity, a Cahn-Hilliard-Brinkman model has
been proposed for tumor growth [72].

Preview. In the CH-type models discussed so far, tissues are considered components of
an incompressible fluid. This assumption leads to a good representation of Biology, as we
have seen. However, in some cases, it could be interesting to keep compressible effects. In
Chapter 5, we derive a model for a compressible diphasic fluid to represent two populations of
cells or two different tissues. The compressibility of the cells is maintained, and the complete
system that we derive is a Cahn-Hilliard equation coupled with a compressible Navier-Stokes
equation for the velocity field

1.2.3 The Keller-Segel model and the volume-filling approach

Derivation. As for the original proposition of the Cahn-Hilliard equation, the Keller-Segel
model (KS in short) has first been introduced as a phenomenological model to describe cells’
movement toward a specific signal called the chemoattractant. This type of motion for cells and
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Qualitative comparison between biological experiments and numerical simulation of the de-
generate Cahn-Hilliard model.

Since the same processes occur during phase separation in materials and pattern formation
for self-organization of cells, the CH model has been considered as a good model for biological
applications. As an example, we present the results of experiments for the formation of
spheroids of tumor cells and compared them qualitatively with numerical experiments of
the CH model (the numerical simulations have been performed with the scheme proposed in
[166]). Figure 1.1 is taken from [5] and shows the formation of structures for glioma cells of
rats. From a random distribution (Figures 1.1a and 1.1b), cells tend to form rapidly small
aggregates. The second phase consists of the merging of some of these small aggregates to
form larger structures (Figure 1.1c).

(2) T=0 (c)T:12h

Figure 1.1 — Aggregation of glioma cells from rat during time reproduced from [5] (CC

BY-NC 3.0).
) 0.305
j .
: 0.29
j
[ 0.2 0.4 0.6 0.8 1

(b) t=05

Figure 1.2 — Simulation of the Cahn-Hilliard equation from the numerical method proposed
in [167]

Figure 1.2 depicts three states during a numerical simulation of the DCH model with a
single-well logarithmic potential. This model has been used in its non-dimensionalized form
and, hence, time is rescaled and ¢ € [0,1]. Figure 1.2a shows the initial condition, a uniform
distribution of the order parameter n (i.e., relative cell density or volume fraction) around
the value ng = 0.3. Figure 1.2b is a plot of the order parameter at ¢t = 0.5, and we see that
small structures are formed already. At the end of the simulation (Figure 1.2¢), these small
aggregates have merged to form larger structures.

Comparing the experiments in Figure 1.1 with the numerical simulations on Figure 1.2, we
clearly observe a qualitative match in terms of behavior of cells and structures formed.
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bacteria is called chemotaxis. Starting from the prototypal model (1.2), we define the flux for
each population by
Ji = =Di(pi)Vpi + x(pi)vi, (1.6)

where D;(p;) is a density-dependent diffusion coefficient, x(p;) a function which gives the strength
of the chemotactic movement. Therefore, chemotaxis is described mathematically by a specific
velocity field v;. Hence, v; is a function of one or many other component j # i. For a single
cell population, if we consider a flux of the form (1.6) and the chemoattractant is given by a
known function F(z), the model (1.2) reduces to the Fokker-Planck equation. Generally, the
concentration of chemoattratant is given by a diffusion equation. To simplify the derivation, we
consider in the following the biological situation of a unique cell population i = 1, and a single
chemoattractant ¢ = 2. The movement of the cells is a combination of random Brownian motion
and chemotaxis. We designate by u = p; the density of cells and by ¢ = ps the concentration of
the chemoattractant that diffuses in the domain. The two fluxes (1.6) are given by

J1 = —D1(u,c)Vu+ x(u,c)Ve,
Jy = —Ds(u, c)Ve.

Therefore, the general Keller-Segel model reads

% = div (D1 (u, ¢)Vu) — div (x(u, ¢)Ve) + S1(u, ¢), (17)
% = div (D2 (u, c)Ve) + Sa(u, c),
and is often supplemented by zero-flux boundary conditions
Oou Oc
Z_=_). 1.
ov v 0 (18)

Function Sp(u,c) describes the growth of the proliferating cell population that depends on the
local cell density (since the proliferation of existing cells gives growth) and, possibly, on the
chemoattractant concentration. The second source term Ss(u, c) represents the production and
decay of the chemoattractant. Both functions Dj(u,c) and Ds(u,c) are diffusion coefficients of
respectively the cells and the chemoattractant. These two latter functions are often considered to
be constant coefficients. Particular attention will be given in the following to the function y(u, c)
referred to as the chemosensitivity and describes the strength of chemotaxis. This function can
depend both on the density of cells (as for the mobility in the CH model case that we have
seen before) and on the concentration of chemoattractant. In the form (1.7), the KS model is a
system of two parabolic equations and is often referred to as the parabolic-parabolic Keller-Segel

model. If the diffusion of the chemoattractant is very fast compared to the Brownian motion of
Dy (u,c) __
D;(u,c) =

the cells i.e. 0, then the parabolic-parabolic KS model is approximated by

{?;; = div (D1 (u, ¢)Vu) + div (x(u, ¢)Ve) + S (u, c), 1.9)

0 =div(D2(u,c)Ve) + Sa(u,c),

and is called the parabolic-elliptic Keller-Segel model (since the second equation is now of elliptic
type). Further approximations of this system are possible, but are not covered in this manuscript.

The Keller-Segel model. In the article [164], Patlak studied the effect of an external bias on
the movement of particles. From a model that describes the cells individually, Patlak obtained
a modified Fokker-Planck equation. Independently, Keller and Segel, in the 70’s [123, , |
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worked on the modeling of the aggregation of cellular slime mold called acrasiales. Indeed, biolo-
gists observed a long-range effect in the morphogenesis of these aggregates depending on chemical
cues present in the environment. Therefore, incorporating the different reactions for their appli-
cation, they wrote a four equations system that they reduced to the general system (1.7). This
was the first time this model was proposed in this form. Since then, mathematicians have started
to analyze its analytical properties, and find new ways to simulate it efficiently.

One of the simplest version of the general model (1.7), is the minimal Keller-Segel model,
and is obtained by taking Dj(u,c) = Dy > 0, Day(u,c) = Dy > 0, and x(u,c) = u. Altogether,
the model reads

ot

gu = Dy Au+di
P 1Au +div (uVe), (1.10)
TS5 = D2Ac+u—c,

where 7 = g—; describes how fast the chemoattractant diffuses compared to the Brownian motion
of the cells. This relatively simple model is capable to represent the aggregation of a constant
mass of cells due to a chemical signal ¢ produced by the cells themselves. The properties of the
solutions of this model have been studied by many authors. One of the most important results
concerns the potential blow-up of the solution « in finite time. Indeed, from [158] we know that
if d = 1, the model (1.10) has a global weak solution, and u remains bounded. However, for
dimension d > 2, it exists a critical mass M such that a global weak solution exists if

/ u(0,2) de < M.
Q

The precise value of this critical mass has been found for d = 2 [158], and is M = 4x. For d > 3
[51], if ||u0||L%(Q) N Veollpaqy < € where € > 0, it exists a global and bounded weak solution

{u, c}. From numerical simulations, we observe that the system forms patterns that appear in
Turing-type instabilities. Mainly, from a uniform initial cell density, spikes of large cell density
will form, and if the simulation is run long enough, all the cells aggregates in a single sharp
peak. However, it is easy to understand that this behavior is not biologically relevant. Indeed,
the formation of overcrowded zones is a scenario that cells tend to avoid. To solve this issue and
represent chemotaxis in living organisms, variants of the KS model (1.7) have been proposed.

To avoid the blow-up of the solution, particular forms of the functions D (u, ¢), D2 (u,c), and
X(u, ¢) can be chosen. Indeed, in [162], Painter and Hillen proposed modifying the functions for
chemosensitivity to take into account the effects of "volume-filling" and "quorum-sensing". The
first effect is motivated by the fact that cells have a finite size. Hence, they cannot aggregate
indefinitely at a certain point, i.e. the space available for new cells to move at a specific location
decreases as the density increases. Therefore, taking into account this assumption, cells tend to
form aggregates that have a finite saturation value. The second effect, which is "quorum-sensing",
captures how cells behave to achieve homeostasis. Indeed, biological tissues organize themselves
in such a way as to avoid excessive cell densities that may result in a depletion of important
nutrients and, hence, necrosis. To model this effect, a supplementary chemical w is introduced in
the system to allow the cells to sense if the zones are overcrowded and change, consequently the
chemosensitivity. In [162], the authors started from a model with continuous-time and discrete
space. The domain is divided into discrete locations, and cells have a probability to jump to
a neighboring location depending on the chemoattractant. The authors added a set of rules to
take into account the effect of volume-filling and quorum-sensing. Then, they formally derived a
PDE model and retrieved a Keller-Segel system with a particular form for the chemosensitivity.

Indeed, a simple modification of the original system (1.10) can prevent the blow of the so-
lution. Taking x(u) = xcu(l — u/u) (where x. is a positive constant and @ is the saturation
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density at which aggregates are stable) instead of x(u) = w, takes into account the effect of
volume-filling. This model reads

EQ

T% =D.Ac+u—c.

ou _ i —
{ = DyAu+ xcdiv (u(1 — u)Ve), (1.11)

Preview. In Chapter 6, we work with the volume-filling parabolic-parabolic KS
model (1.11). This nonlinear system represents the aggregation of cells with a saturation
value @ = 1. This system induces difficulties at the discrete level, and we propose in Chap-
ter 6 a novel numerical method.

Qualitative comparison between biological experiments and numerical simulation of the
volume-filling Keller-Segel model.

As explored in [45], chemotaxis could be an explanation of the self-organization of tumor
cells and to the formation of in-vitro spheroids. As an example, we redo the numerical
experiments of [15] using our code from [13]. The biological experiments are taken from
[15] as well. Figure 1.3a shows the spheroids of tumor cells from breast cancer (MCF-7) in
hydrogel. Figure 1.3b is the end state of a simulation of the KS model with volume-filling,
and we see round zones where the cell density is large and between these aggregates zones
where no cells are present. We can conclude of a qualitative good agreement between the

experiments and the numerical simulations.
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Figure 1.3 — Spheroids of MCF-7 taken from [45] (left, with permission from the journal to
reproduce the figure), and numerical simulation of the Keller-Segel model with volume-filling
(right)

Analytical properties of the Keller-Selel model with volume-filling. Apart from the
prevention of the blow-up of the solution, the KS model (1.11) has other interesting properties.
This model has been analyzed by Hillen and Painter [162] in which they prove the existence of
non-negative global weak solutions using the theory of semi-groups. In our case, and as for the
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Cahn-Hilliard model, we are interested into the gradient-flow structure of the KS model. Indeed,
the energy associated to the model and its dissipation are given by

Elu, () = /Q Du [ulogu — (u —1)log(1 — u)] — uc+ % (|Vc|2 + ac2) + C dz,

Xe
d€fu, c|(t) / sE® | 6€
—a ), x(u) Su + 3e dax.
In its gradient-flow formulation, the model reads
TOc = —%.

This formulation of the KS model will be useful when designing a numerical scheme that preserves
its structure and analytical properties.

1.3 General assumptions and preliminaries

Assumptions on the domain ). To set our problems and to define the numerical schemes
for these models, we first give details about the domain ). For dimension d = 1, §2 is an open,
bounded interval i.e. 2 C R. For dimension d > 2, € is an open, bounded and connected set of
R?. Generally, in our biological applications, we take d = 1,2,3. For d = 2,3, we need to give
some assumptions on the domain boundary 0€). We assume that the domain has a Lipschitz
boundary (see Definition 1) or has a C* boundary with & > 1, which is a necessary condition to
use important results such as Sobolev injections or Poincaré-Wirtinger inequality.

Definition 1 (Lipschitz domain [4]) A domain Q is said to be a Lipschitz domain if: there
are o, 3 > 0, a finite number of coordinate systems z" = (z™,z%), 1 <r < R, where 2" € R4™1,
and x; € R. There are also R local maps ¢" that are Lipschitz continuous on their definition
domain {z" € R4 |2"| < a} such that

R
o J{ (@™ ap)iay = ¢ (") a"| < a,

1
{(@",20); 0" (") <ag < ¢"(2") + B; 2" <a} CQ,
{2, ap);¢"(2") = B <y < ¢"(z");|2"| <a} CRINQ, Vr,

where |27’ < a means that |z'| < a for all 1 <i<d—1.

The above definition is a precise description of a Lipschitz boundary, that formally means that
every x € 0N has a neighborhood U, whose intersection with 9f) is the graph of a Lipschitz
continuous function (i.e. the domain has locally a Lipschitz boundary). Definition 1 also requires
that the domain is located on one side of its boundary, and therefore, we exclude domains with
cracks or slits.

Therefore, in the rest of this manuscript, when the boundary of the domain is referred to as
being "smooth enough", we implicitly assume that it satisfies at least Definition 1. A stronger
assumption is to define the domain to be of class C*, which means that its boundary is the graph
of a C* function.
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Notations. We indicate the usual Lebesgue and Sobolev spaces by respectively LP (), W™P(Q)
with H™(Q) := W™2(Q), where 1 < p < 400 and m € N. For a general function f, the
corresponding norms are denoted by

1 lwmo) = 1l pas 1 lm@) = 1fllmg,

with the semi-norms

HDmf”LP(Q) = ‘f|wm,p(g) = ‘f|m7p7gv ||DmeL2(Q) = |f|Hm(Q) = ‘f|m797

where D™ denotes the m-th derivative of f.
The standard L? inner product will be denoted by (-,-)q and the duality pairing between
(HY(Q))" and H(Q) by < -,- >q.

Inequalities and compactness in Banach spaces. We recall important inequalities that will
be used throughout this manuscript. Here, we give their statement without giving their proof
which could be out of the scope of this manuscript (details can be found in [4, 134]). We assume
that the domain 2 satisfies the assumptions of Definition 1.

Proposition 2 (Poincaré-Wirtinger inequality) Let1 < p < oo, for a functionu € WH2(Q),
we have
Ju— uQHL?(Q) <cC ||V“||L2(Q) )

where ugq 1s the average value of u on 2 i.e.

1
uo = — [ u(z) dx,
@ =g [ @

and |Q| is the measure of the domain.

Proposition 3 (Continuous embeddings of Sobolev spaces [4]) For 1 < p,q < oo, and
k,l being positive integers such that k > [ such that

L
d-q @

D=
Q| =

and we have WFP(Q) — Wha(Q).
A particular case is k=1 and | = 0, for which we have WP (Q) — L(Q).
Furthermore, for py=1— %, we have WHP(Q) — CO+(Q).

Proposition 4 (Compact embeddings of Sobolev spaces [4]) For 1 < p,q < oo, and for
J,m being positive integers, we have

4 . n n

Witmr(Qy cc W(Q), if 0<n—mp, and j+m-——>j— —,

p q

and 4 o
Witme(Q)y cc CI(Q), if mp > n.

Proposition 5 (Lions-Aubin Lemma [182, D Let X,Y,Z be Banach spaces with a com-
pact embedding X CC Y, and a continuous embedding Y — Z. Then, we have the compact

embedding

{ue L2(0,T;X)|% € L*(0,T; Z)} cc L*(0,T;Y),
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and
{ue L°°(0,T;X)|% € L*(0,T;2)} cc C([0,T];Y).

1.4 Numerical simulation: foundations

To obtain some insights on the behavior of the solution of the partial differential equations,
numerical simulations can be useful. In our application to living tissues, numerical simulations
can illustrate key cellular processes and allow for a better understanding of key cellular processes
that underpin the dynamics of cells in living organisms and may allow for reliable qualitative
and quantitative predictions to be made.

This section aims to describe the mathematical foundations of the numerical methods that we
use for our applications. For each of the models described in the previous section, the unknowns
are functions of time and space (t,z) € Q7 = [0,T] x Q.

We use the method of lines to discretize the continuous PDE model in time and space inde-
pendently.

Time discretization. We define Ny € N* let At := T/Nr be the constant time-step
and t¥ := kAt, for k = 0,...,Ny — 1. We consider a partitioning of the time interval
0, 7] = Ugj&l[tk,tk“], and we denote by u* = u(t*,2) For a general continuous function
u(t, z), we approximate the time derivative by

Ou  ultl —yF

ot At

In the following, we often use a semi-implicit discretization of the PDE models to simplify our
discrete problems. Indeed, some terms are taken at the previous time step to avoid solving
nonlinear systems by iterative algorithms. However, a careful discretization must be made to
prove that the discrete systems have the same properties as their continuous counterparts. Our
goal is to linearize the discrete equations while preserving essential quantities such as preserving
mass or the dissipation of the energy associated with the continuous model at the discrete level.

Finite element method. In this manuscript, we mainly focus on the design of efficient nu-
merical methods that use the finite element framework. We aim at propose schemes that can be
featured easily in already existing finite element software by making modifications in standard
assembling algorithms.

First of all, let us define the spatial discretization of our domain Q. Let 7", h > 0 be a
quasi-uniform mesh of the domain ) which is defined by disjoint piecewise linear mesh elements,
denoted by T' € T", such that Q ~ Q;, = Urern T. These mesh elements are triangles for d = 2
and tetrahedra for d = 3. Obviously, it exists other types of element such as quadrangles for
d = 2, and hexahedra for d = 3, however, in this manuscript, we only work with triangular and
tetrahedral discretization of . We also denote by Nj,, the total number of nodes of 7", and
indicate the set of nodes of 7" by Jj, with {z;};=1,. n, the set of their coordinates. If Q is
polyhedral then we have 2 = Qj,, however, if for example ) has a curved boundary, then a small
interpolation error is made and € # Q.

We let h := maxy hy refers to level of refinement of the mesh, where hp := diam(T") for
T € T", and we define by k7 the minimal perpendicular length of 7" and kj, = mingpcyn k7.
Furthermore, we assume that the mesh is quasi-uniform, which means it is shape-regular and
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there exists a constant C' > 0 such that
hpy > Ch, YT eT".

We further assume that the mesh is acute, i.e. for d = 2 the angles of the triangles can not
exceed 5 and for d = 3 the angle between two faces of the same tetrahedron can not exceed 7.
The acuteness hypothesis is a necessary assumption to have a less restrictive stability criterion
for our schemes.

To further improve the stability criteria of the finite element numerical schemes for the PDE
models under study, we use a mix of the finite element method with some terms treated as in

the finite volume method. To do so, we define the barycentric dual mesh associated to T".

First, for an element T with vertices Py,...,P,, (nr being the number of vertices of the
element T'), we define \; (for ¢ = 1,...,ny), the barycentric coordinates of an arbitrary point X

inside the element T' to be the real numbers satisfying

i)\i =1, and X = i)\if’i.
i=1

i=1
Hence, the barycenter of an element T is the only point for which we have
Ai=A;, for i=1,...,np, and Vj#i.

From these barycentric coordinates, we can define a subdivision of an element into barycentric
subdomains. To denote an element in the domain, we use an index k € [1, Ngj| where N is the
total number of elements in 7". Therefore, for any element T}, € 7", we define the barycentric
subdomain associated to the vertex P; € Tk, by

nr

DF .= m{x,x € Ty, and \j(x) < Ai(z)}.
1
S

Graphically, D¥ is colored in green in Figure 1.4 for a triangular element. The barycentric dual

b

Figure 1.4 — Barycentric subdomain in 2D for the vertex P;

mesh is defined by these barycentric subdomains. We associate to each node z; of the mesh 7"
a cell composed of the union of each barycentric subdomains associated to x; in the elements
that share this node. Thus, for each node z; € Jp, we have the associated cell of the barycentric
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dual mesh
D, = U{Df; Ty € T"such thatz; € T*}.
k

Figure 1.5 shows an example of triangular mesh for a domain Q C R? and its barycentric dual.

Figure 1.5 — Triangular mesh (solid lines) and its barycentric dual (dotted lines)

We define the P-1 finite element space associated to the mesh 7" by
Vi i={x€C@Q): x|, ePHT), VT eT"}cH(Q),

where P!(T") denotes the space of polynomials of order 1 on T'. For each node x; € J;,, we denote
by x:; = x(z;), the basis function evaluated at the node. Therefore, {Xj }jzl)m’Nh is the standard
Lagrangian basis functions associated with the spatial mesh, and we define the approximation
of a general function f € C°(Q) by 7" f = fu(z) = Zﬁvz"l (z3)x: ().

We combine this basis defined on each element of 7" with a basis defined on the dual mesh.
Let x; € L™ () be the characteristic function of the barycentric domain D; associated with each
node x; (for i =1,..., Np). We define the lumped space Vh as

Vi, := {X : plecewise constant over barycentric domains i.e. x(z) = x(z;), Vo € D;}.

This new finite element space is the standard P-0 finite element space on the barycentric dual
mesh. We can easily see that the functions {X;};=1,....n, form a basis of Vh and we set that they
are associative to the functions {x;};=1,. wn, i.e. x(z;) = x(z;) for all z; € Jj.

We also define the lumped scalar product by

(1}17U2)h = /Qwh(vl(x)vg(ac)) dx = (91,02), Your,vs € CO(Q),

with {}1 = Za:iGJh (%1 (.’L‘l))&

The finite element method is applied on the weak formulation of PDEs. Our problem is to
find a solution of the PDE model in a certain space V such that its variational form is satisfied
for any test function v € V. The Galerkin method consists into approximating the infinite
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dimensional space V' by V}, of finite dimension. In our case, we use an approximation of the
space H'(Q) with V},, but also an approximation of the space L?(£2) with V.

Using the previous definitions, we can present the standard finite element matrices that are
encountered in the manuscript. We denote the standard and lumped mass matrices, associated
to the standard L? scalar product and to the lumped scalar product, respectively by

Mij:/Xindx, fori,j=1,..., Np,
Q

Ml,ijz/)zif(jda?, for i,j:L...,Nh.
Q

Therefore, we have that M; is a diagonal matrix with

1
Ml7ii:|Di|:§HUT€Th such that xiGT}, fori=1,...,Np.

The stiffness matrix is defined by
K;; = / VxiVx;dz, fori,j=1,...,Np.
Q

Other finite element matrices are defined in the next chapters and are related to specific problems.

Combining the time and space discretizations, we define the approximation of a general
function wu(t, z) as

u(th,z) mufi(z) =) xi(euf, or af(e) =) Klz)ul,
i=1 1=1

where the nodal values are defined by uf = u(t*, z;).

Upwind method. Let us describe the multi-dimensional upwind approach that we use in the
numerical schemes. This method can be easily implemented in standard finite element assembling
routines. To explain this upwind method, we use the example of a P — 1 finite element method
for the first equation of the Keller-Segel model (1.11)

ou

— = DuAu—V - (x(u)Ve),

ot

with zero-flux boundary conditions. We assume that the concentration of the chemoattractant is
known. In this model, x(u) = x.u (1 —u)® is a degenerate chemosensitivity function with a > 0.
A P-1 finite element scheme for this model can be

u;zhLl — U‘Z " n “(am n
T»X = _Du (Vu}m VX) + (X(uh)vch7 vX) ) (113)

where x(uj) is the upwind mobility that we are going to describe. The key idea of our up-
wind method is to define an approximation of this mobility function that allows to preserve the
non-negativity of the solution. Using the previous structures that we defined above, we approx-
imate the mobility function on each element by a piece-wise constant function x(u}). Using the
barycentric coordinates, we subdivise each element 7% € 7" in d 4 1 subdomains, for i = 1,2, 3,
j=2,3,and i # j R

Dl ={z eT|\,\; > M, k#i,j}.
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Xy

Lk

Figure 1.6 — Illustration of the subdomain DZT] for d = 2.

To illustrate what are these subdomains, we represent graphically what is blTQ on Figure 1.6 for
d=2.

Then, for each z € T, we know that z is in a subdomain D
approximate the mobility function by

T

HT
;j» therefore, for z € Dj; we

up (@) (1 =g (), i ea) = clz;) 20,

() (1 — up (), otherwise.

>3 =3

u

(X(uh)) () = xij = {
Then, we compute the finite element matrix associated to the right-hand side of (1.13),

Q
= / x(up)VxiVx; dz.
TeTh T

Then, to approximate the last integral, we use a one-point quadrature and choose our quadrature
point in the subdomain DZ to obtain

/ X(up)VxiVx; do = xi; Kij.
T

As we will see in the following of the manuscript, the combination of the lumping of the
mass matrix defined from the barycentric dual mesh and this upwind method for finite element
stabilizes the numerical scheme and produces physically relevant solutions for the discrete systems
under study.

1.5 Summary of the thesis

In this thesis, we develop, analyze and simulate mathematical models representing pattern
formation, and self-organization for cells of living tissues. The manuscript follows a three-part
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organization:

— Part I is about the Cahn-Hilliard equation for biological application, especially tumor
growth. Aiming at designing an efficient structure-preserving numerical method for the
Cahn-Hilliard model with degenerate mobility and single-well logarithmic potential, in
Chapter 2, we start with a relaxation of the model. This latter reduces to solving of a
coupled system of two second-order equations of parabolic and elliptic type. Based on
this relaxation, we propose, study and simulate, in Chapter 3, two upwind finite-element
schemes for the relaxed degenerate Cahn-Hilliard model.

— Part II focuses on deriving new mathematical models for specific applications in Biology.
In Chapter 4, we study the effect of the Temozolomide drug on aggregates of glioma cells.
We assume that the cells change their mechanical properties in response to the drug, and, as
aresult, the aggregates shrink. We use a non-linear volume-filling Keller-Segel model to give
a mathematical representation of this effect. Then, we simulate our model numerically, and
recover a qualitatively good agreement with what is observed in the biological experiments.
Then, in Chapter 5, we study the biological scenario of the invasion of a proliferating
population of cells in another tissue. We assume that the two populations have different
mechanical properties. Since we are convinced that the effects of attraction and repulsion
between cells play a crucial role in this scenario, we propose a compressible two-phase
Cahn-Hilliard model that is consistent with basic thermodynamics. We also show under
which assumptions we can retrieve previous models of the literature that represent this
biological scenario.

— Part III is about the application of a recent structure-preserving numerical method to non-
linear models. In Chapter 6, we use the Scalar Auxiliary Variable method for the simulation
of the volume-filling Keller-Segel model. The complete numerical scheme combines both
the upwind method inside the finite element framework that we propose in Chapter 3,
and the SAV method. We explore the analytical properties of this numerical scheme and
present some numerical simulations that seem to indicate a potential advantage of the
SAV method compared to other numerical methods. To investigate the changes induced
by the SAV method, in Chapter 7, we apply the method to a simpler model that arise
in Quantum Physics. After reviewing the critical analytical properties of the scheme, we
present a comparison between the SAV methods and numerical methods of reference for
this problem. This allows us to discuss the advantages of the SAV method for specific
applications.

In the following of this section, we summarize the main contributions of our work.

1.5.1 Towards an efficient numerical scheme for the degenerate Cahn-
Hilliard model for Biology

The degenerate Cahn-Hilliard model (1.4) with a single-well logarithmic potential induces
numerous difficulties both at the analytical and at the numerical level. Indeed, for our order
parameter n € [0,1), degeneracy of the mobility coefficient in n = 0 and n = 1 as well as
the singularity of the potential ¥(1) = +o0o0 makes the theoretical analysis substantially harder
compared to the constant mobility case with a smooth polynomial potential. Furthermore, the
fact that the degeneracy and singularity sets do not coincide, i.e. the single-well potential is
degenerate in n = 0 but not singular, produces instabilities at the discrete level. Indeed, the
solution of a standard discretization of the DCH model with single-well potential can become
negative, which is not physically consistent. Our work aims at solving this issue while designing
an efficient numerical scheme.
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Relaxation of the degenerate Cahn-Hilliard model

Based on analytical results on the degenerate Cahn-Hilliard with double-well singular poten-
tial [70], Agosti et. al. [8] analyzed the model properties when the potential is single-welled
and logarithmic. The authors show the existence of global weak solutions from compactness
properties and energy apriori estimates. Based on this work and aiming to design an efficient
numerical scheme for this model, we propose modifying the equation. A common approach to
reduce the difficulty induced by the equation order is to split the equation into a system of two
second-order equations. Based on this idea and using the fact that the single-well potential can
be decomposed as the sum of a convex and a non-convex part, we propose the model

oing =V - (b(ne)V (s + ¥, (ns))) in  x (0, 400),

1.14
—0AQ, + 05 = —YANG + (n[, — %(pg) in  x (0,400), ( )
that we complete with zero-flux boundary conditions
B 0 T f o
A —ava) _y, OPr +¥4(0)) o a0+ (0,400, (1.15)

ov ov

In this form, the backward diffusion (aggregation part of the potential) is contained inside the new
variable . We further added a diffusion term in the equation for this new variable to regularize
the model. As a result, the original fourth-order equation is transformed into a system of two
second-order equations that features an extra regularization in space of the variable containing
the unstable term of backward diffusion. The decomposition of the potential in a convex and a
non-convex part will also be useful for the design of our numerical scheme. This idea originates
from the work of Eyre [82].

In Chapter 2 and [165], we are interested in proving the existence of global weak solutions
{ne,po} for (1.14), and also check if we can prove that we recover the original Cahn-Hilliard
model in the limit ¢ — 0. We investigate also the behavior in the long-time of the solutions
and compare it to the one of the original equation. All the proofs in this work rely on apriori
estimates and compactness results. Mainly, an energy associated to the system (1.14) with
boundary conditions (1.15) can be found

Eslne| = /Q [¢+(na) + %|V(ncf - %900”2 + %l%puﬁ +vY_(ne — %‘Pa) )

and we also know that it dissipates i.e.

d

GEalna(®] = = [ bn)|V(en + 4 () <0

However, from the energy, we cannot find an apriori estimate on Vy,. To tackle this issue,
we calculate the entropy of the system. Indeed, definition a convex function ¢(:) such that
¢’ (ng) = ﬁ, we find the entropy estimate

oo (o)

To show the existence of global weak solutions for the relaxed problem (1.15), we use a

2
g g
+ *|V(p0|2 + '@ljll(no - 7900)
Y Y

2

V(ne — 900)

g
Y
+wﬁ£(ng)|VnU|2.
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regularization method. Indeed, using a positive parameter ¢, we define a positive mobility and a
non-singular potential. On this regularized model, we are able to compute the same energy and
entropy functionals. Then, from these two apriori estimates, and due to the fact that they are
bounded uniformly in €, we are able to show the existence of global weak solutions for model
(1.14)—(1.15) from compactness results (Proposition 5). We also show that these weak solutions
satisfy 0 < n, < 1. The proof of this result is based on a contradictory argument obtained
from the boundedness of the entropy. Indeed, since in the case of the degenerate mobility
b(ny) = ne(1 — ny)?2, the entropy behaves as

#(n,) = nylog(n,), for n, ~ 07,

d(ny) = —log(1 —n,), for n,=1",

and, assuming proper initial conditions in H!(f2), we know that the entropy functional
D[ng(t,x)] = [ d(ne(t)) dz is bounded, and we conclude that the solutions n, remain in [0,1).
Using the fact that entropy and energy estimates are uniformly bounded in o, we are able to
present the main theorem of Chapter 2

Theorem 6 (Limit 0 =0) Let (no., 9o.c) be a sequence of weak solutions of the reqularized-
relaved degenerate CH model. Then, assuming initial conditions {u®, ¢°} € H1(Q) x H(Q) with
0 <n% <1, we can extract a subsequence of (No.e, Po,e) as €, 0 — 0, such that

Yoe = —YAn 4+ (n)  weakly in L*(Qr),

)

Noy — %‘Pa,e —n  strongly in L*(0,T; H'()),

Noe, Vg e = N, VR strongly in L2(QT), and 0 <n<1,

and n < 1 a.e. if b vanishes fast enough at 1 so that ¢(1) = oo.
Ono,e — Oy weakly in L*(0,T; (H'(2))").
The limit n satisfies the DCH system (1.4) in the weak sense.

Therefore, from this result, we can confirm that the relaxed-degenerate Cahn-Hilliard model
(RDCH in short) is good approximation of the original DCH model. We propose a proof of that
in the complicated context of the single-well logarithmic potential. Obviously, this result also
extends to the case of double-well smooth and logarithmic potentials.

Then, in the end of Chapter 2, based on the control provided by energy and entropy es-
timates, we explore the behavior of the solutions of the RDCH in the long-time. Defining
ng(t,z) = n(t+ k,x), and @i (t,x) = p(t + k, x), we explore the large time limit k¥ — oco. Nu-
merically, we observe that the long-time behavior of the solutions of the RDCH model meets the
analytical description of the steady-states given by Songmu [183]: n varies smoothly in space
from plateaus of maximum value n = 1 to zones where n = 0 (see Figure 1.7). Analytically, we
retrieve the convergence of the solutions of the RDCH model to steady-states

Proposition 7 (Long term convergence along subsequences) Let (n,p) be a weak solu-
tion of the RDCH model with initial condition n® with 0 < n® < 1, and finite energy and
entropy. Then, we can extract a subsequence, still denoted by index k, of (ng, k) such that

lim ng(z,t) = neo(z), klim or(T,t) = poo() strongly in L*((=T,T) x Q), VT >0,
— 0

k—o0
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where (Neo, Poo) are solutions of (2.83) satisfying
b(nso)V (oo + ¥} (n)) = 0.

Lastly, we conclude Chapter 2 by arguing that the RDCH model can be easily implemented in
standard finite element software, the only difficulty to be tackled being the loss of the positivity
of n at the discrete level.

Upwind finite-element scheme

Based on the work of Barrett et. al. [28], Agosti et. al. [8] proposed to use a finite ele-
ment scheme to simulate the DCH model that solves a variational inequality in order to enforce
positivity of the relative cell density n and the dissipation of the energy at the discrete level.
However, this non-linear numerical scheme is rather complicated to use since it requires an itera-
tive algorithm and a slight twist of the total mass to preserve the other quantities. Furthermore,
the scheme requires a lot of computational power. Indeed, even though the scheme is non-linear,
it is not entirely implicit and suffers restrictions for choosing the time step to remain stable and
accurate. To tackle the non-preservation of the initial mass, Agosti [7] proposed a discontinuous
Galerkin discretization of the DCH model. However, this has not solved the computational cost
issue since the discontinuous Galerkin method is well-known to be a computationally expen-
sive method. However, the numerical simulations conducted from [3] were applied in a concrete
study with patient data [10] showing a good agreement in evolution and volume of the tumor
even considering the effect of treatment in the model.

Based on the relaxation of the model made in Chapter 2, and to tackle some issues experienced
with previous numerical schemes for the DCH model, we conduct in Chapter 3 the design of a
P-1 finite element scheme for the relaxed-degenerate Cahn-Hilliard model. We use the finite
element framework presented in the previous section. Two different classes of numerical schemes
are presented in this chapter, the main difference between the two being the approximation of
the continuous mobility function b. In the first class of schemes, we follow the idea of Griin
and Rumpf [108] and use a piecewise constant matrix defined for each element of the mesh to
approximate the mobility. The advantage of this method is that it allows to obtain an entropy
estimate at the discrete level. However, this method requires the mesh to be composed of right-
angled elements for d = 2,3. For this method, the solutions of the discrete scheme converge to
the solutions of the continuous RDCH model as At, h — 0. To perform the convergence analysis,
we used the discrete version of the entropy estimate since the mobility is defined to satisfy the
Definition 8. Then, we can use the projection of the derivative of the entropy on V" to compute
the entropy functional.

Definition 8 (mobility-entropy pair) An admissible entropy-mobility pair {M,$} with re-
spect to the triangulation T" satisfies the following azioms

. T" . .
i) M: VP — ®L:1|]Rdx‘i s continuous;

it) M(s)|K = b(s)1ly if s is constant on the element K € T";
iii) MT(s)Vah(¢'(s)) = Vs;

iv) on each element K € T", the matriz M(s is symmetric and positive semidefinite.

)k

Then, from the energy and entropy estimates obtained on the regularized discrete problem and
using compactness results, we are able to show the existence of a solution {nﬁ“, cpi“} eV xVy
with 0 < nﬁ“ < 1 for the non-regularized problem, and to perform a convergence analysis.
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To relax the previous constraint on the mesh (i.e. the mesh is composed of right-angled
elements), we propose an adaptation of the upwind method to compute the mobility at the
discrete level. This method allows to preserve the physical bounds of the cell density and dissipate
the energy for a non-linear semi-implicit time discretization.

The upwind method plays a role only in the calculation of the non-constant finite element
matrix U associated with the right-hand side of the first equation of the model (1.14). From
our multi-dimensional upwind method, we know that each entry of this matrix is given for 7, j =
1,..., Ny, by

Us; :/B(n’ZH)VXiVXj dz,
Q

This upwind mobility B(nﬁ“) is defined for every pair of nodes {z;,z;} as a constant in the

domain D;*C defined in the section 1.4. Then, as in the finite volume method, defining

&= (e i) (),

which is constant on each cell of the barycentric dual mesh D;, we look at the sign of the

difference 5;”1 — ff“. This sign give us an information on the direction of the transport.
Therefore, inspired by the calculation of the upwind chemosensitivity in [415], we propose to take

FH1(] _ ph+12 5p ehtl _ gkt S g
ijl:{"l (L=ny™ )% 1 G =& " ij=1,...,Np.

k41 k4142 .
ny (1 —ni")%, otherwise,

In Chapter 3, we propose two schemes based on two different implicit-explicit time discretiza-
tions: a nonlinear scheme

Rk h - ,
(mrx) + (B ™Y (e Wl (o 1) . Vx) =0,
h
o (Vo Vx) + (95 x)" =7 (Vi V) + (wi (nf, — %%’Z)w) :

and a linear one

"Hl—"? h AWNAN k+1 T/ k k+1
( iy l7X> + (b(”h)¢+(nh)vnh aVX) = - (b(nh)Vgoh aVX> )
h h
o (Ver™, Vx) + (en i x) =7 (Vnf, Vx) + (w’_(n’;; - %so’;i),x)

For the first, we are able to prove that this scheme preserves the dissipation of the energy at the
discrete level, and we can derive an energy estimate. However, compared to the continuous case,
we can not define the entropy in a standard way at the discrete level and control the last terms
that we needed to make a convergence analysis.

For the practical and efficient linear scheme that we use for the numerical simulations, we can
show that it admits a unique solution and preserves the positivity of nﬁ“. Then, we present 1D
and 2D numerical simulations and compare them to the numerical experiments made by Agosti
[8]. We observe that even if we are simulating the RDCH model instead of the original DCH
model, the solutions given by the simulations are comparable. We cannot prove analytically
that the linear scheme dissipates the energy. However, we can see that this property is satisfied
during the simulations. Then, to explain the advantage of our relaxation that we have made at
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Figure 1.7 — Numerical simulation for d = 1 of the RDCH model. From the initial condition
(left), through the first stage (middle), to the stable steady-state (right).

the continuous level, we test the stability of our scheme for various values of o by calculating
the spectral radius of the amplification matrix, and we observe that the relaxation allows to take
larger time steps.

1.5.2 Modelling of specific scenarios in Biology

Undertaking numerous biological experiments to unveil the mechanisms that cells of tissues
use in specific processes is costly in terms of time and money. Mathematical models provide
a framework in which different hypotheses can be tested and compared to the experiments.
If a model reproduces the behavior of the cells well, it gives an idea in which direction the
biologists may orient their research. The Cahn-Hilliard equation and the Keller-Segel model are
general models in which more physical effects can be added to represent particular scenarios in
Biology. In this manuscript, we present two mathematical models that can help biologists since
the numerical simulations are qualitatively in good agreement with the experiments.

Our first study comes from a collaboration with biologists from the Centre de Recherche en
Cancérologie et Immunologie Nantes-Angers to understand the possible change in mechanical
properties of glioblastoma cells in response to a chemotherapeutic treatment. The second one
aims at understanding the role of multiple mechanical effects such as viscosity or friction in the
unstable invasion of tumor cells in healthy tissue.

Change in mechanical properties of tumor cells due to treatment

From the biological observation during in-vitro experiments that spheroids of glioblastoma
cells shrink in response to chemotherapeutic treatment, biologists wonder what cells are under-
going in this process. In Chapter 4, we assume that spheroids of glioblastoma cells are formed
due to chemotaxis. This hypothesis was studied by mathematicians in [45], and is supported by
biologists since the tumor cells release chemical components, such as cytokines, in their micro-
environment known to drive the movement of cells. To understand the shrinking of these in-vitro
aggregates in response to a particular concentration of the chemotherapeutic drug Temozolomide
(TMZ), we propose to study the hypothesis that cells change their mechanical properties. When
the concentration of TMZ increases, the tumor cells switch from hard spheres to semi-elastic
bodies, and, therefore, in the presence of TMZ, tumor cells can squeeze. As a consequence, the
spheroids decrease in volume, i.e., the aggregates shrink.

To represent this effect in a mathematical model, we use the framework provided by the non-
linear volume-filling Keller-Segel model, and modify both the chemosensitivity and the diffusion
terms associated to the cells. We propose a two-part modelling: in the first part, the TMZ is not
introduced yet, and the model is the standard volume-filling Keller-Segel model with a logistic
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proliferation term for the cells, whereas, for the second part, we add a supplementary diffusion
equation for the TMZ that is coupled in a nonlinear manner to the equation for the cells.

Let us consider a domain with a smooth boundary (see Definition 1). For w(¢,z) the density
of glioblastoma cells, ¢(t, z) the concentration of chemoattractant and M (¢, x) the concentraton
of TMZ, the model for the first part of our study is

(1.16)

du =V - (d1Vu—xu¢1(u)Ve) + f(u) ,
Oi¢c = dsAc+ au — Be

and for the second part (i.e. the effect of TMZ on already formed spheroids) is

Owu =V - (dgDa(u, M)Vu — xup2(u, M)Ve) + f(u) ,
Oic  =dyAc+ au— fe, (1.17)
3tM = d4AM —ou ,

where dy,ds, ds, dy, Xu, @, 3,0 are constant parameters, the chemosensitivity for the first part is
@1(u) = u(l — u/umax) and f(u) is a logistic growth function

f(u):rou(l—uu ),

with upax denoting the carrying capacity i.e. the critical value of cell density above which cells
do not proliferate anymore. This model is supplemented by zero-flux boundary conditions i.e.
the walls of the domain are not permeable. The functions related to the non-constant part of
the diffusion coeflicient, and to the strength of the chemotactic effect are given respectively by

Do(u, M) =1+ (yar — 1) (%)W and o (u, M) = u (1~ (%)W) :

with @ > upmax being the packing capacity above which cells repel each other to avoid over-
crowding. We denote by vy > 1 the squeezing parameter, which is a function of the TMZ
concentration M. This term is related to the elasticity of the cells. The larger v, is, the more
cells are elastic.

To understand the patterns we can expect from different values for the parameters, we conduct
a linear stability analysis. This analysis gives what value should take the ratio between the
chemotactic strength and the diffusion of the cells to see the emergence of aggregates as a
function of the other parameters that drive the cells’ proliferation and packing capacity. On
Figure 1.8, we present for different values of 7y and s, what are the values of

Xu Xu
A= 4 and B = &’
such that, we see the emergence of patterns. This formation of structures is observed when
k;ax < k., where kpax is the maximal wavefunction and k. the critical value such that the
perturbed linearized system is unstable.

After this linear stability analysis, we present numerical simulations based on the numerical
scheme presented in Chapter 3. We explore the effect of the length of the domain through different
scenarios such as introducing the drug at different times or for different initial conditions for M.
Then, we show the shrinking of the aggregates due to the TMZ in 2D numerical simulations.
Indeed, considering a Gaussian located at the center of a circular domain € as the initial condition
for M, and the initial condition for the cell density and chemoattractant being the result of the
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Figure 1.8 — Wavenumbers for different values of v5; when (a) rg = 0.1, Umax = ug = 0.5; and
for (b) 7o = 0.05, umax = ug = 0.1 . Circles indicate the values of k..

simulation of the first model (without TMZ), we observe the evolution depicted in Figure 1.9.
This figure shows the difference between the initial condition for w and the new cell density
at different times. We observe that the aggregates are shrinking, and this numerical result
is in qualitatively good agreement with the biological experiments. Therefore, based on these
numerical results, we propose that the reason for the shrinking of the aggregates of glioblastoma
cells in response to TMZ is the changes of mechanical properties of the cells.

0.1 0.1
0.05 0.05
0 0
-0.05 -0.05
0.1 0.1
0 10 20 30 40 0 10 20 30 40
X X

(a) (b) (c)

Figure 1.9 — Difference between the solutions when the initial concentration of the treatment is
a Gaussian function centered in the domain. (a) T'= 210, (b) T' = 230 (c¢) T = 300 for T3 = 200,
ro = 0.05 and ug = 0.1.

Instabilities at the border of invasive tumors

The invasion of a tumor in healthy tissue is often associated with the emergence of irregu-
larities at the tumor surface. To understand the relevant physical effects playing a role in these
structural instabilities, we propose a general model based on the theory of mixture. We propose
to represent two populations of cells with different properties using a mixture composed of two
different components. We also specify that one population is proliferating while the other is not.
Let population 1 be the proliferating population, and let us denote p; the relative density of the
i-th component, v = vi + vy the velocity of the mixture, ¢ the mass fraction of component 1.

We assume the following:
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— the mixture is compressible, and the proliferation of the cells G(-) depends on the pressure
inside the mixture, that we denote in our model by p;

— the mixture is viscous and it exists an interfacial force between the two populations where
the width of the diffuse interface is proportional to ,/7;

— to take into account the role of the extracellular matrix, which is assumed to be a lattice
of stiff fibers, we consider the velocity of the mixture to depend on a friction force k(-),
which can be different in function of the cell type;

— cells exert attraction and repulsion forces depending on their type and relative density,
modeled by the potential .

Therefore, from general conservation laws for the two components of the mixture, and using
basic mechanics, we derive a generalized Navier-Stokes-Cahn-Hilliard model (generalized NSCH
in short)

0
9P 4 div (pv) = pcG(p), (continuity equation for total density),

ot
Dc . o . .
PD = div (b(c)V) + pc(1 — ¢)G(p), (continuity equation for mass fraction of component 1),
B . o . : :
pp = —~div (pVe) + P e (definition of chemical potential),
D
pFZ = — [Vp+~div (pVe ® V)] + div (v(c) (Vv + VvT))

- ;V (v(c) (div (v))) — &(c)v — pevG(p), (equation for the velocity of the fluid)

supplemented by homogeneous Neumann boundary conditions

8u_8v_8pc_€)p_0
on Oon On On

where n is the outward normal vector to the boundary 0€2. From a set of constraints based

on thermodynamics laws, we derive a physically relevant model. Altogether, this model is a

generalization of previous researches about the compressible Cahn-Hilliard model. However, this

kind of models has never been applied to biological applications.

To understand the link with previous mathematical representations of invasion from the
literature, we change our model using simplifying assumptions. Mainly, we assume that friction
on the extra-cellular matrix is the preponderant effect. By formal asymptotical limits, we recover
models of the type of that considered in [139], which describes the dynamics of two populations
of cells with different mobilities and different proliferation rates

{%’f — padiv (p1Vp) = p1G(p),
Op2

Gt — padiv (p2Vp) = 0.

Here, p; and po are the densities of the two populations, and 1 and po are the different mobility
coefficients of cells in the two populations. Since p = (p1 + p2)® (a > 1), the two equations are
nonlinear and coupled. Numerical simulations of the this model show the formation of finger-like
instabilities if the proliferating population is moving faster (see Figure 1.10 where we reproduce
the results of Lorenzi et. al. [139]).

Our study indicates that the model from [139] is physically relevant even though it was
presented as a phenomenological representation of two cell populations. Indeed, in a certain
regime, our NSCH model, which is fully consistent with thermodynamics and mechanics laws,
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Figure 1.10 — Numerical simulation of the model from [139] with puq > ps.

converges to the model (1.5.2). This asymptotic limit is obtained assuming that the friction of
cells on the ECM is the predominant effect. We plan to explain the role of the other effects such as
attraction-repulsion and viscosity of the fluids (with a possible contrast for the two components)
using numerical simulations. Our ultimate goal is to give a list of the possible physical effects
that play a role in the formation of instabilities at the surface of a growing tumor.

1.5.3 Structure-preserving numerical method for nonlinear models

Preserving the properties of the continuous form of the PDE models for their numerical
schemes often requires an implicit discretization since it is closer in some sense to the continuous
equation. However, for nonlinear PDE models, the preserving of the properties at the discrete
level requires to solve nonlinear ODE systems and, hence, to use costly iterative solver. Even
though implicit methods allow for larger time steps, one must often take a fine temporal grid
for reasons of accuracy. Therefore, in Part III we aim to find a structure-preserving method for
living tissue PDE models that allows for an implicit-explicit discretization such that the resulting
scheme is linear. To solve this problem, Shen et. al. [181, 179, 180] proposed a method initially
designed for nonlinear equations with a gradient-flow structure: the Scalar Auxiliary Variable
method. This method is designed to treat the nonlinear terms explicitly in the discrete model.
Even though the resulting scheme is linear, we are able to prove analytically that it dissipates
a modified energy. However, this method has been applied only on models involving constant
coefficients and models that do not induce instabilities at the discrete level.

Numerical method for the nonlinear volume-filling Keller-Segel model

In Chapter 6, we apply the SAV method to design a structure-preserving method for the
volume-filling KS model (1.11). This model is nonlinear and has a gradient flow structure.
Indeed, for u(t,z) the cell density, and c¢(¢,z) the chemoattractant produced by the cells, the
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energy is given by

Elu, c](t) = / Dy [ulogu — (u—1)log(1 — u)] — uc+ L <|Vc|2 + a62> + C dx,
Q Xec 2

with C' > 0 a constant such that the energy is positive. The gradient-flow form of the model is
then given by

7O = — 5

{@u = V- (xep(w)VE)

The SAV method introduces a new unknown r = /&;[u] that "hides" the nonlinear terms such
that

u =V (xep(u)Vi),

mo = Bomg(u) — ¢,
TO)C = —la,

1) = —Ac+ ac —u,

T =g JeswG de,

is equivalent to the previous system.

From this SAV-KS model, we apply a P-1 finite element method and stabilize the scheme
using the multi-dimensional upwind method designed for the relaxed-degenerate Cahn-Hilliard
model. Altogether, our numerical scheme is an implicit-explicit linear finite element discretization
of the volume-filling KS model. We are able to show the existence of a unique solution to the
discrete system. Using results from mass-lumping stabilization of finite element discretization for
parabolic equation [94], we also show that our scheme preserves the positivity of the cell density
u, and its upper bound. Since we used the SAV method, we prove analytically that the scheme
dissipates a modified version of the energy.

An interesting observation is made while presenting our numerical results: the combination
of the SAV method with the multi-dimensional upwind method enhances the spatial order of
accuracy. Indeed, it is well-known that using upwinding, we expect to recover a method that is
less than first-order accurate in space. Computing the order of accuracy numerically, we recover
a slope between first and second order. Comparing the results obtained with a standard finite
element discretization of the scheme, a classical upwind method, and our SAV-upwind numerical
scheme, we observe that our scheme can remain accurate even in sharp zones (see Figure 1.11).

Long-time behavior of the Scalar Auxiliary Variable method for dispersive equations

Understanding the properties of numerical schemes designed from the Scalar Auxiliary Vari-
able remains unclear. Several applications of this method have been proposed for nonlinear
gradient-flow models and dispersive equations. For these latter, the conservation properties are
now well understood. A SAV scheme for a nonlinear dispersive equation allows for an uncondi-
tional conservation of a modified Hamiltonian energy. However, for the Nonlinear Schrodinger
(NLS in short) equation, it remains unclear how the error on the real Hamiltonian evolves,
especially for longtime simulations. For a smooth domain €2, the NLS equation reads

iOwu(t, z) = —Au(t,z) + V(z)u(t,z) + f (|u(t,x)|2) u(t,z), t€(0,T], xe€Q

In Chapter 7, we propose a SAV numerical scheme for the NLS equation using its Hamiltonian
formulation. We use a Crank-Nicholson temporal discretization, and a Fourier pseudo-spectral
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Figure 1.11 — End state of the simulations of the volume-filling KS model for a standard finite
element discretization, a classical upwind method in finite element, the SAV-upwind method.

method for the space discretization. Our scheme reads

gt ApEH/2 pkt/2ghtl/2, (1.18)

At
~k+1/2 ~k+1/2
et =5 [(91 12 g - q’“) + (92 /2 fp’“)} :

with p and ¢ being the unknowns of the Hamiltonian formulation of the NLS equation (made
from the decomposition u = p + iq). With g’f“/ ? and §§+1/ 2 being second-order extrapolation
of

1 8&[t] 1 &t

gl[t]Wa 92(]77(]) = El[t] 5p .

—

91(p,q) =

Altogether, we expect our scheme to be second-order accurate in time and first-order in space.
We prove that our scheme conserves a modified Hamiltonian energy unconditionally, and we are
able to show that it also preserves the L2 norm of the solution through time up to an error of

order At3.
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From these conservation properties, and some simple inequalities derived from the scheme
(and the conservation of the Hamiltonian), we present a standard convergence analysis and
conduct an estimation of the error committed by the scheme

Theorem 9 (Error analysis) Assuming that the solution of the SAV scheme with initial con-
dition satisfying
u € H3(Q).

The discrete solution {P*T1 Q¥+1} of the scheme satisfies the error estimate
2 2 2 _
Vel > + ([t o + ek * < Coxp (11— O 7H4H1) (74 4+ N2 (1.19)

We verify this analytical result with numerical simulations of solitary waves. We also compare
the orders of convergence and the errors committed on the Hamiltonian and the solution with
well-known numerical methods for this equation: the Lie and Strang splitting methods. The SAV
method can simulate solitons correctly, and we recover the correct orders of convergence. Using
the solution given by the SAV scheme to compute numerically the value of the Hamiltonian (not
the modified one), the Strang splitting method gives a better result. However, for the soliton
test case, the modified Hamiltonian given by the SAV scheme is closer to the real Hamiltonian
compared to the results given by both splitting techniques. This result holds even for long-time
simulations.

We then conduct numerical experiments to observe how the solution of the SAV scheme
behaves compared to the ones given by splitting techniques for particular choice of nonlinearities
and for different regularities of the initial condition. For the latter, the SAV scheme presents a
behavior close to the splitting techniques i.e. decreasing the regularity of the initial condition, the
order of convergence in time decreases. However, for non-integer exponent on the nonlinearity
f(ul*) =p |u|%, we observe that the SAV scheme preserves its second-order convergence in time
whereas splitting techniques fail (see Figure 1.12).

Therefore, our study illustrates the favorable energy conservation of the SAV method com-
pared to classical splitting schemes in certain applications.

1.6 Discussion and perspectives

Mathematical models can help to unveil crucial mechanisms behind biological phenomena.
Our work aims to propose new mathematical models obtained from revisiting well-established
models to add particular effects and analyze these equations that are often nonlinear and induce
numerous difficulties. Then, to compare the models with biological experiments, numerical simu-
lations are needed. However, to rely on the numerical results, the time and space discretizations
must lead to a correct approximation of the continuous models. Therefore, structure-preserving
methods must be the first choice. However, due to their complexity and computational cost, nu-
merical schemes often used in Mathematical Biology are too many times oversimplifying methods.
To solve this issue, we propose in this manuscript different methods to simulate efficiently and
correctly mathematical models of living tissues.

1.6.1 Simulation of the relaxed-degenerate Cahn-Hilliard model and
effect of the relaxation

To solve the computational cost issue of previous numerical methods for the Cahn-Hilliard
equation with a biologically relevant choice of potential, we proposed a relaxation of the equation.
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Figure 1.12 — Error on the Hamiltonian for various values of At for the nonlinear Schrédinger
equation with different non-integer exponent (v = 2 top-left, v = % top-right, v = 4 bottom left
and v = 8 bottom-right). The dotted lines represent the order At (green) and At? (purple).

For this new model, we designed two structure-preserving numerical schemes. For the nonlinear
scheme, we were able to show analytically that it retrieves the properties of the relaxed model. For
the efficient linear scheme, the preservation of the structure of the model is observed during the
numerical simulations. Still, we can not prove analytically that the discrete energy is dissipating.
This property is essential to minimize the approximation error and is required to prove that the
solution of the discrete scheme converges to one solution of the continuous model.

We aim to adapt the Scalar Auxiliary Variable method to our relaxed-degenerate Cahn-
Hilliard model to solve this problem. Indeed, the RDCH model can be formulated as a gradient-
flow of its associated energy, and the SAV method can thus be applied. We adapted the SAV
method for the volume-filling Keller-Segel model, and showed that it allows to design an efficient
linear scheme that preserves the dissipation of a modified energy. To make sure that the modified
energy is close to the original one, we evaluated the error for a well-known nonlinear dispersive
equation analytically and numerically. Our results for the Keller-Segel model and the Nonlinear
Schrédinger equation show that the SAV method is robust, efficient, and if combined with an
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upwind stabilization, enhances the spatial accuracy.

However, it remains unclear at the moment how to evaluate the error between the solutions of
the RDCH model and of the DCH model due to the relaxation parameter o. Indeed, understand-
ing quantitatively the error introduced by the relaxation remains an open question. Furthermore,
the comparison of our numerical scheme for the RDCH model with results of simulations of the
original DCH model was only qualitative. To allow for a quantitative comparison, we need to
identify a relevant quantity. We propose to compare the phase-ordering dynamics in two dimen-
sions for simulations of the original model performed in [3] and the ones given in Chapter 3. We
know from the literature that the coarsening domains follow a growth law of the form L(t) ~ ¢“.
This law is estimated from the inverse of the first moment of the spherically averaged structure
factor [11]

1 [ES(k,t) dk
[ S(k,t) dk’

with S(k, t) is the spherically averaged time-dependent structure factor, and k being the wavevec-
tors of the Fourier transform of the time-equal correlation function

L(t)=<k>"

C(r,t) =< n(z+r,t)n(z,t) >.

where < - > denotes ensemble averaging. For the DCH model with a single-well logarithmic
potential, Agosti et. al. [3] indicated that the growth law is given by L(t) ~ t%3. Therefore, we
doing the same computations, we will be able to compare quantitatively the numerical results
for the DCH model and its relaxation.

1.6.2 Support a deeper understanding of key mechanisms in tumor
progression

In this manuscript, we investigated the role of mechanical effects in the progression and
organization of tumors. In particular, we proposed to give an explanation for two observed
phenomena in the organization of tumor cells. On the one hand, to understand the shrinking
of tumor cells due to a chemotherapeutic drug, we studied the assumption that tumor cells
change their mechanical properties: from a solid to a semi-elastic body. Our work relies on the
derivation and numerical simulations of a nonlinear volume-filling Keller-Segel model that takes
into account the effect of the drug. On the other hand, to explain the formation of irregularities
at the border of tumors during invasion processes, we proposed a mathematical model consistent
with basic mechanics and thermodynamics. Our mathematical model is rather complicated but
considers the effects of friction on the extracellular matrix, viscosity, attraction and repulsion
between the cells, and proliferation. These two works proposed mathematical models that focus
on physical effects as an explanation of the organization of tumor cells. In consequence, they are
coarse approximations of the reality, and to get closer to the biological reality, it is necessary to
take into account more effects.

Building upon the results of these two previous works, we are interested in investigating a
particular scenario for in-vivo tumors that can help the development of a recent therapy. Indeed,
recent researches in Medicine indicates that immunotherapy is a promising cure for malignant
tumors. Different immunotherapy treatments exist: targeted antibodies, cancer vaccines, adop-
tive cell transfer, tumor-infecting viruses, checkpoint inhibitors, cytokines, and adjuvants. The
response to this treatment depends on many factors, but one of the most important is the T
lymphocytes’ infiltration inside the tumor before the treatment. The different types of infiltra-
tion of tumors by lymphocytes is an indicator of the prognosis. Galon et. al. [96] proposed a
classification in four categories (see Figure 1.13). The hot tumors are inflamed and infiltrated



1.6. Discussion and perspectives 33

with activated T cells even in the center of it. The category "altered-immunosuppressed" denotes
tumors with a small amount of infiltrated T cells. Tumors that enter the "altered-excluded" cat-
egory present different regions: their border is infiltrated by activated T cells while the center is
deprived from lymphocytes. The last category is "cold" tumors and they are often correlated to
a poor response to immunotherapy since no T cells are inside the tumor. However, very little is
known about T cells’ mechanisms and their different regulators to obtain the different observed
patterns.

(b) cold

(c) altered-excluded (d) altered-immunosuppressed

Figure 1.13 — Classification of tumors in function of T cells infiltration [96] (permission to repro-
duce the figures has been asked to the journal and we are waiting for their answer).)

Based on the development of multiphase Cahn-Hilliard system [38, 39, 37, 127, 97], and
following the same approach as for the understanding of the irregularities during tumor invasion,
we will propose a general three-phase Cahn-Hilliard model representing the interaction between
tumor cells, immune cells, and the micro-environment. This model will consider the effect of cell-
cell adhesion and repulsion through a physically relevant choice of potential. Based on the works
of Boyer [38, 37], we will choose biologically relevant potentials for three-phase systems that
remain physically consistent, i.e., no artificial emergence of a third phase within the interface
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separating two phases. Indeed, our choice to add this effect of interaction between cells is
motivated by biological observations indicating that adhesion between tumor cells exists, and
adhesion between immune cells plays a central role in the recruiting and activation processes.
Chemotaxis for the immune cells will also be taken into account since it is well-known that
activated T cells release cytokines in the micro-environment that guide other T cells and play
an activating or inhibitory effect on the recruiting and activation. Then, two source terms
must be taken into account for the proliferation and death of the tumor cells, and the other
for recruiting activated T cells. These two source terms must be carefully chosen to represent
the different scenarios that can occur. For example, at a particular stage, the tumor cells are
expected to escape immune-surveillance, and therefore inactivate T cells, having the consequence
of decreasing their amount.

Our first calculations show that our mathematical model will be composed of two coupled
Cahn-Hilliard equations: one for the evolution of the tumor cells and the other for the evolution of
the immune cells (the micro-environment being determined from the two previous). To conduct
numerical experiments, we will adapt our relaxation method, and structure-preserving numerical
schemes. Other mechanical effects will be taken into account to understand their effects on the
observed patterns of infiltration.
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Chapter 2

Relaxation of the Cahn-Hilliard
equation for Biology

Abstract

The degenerate Cahn-Hilliard equation is a standard model to describe living tissues. It takes into
account cell populations undergoing short-range attraction and long-range repulsion effects. In this
framework, we consider the usual Cahn-Hilliard equation with a singular single-well potential and de-
generate mobility. These degeneracy and singularity induce numerous difficulties, in particular for its
numerical simulation. To overcome these issues, we propose a relaxation system formed of two second
order equations which can be solved with standard packages. This system is endowed with an energy and
an entropy structure compatible with the limiting equation. Here, we study the theoretical properties
of this system; global existence and convergence of the relaxed system to the degenerate Cahn-Hilliard
equation. We also study the long-time asymptotics which interest relies on the numerous possible steady
states with given mass.

This chapter is taken from Benoit Perthame, A. P., Relaxzation of the Cahn-Hilliard equation with
singular single-well potential and degenerate mobility, European Journal of applied mathematics
(2020). Journal.

2.1 Introduction

The Degenerate Cahn-Hilliard equation (DCH in short) is a standard model, widely used in
the mechanics of living tissues, [29, , 61,8, 6, 92]. Tt is usual to set this problem in a smooth
bounded domain  C R? with the zero flux boundary condition

On=V-(b(n)V(—yAn+1¢'(n))) in Qx (0,+00), (2.1)
on O(—yAn+'(n))
W b(n) £y =0 on 90 x (0,400), (2.2)
where v is the outward normal vector to the boundary 92 and n = nf:nz represents the relative

density or volume fraction of one of the two cell types.

Degeneracy of the coefficient b(n) and singularity of the potential ¢)(n) make this problem par-
ticularly difficult to solve numerically and in particular, to preserve the apriori bound 0 < n < 1.
Motivated by the use of standard software for elliptic or parabolic equations, we propose to study

37
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the following relaxed degenerate Cahn-Hilliard equation (RDHC in short)

o =V - (b(n)V (¢ + ¢/ (n))) in Q x (0, 400),

—oAp+p=—yAn+9.(n— %go) in 2 x (0, 4+00). (2:3)
supplemented with zero-flux boundary conditions
_ a /
Am—09) _y,  AeH M) o a0« (0, 4+00) (2.4)

ov ov

Our purpose is to study existence for this system, to prove that as ¢ — 0, the solution of RDCH
system converges to the solution of the DCH equation and study the possible long term limits
to steady states.

We make the following assumptions for the different inputs of the system (2.3). For the
mechanics of living tissues, the usual assumption is that the potential 1 is concave degenerate
near n = 0 (short-range attraction) and convex for n not too small (long-range repulsion).
Additionally, a singularity at n = 1 is desired to represent saturation by one phase [16]. For
these reasons, we call the potential single-well logarithmic and we decompose it in a convex and
a concave part 14

B(n) = i) +6-(n), L) >0,  0<n<l. (2.5)
The singularity is contained in the convex part of the potential and we assume that

7/}+ € 02([07 1))3 w;(l) = 00, (26)

and we extend the smooth concave part on [0,1] to the full line with

Y- e C*(R)  ¢_, ', ¢” are bounded and %||¢Z||Oo <1 (2.7)

In practice, typical examples of potentials are, for some n* € (0, 1), see [63, 56]

3 2

W(n) = —(1 —n*)In(1 —n) — % —(1- n*)% —(1—n")n+k, (2.8)
W(n) = %nlnn—i—(l — ) (1 —n) — (n— %)2. (2.9)

The potential (2.8) fulfills our assumptions and the convex/concave decomposition reads for
ne0,1)

n3 n?
Yoln) = —(1—n)log(l—n) = o, p(n) =—(1—n") > — (1 =)+
In this case ¥4 is convex if n* < 0.7. Potential (2.9) does not satisfy our assumptions because of
the additional singularity at 0 (and thus is not treated here), however, it can also be decomposed
as needed with
1

Vi (n) = %nlnn—!— (-mh-n), ¥ ()=

To satisfy the assumptions (2.6) and (2.7), we need to extend the potential ¢_ to all R since the
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above examples are defined for n € [0, 1), which is an immediate task.

The potential (2.8) has been used to model the interaction between cancer cells from a
glioblastoma multiforme and healthy cells by Agosti et al. [9] and promising results have been
obtained. We also use the degeneracy assumption on b € C*([0,1]; R™),

b(0) =b(1) =0, b(n) >0for 0 <n < 1. (2.10)

The typical expression in the applications we have in mind is b(n) = n(1 — n)?. Consequently,
when considered as transport equations, both (2.1) and (2.3) impose formally the property that
0 < n < 1. However, we need an additional technical assumption, namely that there is some
cancellation at 1 such that

b(-)¢"(-) € C([0,1; R). (2.11)

We implicitly assume (2.5)—(2.11) in this paper. Also, we always impose an initial condition
satisfying
n’ € HY(Q), 0<n’<1 ae. inQ. (2.12)

The assumption n’ € [0,1) is consistent with the degeneracy of mobility at 0 which allows
solutions to vanish on open sets. But the singularity of the potential at 1 and the energy
bound make that n = 1 cannot be achieved except of a negligible set. Thanks to the boundary
condition (2.2), the system conserves the initial mass

/ n(z,t)dr = / n®(x)dx =: M, Vt>0.
Q Q
We denote the flux associated with the RDCH system by
Jo(n, ) == =b(n)V (¢ + ¢/ (n)) . (2.13)

The system (2.3) comes with energy and entropy structures, namely, the energy is defined as

Exlns) = / [mma) + 3100 = 200l + ool + (g = Z0) (2.14)

The energy is bounded from below thanks to the assumptions above and satisfies

GEolna(®] = = [ bn)|V(er + 4 () <0 (2.15)

For the entropy, we set for 0 < n < 1 the singular function

"n) = n] = n(zx))dx
o) = gos. Bl = [ on(e))d. (216)

The entropy functional behaves as follows in the case b(n) = n(1 — n)?
B(n) = nlog(n), n~ 0%, $(n) = —log(1 —n), n~1-.

The relation holds

o0 o)

2
o o
+ *|V(PU|2 + Tﬁi’(na - *900)
Y Y

2
o

V(neg — —¢s
( ,yw)

(2.17)
+ ¢ (ne)| Vg |,
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Notice that entropy equality does not provide us with a direct a priori estimate because of the
term ¢ can be negative. Therefore we have to combine it with the energy dissipation to write

Y ‘A (no - U‘Pa)
Y

2T
< ®[n"] + 7||w’_’||oo Esn°).

2

Bl (T)] + / + 2190+ (0 T

Qr

The first use of the Cahn-Hilliard equation is to model the spinodal decomposition occurring
in binary materials during a sudden cooling [48, 47]. The bilaplacian —yAZ%n is used to represent
surface tension and the parameter v is the square of the width of the diffuse interface between the
two phases. In both equations (2.1) and (2.3), n = n(x,t) is a relative quantity: for our biological
application this represents a relative cell density as derived from phase-field models [16] and for
this reason the property n € [0,1) is relevant. The biological explanation of the fact that 1 is
excluded from the interval of definition of n is due to the observation that cells tend to not form
aggregates that are too dense. For instance, the two phases can be the relative density of cancer
cells and the other component represents the extracellular matrix, liquid, and other cells. This
binary mixture tends to form aggregates in which the density of one component of the binary
mixture is larger than the other component. The interest of the Cahn-Hilliard equation stems
from solutions that reproduce the formation of such clusters of cells in vivo or on dishes. Several
variants are also used. A Cahn-Hilliard-Hele-Shaw model is proposed by Lowengrub et al [142]
to describe the avascular, vascular and metastatic stages of solid tumor growth. They proved the
existence and uniqueness of a strong solution globally for d < 2 and locally for d = 3 as well as
the long term convergence to steady-state. The case with a singular potential is treated in [102].
Variants can include the coupling with fluid equations and chemotaxis, see for instance [71] and
the references therein.

The analysis of the long-time behavior of the solution of the Cahn-Hilliard equation has also
attracted much attention since the seminal paper [35]. A precise description of the w-limit set has
been obtained in one dimension for the case of smooth polynomial potential and constant mobility
in [183]. In this work, the effect of the different parameters of the model such as the initial mass,
the width of the diffuse interface are investigated. In fact, the authors show that when ~ is large,
the solution converges to a constant as t — co. The same happens when the initial mass is large.
However when + is positive and small enough, the system admits nontrivial steady-states. For
logarithmic potentials and constant mobility, Abels and Wilke [2] prove that solutions converge to
a steady-state as time goes to infinity using the Lojasiewicz—Simon inequality. Other works have
been made on the long term behavior of the solutions of some Cahn-Hilliard models including
a source term [59], with dynamic boundary conditions [101], coupled with the Navier-Stokes
equation [95], for non-local interactions and a reaction term [121].

Many difficulties, both analytical and numerical, arise in the context of Cahn-Hilliard equation

and its variants. Because of the bilaplacian term, most of the numerical methods require to
change the equation (2.1) into a system of two coupled equations

{&gn =V (b(n)Vv), (2.18)

v=—yAn+¢'(n).
This system of equations has been analyzed in the case where the mobility is degenerate and the

potential is a logarithmic double-well functional by Elliott and Garcke [76]. They establish the
existence of weak solutions of this system. Agosti et al [3] establish the existence of weak solutions
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when 9 is a single-well logarithmic potential which is more relevant for biological applications
(see [16]). They also prove that this system preserves the positivity of the cell density and the
weak solutions belong to

n € L®(0,T; H'(Q))NL2(0,T; H*(Q)) N H*(0,T; (HY())), Je L*((0,T)xQ,RY) VT >0,

The Cahn-Hilliard equation can be seen as an approximation of the famous microscopic model
in [99, 100]. With our notations, it reads

om =V - [b(n)V(Ksxn+1'(n))],

with a symmetric smooth kernel K, _6 Ad. The convergence to the DCH equation has been
o—

answered recently in [67] in the case of periodic boundary conditions. Although, very similar
in its form, our relaxation model undergoes different a priori estimates which allow us to study
differently the limit ¢ — 0 for (2.3).

For a full review about the mathematical analysis of the Cahn-Hilliard equation and its
variants, we refer the reader to the recent book of Miranville [147].

Numerical simulations of the DCH system have been also performed in the context of double-
well potentials in [77, 28]. To keep the energy inequality is a major concern in numerical methods
and the survey paper by Shen et al [180] presents a general method applied to the present context.

Numerics is also our motivation to propose a relaxation of equation (2.1) in a form close to the
writing (2.18). We recover the system (2.3) by introducing a new potential ¢ and a regularizing
equation which defines v through V. We use the decomposition (2.5) of the potential to keep
the convex and stable part in the main equation for n, rejecting the concave and unstable part
in the regularized equation. The relaxation parameter is ¢ and we need to verify that, in the
limit o — 0, we recover the original DCH equation (2.1). This is the main purpose of the present
paper.

As a first step towards the existence of solutions of (2.3), in section 2.2, we introduce a
regularized problem which is not anymore degenerate and we prove the existence of weak solutions
for this regularized-relaxed Cahn-Hilliard system. We show energy and entropy estimates from
which we obtain a priori estimates which are used later on. In section 2.3, we pass to the limit
in the regularization parameter € and show the existence of weak solutions of the RDCH system.
Then, in section 2.4, we prove the convergence as ¢ — 0 to the full DCH model. Section 2.5 is
dedicated to the study of the long term convergence of the solutions to steady-states. We end
the paper with some conclusions and perspectives.

2.2 The regularized problem

To prove that the system (2.3), admits solutions and to precise the functional spaces, we first
define a regularized problem. Then we prove the existence of solutions and estimates based on
energy and entropy relations.

2.2.1 Regularization procedure
We consider a small positive parameter 0 < ¢ < 1 and define the regularized mobility
b(l—¢) forn>1-—g¢,
Be(n) = < b(e) for n <, (2.19)

b(n) otherwise.
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Then, there are two positive constants b; and By, such that
b1 < B(n) < By, VneR. (2.20)
Thus, the regularized mobility satisfies
B. € C(R,R™). (2.21)

To define a regular potential, we smooth out the singularity located at n = 1 which only occurs
in ¢, see (2.6)—(2.7), and preserve the assumption (2.11) by setting

Pl(1—e€) forn>1—g¢,

Y en) =< Yl(e) for n <, (2.22)
Yl (n) otherwise.

It is useful to notice that, for some positive constants Dy independent of 0 < € < ¢y and D,, we

have
er,e(n) € 02(Ra R) w+,e(n) 2 _Dlv |¢é(n)\ S Dé(l + |n|)7 vn € R. (223)

See also [3] for details about the extensions needed for the potential (2.8).

We can now define the regularized problem

atna,e =V. [Be(no,e)v(gpa,e + wfhg(na,e))} 3

2.24
_UALPJ,e + Poe = _’YAna,e + @[}L (na',e - %900,6)7 ( )
with zero-flux boundary conditions
anoﬁe_z o,€ 8 0'5—‘1_ /Enae
(Mo — §¢o) = (o + ¥ (n0,)) =0 on 9 x (0, +00). (2.25)

ov ov

It is convenient to define the flux of the regularized system as

Jo’,e = _Be(na,e)v (900,6 + 'l/}zr,e(na',e)) .

2.2.2 Existence for the regularized problem

We can now state the existence theorem for the regularized problem (2.24).

Theorem 10 (Existence for ¢ > 0) Assuming n° € H(Q), there exists a pair of functions
(No.e, Po,e) such that for all T > 0,

Ne. € L2(0,T; HY(Q)), o € L2(0,T; (HY(Q))),
Yo € L*(0,T; HY(Q)),

Mo — %%,5 € L*0,T; H2(Q)), 0 (nM _ j%,e) € L*(0,T; (H'())),

which satisfies the regularized-relazed degenerate Cahn-Hilliard equation (2.24), (2.25) in the
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following weak sense: for all test function x € L*(0,T; H*(R)), it holds

T
| <xtinoe> = [ Binad¥ (o + v cl0.) Vi
0 Qr

(2.26)
g
o | Vg Vx+ / PoeX =7 VneVx+ [ VYl(nee— —¢oe)x-
Qr Qr Qr Qr v
Proof. We adapt the proof of the theorem 2 in [76] where the authors prove the existence

of solutions of the Cahn-Hilliard system with positive mobilities. Since the regularized mobility
here is positive due to (2.20), we can apply the same theorem. The proof of existence follows the
following different stages

Step 1. Galerkin approximation. Firstly, we make an approximation of the regularized problem
(2.24). We define the family of eigenfunctions {¢; };cn of the Laplace operator subjected to zero
Neumann boundary conditions.

—Ad)i = )\7,¢’L in Q with V(bz -v =0 on 99.

The family {¢; }ien form an orthogonal basis of both H*(£2) and L?(f2) and we normalize them,
i.e. (éi,¢;)r2() = 0ij to obtain an orthonormal basis. We assume that the first eigenvalue is
A1 = 0 (which does not introduce a lack of generality).

We consider the following discretization of (2.24)

N N
=Y A Wee). ¢Vt =3 d¥ 0oa), (2.27)

/atanbj :—/ B.(n™M)V (N + 1V (¢’+76(nN)))v¢j, for j=1,...,N, (2.28)
Q Q
/QsoNaﬁjv/QV( >V¢J /1/) Mg, forj=1,.,N, (2.29)
N
=1

We have used the L? projection IV : L?(Q2) — V, where V = span{¢x, ..., o5 }. This gives the
following initial value problem for a system of ordinary differential equations, for all j =1,...; N,

N N
Oyl = — /Q B cNoi)V (spzv + 1V <¢’+,E(Z cquﬁi))) Vé;, (2.31)
=1 1=1

N
dY = el —ond + /¢ O (er —fdk )br) D5 (2.32)
Q2 k=1

c.;'V(O) = (n0,95) r2(q) - (2.33)

Since the right-hand side of equation (2.31) depends continuously on the coefficients c§v the
initial value problem has a local solution.

Step 2. Inequalities and convergences. Multiplying equation (2.31), by ¢; ((pN + (nN)), then
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summing over ¢ and integrating over the domain leads to

d N N
& [ vecn)+ [ o
-/ IEERINE s [ Vo (Bn¥IV (¥ 411 (8 (0Y)) dy do.
(2.34)
Let us focus on the left-hand side with
Ny, N _ NigNngi/ N2
JanyeY = [ o - 2o + 325 [ 1o
Then, using the equation (2.29), we have that
N _ E oN = 2 9
[ o =2y =218 [ 1V = ZeMp+ G [ oo - T
The right-hand side of equation (2.34) gives
/Zw 0 0o [ Vox (Bn™)V (V4TI (0L (nV))) dy do
2
_ —/QBe(nN) IV (o + TV (¢, (™))
Altogether, we obtain
d 2
B+ /QBE(nN) IV (™ + 11V (¢, (n™)))]” <0, (2.35)

where

= [+ 3 [ 9@V =T+ 52 [ 1R+ [ oo - L)

Next, to prove the compactness in space of Vn®, we write

2
NiEEEe Lt 2w, :
In]l\}l( ) /|V1/)+e _/Q( 7, |V¢;7E(HN)’
n +,€

2
< / v (nN + gwﬁr E(nN)>
Q v
Therefore, for some 8 > 0, we have

((3)2 + 9) /Q Vi (™) S/Q v (”N B sz) OV (N Y (0 (0Y))

IV (0, (n™) =TIV (¢, (™)) .
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Finally, we obtain
((j)w) /Q |vw’+,e<nN>|2§c<T>+(‘;)2 /Q |V (@ (™) = 1Y (¢, (n™)))]”

<O(T) + <:> /Q|Vw’+,e(nN)|2,

and we proved that
9/ IV, (n™)[F < O(T).
Q

Therefore, we can obtain from the previous inequalities the following

Y N 0 Nyp2
3 [ =2 <c (2.36)
%/QWNF <, (2.37)
/Q Bc(n™)|V (N + 11V (¢, (n™))) |2 <C, (2.38)
Omin (11, (1)) [ |V < C(T) (2.30)

which hold for positive values of v, 0,0 and also for all finite time 7" > 0. Therefore, from these
inequalities we can extract subsequences of (n, ™) such that the following convergences hold
for any time T' > 0 and small positive values of v, o.

Taking 7 = 1 in (2.28), gives the results that % J n™ = 0. Then, using the inequality (2.39)
and the Poincaré-Wirtinger inequality, we obtain
n™N —n, . weakly in L?(0,T; H'(Q2)). (2.40)

N

This result, in turn, implies that the coefficients c;

(2.33) exists. Choosing j =1 in (2.29) gives

fo = (= 5),

and combining (2.36), (2.40) and the Poincaré-Wirtinger inequality gives

are bounded and a global solution to (2.31)—

o = g, weakly in L2(0,T; H'()). (2.41)

We also obtain from (2.40) and (2.41)
nN — %@N g — %%76 weakly in L2(0, T; H'()). (2.42)
From the previous convergence, we conclude that ¢, . € L*(0,T; H(£2)), therefore, using elliptic

regularity we know that
Moe — %%,6 € L2(0, T; H2()). (2.43)

To be able to prove some strong convergence in L2(0,T; L?(2)) of n’V, we need an information
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about the temporal derivative 9;nY. From the first equation of the system, we have for all test
functions ¢ € L%(0,T; H(2))

/ 8tnN¢’:/ 8tnNHN¢’
QT QT

= [ M)V (N + TV (¢ (n"))) VHN¢‘ (2.44)

Qr

< (5 [ B9 e o)) ([ vmmer)”
QT QT
Using (2.38), we obtain

atans‘ <C </ VHN¢|2> ’) (2.45)
Qr Qr

Thus we can extract a subsequence such that
o™ — Oyngy . weakly in L2(0,T; (H'(Q))"). (2.46)
From (2.40) and (2.46) and using the Lions-Aubin Lemma, we obtain the strong convergence
n™ = n,.c strongly in L*(0,T; L*(Q)). (2.47)

Next, we need to prove the strong convergence of n’V — %gpN in L2(0,T; H'(Q2)). In order to

do that we must bound the L?(0,T;(H'())’) norm of its time derivative. Starting from the
equation (2.32), multiplying it by —%, adding C§V and calculating its time derivative, we obtain

Ay oy _dov_ oy d(x_ogny_od [ (n TN,
7 (cj 'ydj)_dtcj ax\Jdt c; ,ydj 5 di Qw_ n ,ygo ?;.

Multiplying the previous equation by ¢;0; (nN — %@N ), summing over j and integrating over

), we obtain

o 2 o 2 o
Q vy o ~ o 5
N_ 0 n)Ood ’ N O N
- ;/Q%at (n - ;SD ) ;@/Qd}, (n - §<,0 )gbj dz dy.

Let us define UN = 9, (nN — %QDN ) and rewrite the previous equation

a/ IVUNI2+/ |UN|2:/atnNUN—5/ UN P (Y — TNy,
Q Q Q Y Ja v

From the Cauchy-Schwarz inequality, we obtain

g
0 < [[VUM[Z20) + (1 - 7||1l)ﬁ|oo> U220 < 10 ™ [ 2@ 1T |2 (). (2.48)
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Finally, from the (2.7) we obtain that

HUNHL2(0,T;(H1(Q))’) <C.

Therefore, we can extract a subsequence such that
o (nN — U<pN> — 0 <na7e — U%,€> weakly in L2(0,T; (H'(2))). (2.49)
Y Y
Using (2.49) and (2.43) and the Lions-Aubin lemma we obtain the following strong convergence

nV — g(pN — Nge — g(pme strongly in L*(0,T; H'(Q2)). (2.50)
Y v

Step 3. Limiting equation. The main difficulty to pass to the limit in the equation (2.29) relies
mainly on the convergence of the term [, ¢’ (n’¥ — %gpN )¢, which is solved using the strong

convergence (2.50) and the properties (2.7). Therefore, we obtain
r(N_9 N / o .
P (Y — =) > YL (o — —poe)  a.e. in Qp. (2.51)
v Y

Then combining the convergences (2.42), (2.41), (2.51) and the Lebesgue dominated convergence
theorem, we pass to the limit in the equation (2.29). We can also pass to the limit in the first
equation (2.28) by the standard manner (see [134]), using the strong convergence (2.47), the
properties of the mobility (2.21) and the potential (2.23). Altogether, we obtain the limiting
system (2.26).

2.2.3 Energy, entropy and a priori estimates

The relaxed and regularized system (2.24) comes with an energy and an entropy. These
provide us with estimates which are useful to prove the existence of global weak solutions of (2.24)
and their convergence to the weak solutions of the original DHC equation or to the RDHC as ¢
and/or o — 0.

Being given a solution (14, ¢o. ) satistying Theorem 10, we define the energy associated with
the regularized potential v; . and relaxed system as

Y g 2, 0 2 g
go’,e Noel = / |:w e\Mo e + = \Y Noe — —Poe + Po,e + 1/1— Nge = —Poe ) 2.52
ol = [ [Vseliod) + F1V 0 = L0 ) + 1 (o= Zo00)|. @52
where ¢,  is obtained from n, . by solving the elliptic equation in (2.24). Notice that &, c[ns,e]
is lower bounded, uniformly in ¢ and o, thanks to the assumptions on ¥_ in (2.7) and the
construction of ¥, 1 in (2.23).

Proposition 11 (Energy) Consider a solution (N, ¢qe) of (2.24)~(2.25) defined by Theo-
rem 10, then, the energy of the system &,  satisfies

d 2
ﬁgo,e[na,e(t)] = — . Be(na,e)|v(@a,e + wg_,ﬁ(ng,e))’ < 0. (253)
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As a consequence, we obtain a first a priori estimate

go’e na’e / /B No,e ‘V <pa€—|—w+€(nge))‘ :50)6[77,0]. (254)

Proof. To establish the energy of the regularized system, we begin with multiplying the first
equation of (2.24) by ¢g,c + ¢/ (ns,c). Then, we integrate on the domain 2 and use the second
boundary condition (2.25) to obtain

/Q oe + 1, ()| = — /Q Be(ng.)|[V (9o + s o(n00))

Since wﬁr_’e(ng’e)atng’E = 0Py (M), to retrieve the energy equality (2.53) we need to focus on
the calculation of fQ ©o,e0tNg . We write

o d o 9
(Pcr.,ea Noe = / Qpa,ea [na,e - 7()00‘,6] + 7/ 7|(Pcr.,e| )
/Q ' Q ' v dt Jo 2v

and using the second equation of (2.24), we rewrite the first term as
o o o
/ Qoa',eat [no,e - *Sﬁa,e] - / [77A(n0',€ - *900',5) + 1,[},_ (no € SOH' e)]at[na' [ 7900'76]
Q Y v Y v

g
vnae_f Po,e 2+ —nae o,€
FIx. % o)+ v (e = o)
(2.

Altogether, we have recovered the expression (2.52) and the equality (2.53).

We can now turn to the entropy inequality. It is classical to define the mapping ¢, : [0, 00) —
[0, 00)
1
"(n) = (0) = ¢.(0) =0 2.55
e (n) B’ ¢(0) = ¢c(0) =0, (2.55)

which is well defined because B, € C(R,R*) from (2.20). For a nonnegative function n(z), we

define the entropy as
n) = /qug(n(ac))daz

Proposition 12 (Entropy) Consider a solution of (2.24)—(2.25) defined by Theorem 10, then
the entropy of the system satisfies

CM)[ZZE()]/Q’Y‘A (ng,ezsﬁo,e)

2 2
g

g g
+ *‘VCPa,e|2 + 7/]/_/ (no,e - *Sﬁa,e) v(na,s - 7800'76)
Y Y Y

+ 7/’4- (o, E)|vno,e|2~

(2.56)

Notice that the dissipation terms are all well defined by our definition of solution in Theorem 10.
However, the equality (2.56) does not provide us with a direct a priori estimate because of the
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negative term " , therefore we have to combine it with the energy identity to write

vy ’A (no',e - U@a,e)
Y

2T
< (I)e[no] + Tsznoo ga,e{no]-

2
o
+ ;|V‘Po,6|2 + wi,e(na,e)lvno,ep

.o (D) + |

Qr

Proof. We compute, using the definition of ¢/,

/Qatd)e(na,e):/Qatnd,e(ﬁe(nd,é)
- / V : [Be(na,e)v(soa',e + wii»7e(n0',5))] ¢;(n¢7»€)

Q
_ /Q Be(n,e)V(@ae + ¥ o (10.0))8" (o) Ve (2.57)

= — /Q v(@a,e + w;,e(na,e))vna,e

o o
= - /Q V@G,ev(na,e - ;900',6) + wi,e(”@f)‘vna,EF + ;|V‘Pm6 2

To rewrite the term fQ Vo,cV(Nge — %300—,6), we use the second equation of the regularized
system (2.24)

g g
Po,e = —vA (na,e - ’Y@U)e) + 'Il}L (no,e - ;@o’,e)- (2'58)

Using (2.58) and the boundary condition (2.25), we can rewrite the term under consideration as

/ QDU,EA (na,e - 0900,6> = / - ‘A (no,e - J<Pcr,e>

Q v Q v

_/ v ’A (na,e - UQPU,e)
Q v

Injecting this equality into (2.57), we obtain the identity (2.56).

2
g g
+ ’L/J/, (na,e - 7300.’5)A <n0,€ - @076)
Y Y
2
(o
+ wﬁ (no',e - 7900',6)
Y

2
g

v no,e - 7(100',6
(  Poe)

2.2.4 Inequalities

From the energy and entropy properties, we can conclude the following a priori bounds, where
we assume that the initial data has finite energy and entropy,

2 [ Jenc® < Enda®). iz (2.59)
2,7 Q 9 k)
o [T 2T
7 / / IV 00e? € B[] + e [0 looEoen®),  WT >0, (2.60)
YJo Jao Y
o 2
% / v(na,e(t)f?pw(t)) <Eln’), V>0, (2.61)
Q
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[

T
/ / Be(no,e)|V(poe + ¢;7E(ng,€))|2 < &,.[n"], VYT > 0. (2.63)
0 Q

? 0 2T " 0
< P [n’] + 7Hw,Hoo&,,e[n 1, vT > 0, (2.62)

g
A o — ¥o,e
(o =~ o)

Proposition 13 (Compactness of time derivatives) Consider a solution (ne.., ps.) of (2.24)-
(2.25) defined by Theorem 10, then, the following inequalities hold for o small enough

||8tno,€||L2(0’T;(H1(Q))/) < C, (264)

g
[10: (no,s - 7@0,6) 220,71 (2))) < C(0). (2.65)

Proof. For any test function x € L?(0,T; H!(£2)) we obtained from (2.63)

atno,ex
Qr

0 Be(no,e)v (900,6 + "/};,e(na,e)) VX’

1/2
2
S </Q |Be(ncr,6)v (800,5 + w;ye(na,e)” ) HVXHLZ(QT)v
T
< ClIVXllr2@r)-
This proves (2.64).

To prove (2.65), we compute the time derivative of equation for ¢, . in the distribution sense

o VU,V + /

g (o2
Uo’,eX = 8tn0',6x - / Ua,ewﬁ (no,e - 7(100',6)X5
Qr Qr Qr Y Jaor v

where U, . = 0, (navE — %goM) and we have used the fact that (ngys — %g007€>, Ng,e and Y’ (ng —
%gpw) are smooth. Then, we can choose x = Uy ., to obtain

g g
U/ IVUU,5|2 +/ |UO',€|2 = atna,eUa,e - */ |Uo,e|2'¢z (no,e - *on,e)'
Qr Qr Qr Y Jar v

Using the fact that Z|[¢)” || <1 from (2.7), the Cauchy-Schwarz inequality gives

U||VUa,e||2L2(QT) + O‘HUG,EH%"’(QT) < 10moell 2@ [|Usel L2 (01

where o = 1= Z|[¢)” [|oc > 0. Altogether, we obtain the bound (2.65) which is not uniform in o.

2.3 Existence: convergence as € — ()

The next step is to prove the existence of global weak solutions for the RDCH system (2.3)
by letting € vanish. This means that for all test functions x € L?(0,T; H'(2)) N L>=(Qr) with
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Vx-v=0o0n 90 x (0,T), it holds

T
/ <X, 0ing > = / b(ne)V (po + ¥ (ns)) Vx,
0 Qr
g
g Vp,Vx +/ PoX =7 Vn,Vx + wi (ncr - *‘PU)X'
Qr Qr Qr Qr Y

We establish the following

Theorem 14 (Existence for o > 0, e = 0) Assume an initial condition satisfying 0 < n® < 1,
with finite energy and entropy. Then, for o small enough, there exists a global weak solution
(ny, o) of the RDCH equation (2.3), (2.4) such that

n, € L*(0,T; H'(Q)), dno € L*(0,T; (H' ())). (2.66)

¢, € L*(0,T; H' (), (2.67)

no = Z¢s € POTHQ), 0 (" B ;0) € L2(0,T; (H'(@))).  (268)
0<n, <1, a.e. in Qr, (2.69)

and ny <1 a.e. if b vanishes fast enough at 1 so that ¢(1) = oo (see (2.16)).

Proof. The proof relies on compactness results and the inequalities presented in section 2.2.4.
From these inequalities, we can extract subsequences of (1., ¢o.e) such that the following con-
vergences for € — 0 hold for all T > 0.

Step 1. Weak limits. From (2.59) and (2.60), we immediately have

Po.e = o in L*((0,T); H'(Q)). (2.70)
Next, from (2.61), and the above convergence, we conclude
Ng.e — no weakly in L?(0,T; H'(2)), (2.71)
Finally from (2.64) and (2.65), we have
Ong. — Opn, weakly in L (O7 T; (Hl(Q))’),

Oy <n(,7E — Ucpg,e> — O (nc, — 0@,,) weakly in L? (O,T; (Hl(Q))')
Y Y

Step 2. Strong convergence. Therefore, from the Lions-Aubin lemma and Proposition 13 we
obtain the strong convergences

No.e = Ny € L*(0,T; L*(Q)). (2.72)
g g 2 1
Ng.c — ;cpg’6 — Ny — ;g@a € L°(0,T; H (Q2)). (2.73)

Step 3. Bounds 0 < n, < 1. To prove these bounds on n,, several authors have used the entropy
relation. In the context of DCH equation with double-well potentials featuring singularities at
n = 1 and n = —1, the solution lies a.e. in the interval —1 < n < 1. Elliott and Garcke [70]
prove this result using the definition of the regularized entropy and by a contradiction argument.
For single-well potential, Agosti et al. [3] used a reasoning on the measure of the set of solutions
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outside the set 0 < n < 1 and find contradictions with the boundedness of the entropy. This is
the route we follow here. In the following, all functions are defined almost everywhere.

We begin by the upper bound . For a > 0, we consider the set
Ve ={(t,z) € Qrne(t,x) > 1+ a}.

For A > 0, there exists a small ¢y such that the following estimate holds for every € < ¢

¢ (n) =

>2A VYn > 1, Ve > 0.

Thus, integrating this quantity twice, we obtain
be(n) = A(n —1)? Vn > 1.

Also, from (2.56), we know that the entropy is uniformly bounded in €. Therefore, we obtain

c(T)
€ 2 €
|Va|Aa < Qp ¢E(n0’,€(t7‘r)) < C(T)’ |Va| < AO{Q .

In the limit € — 0, using Fatou’s lemma and the strong convergence of n, ¢, we conclude that

c(T
[{(t,2) € Qr|no(t,2) > 1+ a}| < A(a2)’ VA > 0.
In other words n,(¢,2) <14 « for all & > 0, which means n,(t,z) < 1.
The same argument also gives n, > 0 and we do not repeat it.

The second statement, n, < 1 under the assumption ¢(1) = +oo, is a consequence of the
bound

p(ne(t, x)) < C(T),
Qr

which holds true by strong convergence of n, . and because ¢. ,* ¢ as € \, 0.

Step 4. Limiting equation. Finally, it remains to show that the limit of subsequences satisfies
the RDCH equation in the weak form. Firstly, using the weak convergences (2.70)—(2.71), the
strong convergence (2.73) and the properties of ¢’ gathered from (2.7), we can pass to the limit
in the standard way to obtain the second equation of the limit system.

To conclude the proof, we need to prove the following weak convergence, recalling that (2.63)
provides a uniform L? bound over Qr, on Joe

J<776 = _Bé(nd,e)v(@o,e + 1/);,6(710,6)) - _b(na)v(@o + 1/); (na)) Wea‘kly in L2(QT)' (274)

The convergence of Be(nq.)Vys e follows from the weak convergence in LQ(QT) of Vg, and
the strong convergence Be(n,.) — b(n,) in all LP(Qr), 1 < p < oo which follows from (2.72)
and the fact that B(.) — b(.) uniformly.

Because of the singularity ¢/, (1) = oo, we use the assumption (2.11) and that B.(-)y} () —
b(-)¥Yy (-) uniformly and thus Be(ng,c)Y (o) = b(ng )Y (nsc) a.e. in Qr This achieve the
proof.

It is easy to check that the energy and entropy relations (2.14), (2.17) hold, at least as
inequalities. In the sequel we only use the a priori bounds coming from the limiting procedure.



2.4. Convergence as o — 0 53

2.4 Convergence as g — (

We are now ready to study the limit of the relaxed solution n, towards a solution of the DCH
equation, Our main result is as follows.

Theorem 15 (Limit 0 = 0) Let (N, o) be a sequence of weak solutions of the RDHC sys-
tem (2.24) with initial conditions n®, 0 < n® < 1, with finite energy and entropy. Then, as
€, 0 — 0, we can extract a subsequence of (Ng.e, Po.c) such that

oe = —YAn 4+ (n)  weakly in L*(Qr), (2.75)
Mgy — zgame —n  strongly in L*(0,T; H(Q)), (2.76)
Y
Noe, Vige = n, Vn  strongly in L*(Q7), and 0 <n <1, (2.77)

and ny < 1 a.e. if b vanishes fast enough at 1 so that ¢(1) = co.
Ono,e — Oyn weakly in L*(0,T; (H'(R2))"). (2.78)
This limit n satisfies the DCH system (2.1) in the weak sense.

We recall the definition of weak solutions; for all x € L2(0,T; H?(Q))NL> () with Vy-v = 0
on 99 x (0,T),

T = .
{fo <x,0mn> = [ J-Vx, (2.79)

Jon J-9X = = Jo, YA (0) V0 - VX + b(n)Ax] + (b07) () V- V.
Proof. We gathered, from the energy and entropy estimates of section 2.2.3, the a priori bounds
of the section 2.2.4.

Step 1. Weak limits. From the above mentioned inequalities, we can extract subsequences of
(Noe, Po,e) such that the following convergences hold for all T > 0. From (2.59) and (2.60), we

immediately have
T9a.e — 0 in L2((0,T); H'(1)). (2.80)

Next, from (2.61), and the above convergence, we conclude
Nge — n weakly in L? (0, T, HI(Q)),

and (2.62) gives directly

AN — Zg.c) — An weakly in L*(Q7). (2.81)
Y

This latter convergence is obtained in the distribution sense using integration per parts, for all
test function x € D(Qr)

g g
A o,e = —Poe :_/v oe_faev-
[ R

Then using (2.80), we obtain (2.81). The system of equations can also be used to complement
these results. We find
©o.c — @ weakly in L?(Qr),
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using the second equation of the system (2.24) and triangular inequality,
o , o
||900,e||L2(QT) <AA(ng,e — ;SOU7E)||L2(QT) + 192 (ng,e — ;SDU;E)HLQ(QT)'

Finally from (2.63) and the equation on n,  itself, we conclude (2.78).

Step 2. Strong convergence. We continue with proving the strong convergences in (2.77). From

the inequality (2.62), we know that A (na,e - 5900,6) is uniformly bounded in L?(27). We also

=~
have the boundary conditions, V (na,e — %cp) -v = 0 and the conservation of both quantities.

Therefore elliptic regularity theory gives us

g
||n(7,e - ;@ﬂ,e L2(0,T;H?(2)) S C.

Therefore strong compactness in space holds for the quantities n, . — %g@ and V[nge — %gp]
Furthermore, from the limit (2.80), it means that both n, . and Vn, . are compact in space.
Compactness in time is also obtained for the quantity n, . from (2.64). Again from Lions-Aubin
lemma, we have the strong convergence (2.77). The conclusions (2.76) and (2.75) follows from
this results.

The bounds 0 < n < 1 can be obtained as in the case € — 0 , see Theorem 14 and we do not
repeat the argument.

Step 3. Limiting equation. Next, we need to verify that the limit of the subsequence n, . satisfies

the DCH equation. The argument is different from the case ¢ — 0 because we do not control

Vo in the case at hand. From the L? bound in (2.63), we need to identify the weak limit
Joe = —Be(Nge)V(poe + wg_7e(ng7€)) — —=b(n)V(e + v/ (n)) weakly in L*(Qr). (2.82)

For a test function n € L2(0,T; H*(Q,R%)) N L>®(Qp,R%) and - p = 0 on 9Q x (0,T), we
integrate the left-hand side to obtain

ag
/QT Joe n=— ,/QT [A’/A (ng,e o ’ysome> V- (Bﬁ(na,e)n)
+ Be(na,e)v (w;,e(no’,e) + wa (na,e - :‘pme)) . 77:| .

We have mainly two types of terms on the right-hand side fSZT ~yA (nme — %@Uﬁ) V- (Be(ng,e)n)
and fQT B.(ns.)V (wﬁne(ng,e) + Y (nge — %4,0076)) -1. Let us focus on the first term

g g
/ ’7A (na',e - 900,5) v : (Be(na,s)n) :/ ’YA (no,e - SOU,E) Bs(na,e)v 'n
QT ’y QT ,y

+/ ’YA (na,e - U‘pa,e) Bé(na,e)vncf,e -n.
Qr v

From the strong convergence (2.77) and the weak one (2.81) with the fact that B.(-) — b(+)
uniformly, we obtain the convergence of the first term of the right-hand side

/ A (n - "%,6) Bno)V-n— [ ~Anbm)V -n,
QT ’y QT
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as 0,¢ — 0 and thus we have passed to the limit in the first term of the right hand side. For
the second term, we use that the derivative B.(-) — b'(-) uniformly. We also use the strong
convergence of Vn, . from (2.77). From the results above and a generalized version of the
Lebesgue dominated convergence theorem we obtain

/ ~A (n(,yE — ngg7€> Bl(ng.)Vnge-n— yAnY (n)Vn - n,
Qr Y Qr

as g, — 0.
Let us now pass to the limit in fQT B(nse)V (1#;76(71076) + Y (ng,e — %Q%,J) -1. As in the
case of the convergence € — 0, we have that

o BE(’I’LO-7E)V (wzﬁg(na,e)) -1,

using the fact that B.(-)y () = b(-)¥(-) uniformly and the strong convergence (2.77). Since
Bc(-) = b(-), we have (By”) () — (b0) (-).

Therefore, we pass to pass to the limit in fQT Bc(ng )V (1//_ (Nge — %gpme)) -n using the con-
vergence (2.76). Altogether, we obtain the following convergence

/ Be(n076)v (wg—,e(na,a + (nme - a‘#’o,e)) /R b(n)V (¢/+(n) + " (n)) -1
Qr Y

Qr

This finishes the proof of (2.82), i.e. that the limit solution n satisfies the weak formulation
of the DCH equation (2.1), and also the proof of Theorem 15.

2.5 Long-time behavior

To complete our study of the RDCH model, we give some insights concerning the long-time
behavior and convergence to steady states, (Moo, ¥oo) determined by the steady problem

V- (b(nee)V (P + ¥ (neo))) =0 in Q,
—0APos + Poo = —YAN + YL (Noo — Zoc) in (2.83)

Anwto) _ () 2Aeth0=)) _ g o 9,

The analysis of the steady-states is not performed in this paper, however, numerical simula-
tions can help us to have an idea of their shape for different initial situations.

The steady-states of the RDCH model present a configuration which minimizes the energy
of the system. The solution obtained at the end of the simulation depends mainly on three pa-
rameters: the initial mass M, the width of the diffuse interface \/7 and the relaxation parameter
.

In fact, if the initial mass is large enough, saturated aggregates are formed and we can describe
two regions in the domain: the aggregates and the absence of cells. Between these two regions,
the transition is smooth and the length of this interface is /4. If the initial mass is small,
aggregates are still formed but they are thicker and their maximum concentration does not reach
1 or the critical value n* as in the definition of the potential (2.8).

The formation of aggregates happens only if 7 is small enough. If 7, the initial mass M or
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the relaxation parameter o is too large, the solution converges to the constant one
= / 0d in
Neo = = [ n'dzx, a.e. in .
=19l Ja

A surprizing fact about these observations is that the long-time behavior of the solutions of the
RDCH system seems to follow the analytical description of the steady-states made by Songmu
[153].

To state our convergence result of the weak solutions of the RDCH model to steady-states, we
consider a global weak solution (n, ) of the RDCH system with o > 0, according to Theorem 14.
The initial condition satisfies 0 < n” < 1 and has finite energy and entropy. so that we can use
the a priori estimates from the transport structure, the energy and entropy dissipations (2.53)
and (2.56) (or (2.14)—(2.17)), in particular

0<n<1ae. (0,00)x. (2.84)

Based on the controls provided by these relations, and using a standard method, we are going
to study the large time behavior as the limit for large k of the sequence of functions

ng(t,z) = n(t+ k,x), and or(t,x) = p(t + k,x).

Proposition 16 (Long term convergence along subsequences) Let (n, ) be a weak solu-
tion of (2.3), (2.4) and initial condition n® with 0 < n® < 1, finite energy and entropy. Then,
we can extract a subsequence, still denoted by index k, of (nk, k) such that

Hm ng(x,t) = neo(x), lim @g(x,t) = @oo(x) strongly in L*((—T,T) x Q), VT >0,
k—o0 k—o0
(2.85)
where (Moo, Poo) are solutions of (2.83) satisfying

b(noe)V (oo + ¥y (nog)) = 0. (2.86)

Proof. The proof uses the energy and entropy inequalities to obtain both uniform (in k) a
priori bounds and zero entropy dissipation in the limit, which imply the result. We write these
arguments in several steps.

st step. A priori bounds from energy. Energy decay implies that £[ny(t)] remains bounded in
k for t > —k. As a consequence, the sequence (ny, ) satisfies

= [loor <em), veo (2.87)

Y g ? 0
5/9 V (ng(t) — ;(pk(t)) < &Y, vt >0, (2.88)
/_T/Qb(nk)’V(gok + w;(nk))f = Ly(T), Li(T) =0 as k — oo, (2.89)

and this last line is because

/OO/b<n>|V<so+¢'+<n>>|2se[n°1, Lk<T></°° [ oo+ v nf = o
0 Q k=T JQ

k—o0
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2nd step. A priori bounds from entropy. Because the right hand side in the entropy balance has
a positive term (since 1" (n) < 0,Vn € [0, 1]), it cannot be used as easily as the energy. However,
we can integrate (2.17) from k—T to k+ T, and, using the control of the negative term including
¥_ as after (2.17), we obtain the inequality

r o
/ A (nk - @k)
-T Y

< ol = 1) = 0la+ ) + 19" o [V (.~ Lo

2
g
+ §|V90k|2 + P () [V |?

2

L2((=T,T)xQ)
<®n(k—T)] — ®[n(k+T)] + \Wﬁﬂoogg[n(k — 7))

< Ba(k — T)] - ®[n(k +T)] + sznw%m.

3rd step. FExtracting subsequences. From these inequalities, we can extract subsequences of
(ng, pr) such that for k — oo, the following convergences hold toward some functions n..(z,t)
and oo (,t).

We can conclude from inequalities (2.87) and the entropy control that, as k — oo,
Pk — Qoo weakly in L?( —T,T; H' (Q)). (2.90)
From the gradient bound (2.88), the L? bound in (2.87) and 0 < ny, < 1, we obtain

ng — g(pk — N — g(poo weakly in L? (0,T; Hl(Q))7 (2.91)
Y Y

and thus
ng — ne weakly in L*(0,T; H' (). (2.92)

Finally, we obtain from (2.89) and the Cauchy-Schwarz inequality,
Oy, = Oino = 0 weakly in L?(0,T; (H'(2))'). (2.93)

Indeed, for any test function ¢ € C§°((—=T,T) x ), it holds

/i | oo =~ [ i [ b (o vt ) - 90

T
‘ / / Oynppdxdt
-rJa

as k — oo. This also shows that ns, only depends on zx.

2 T
<27 VOIE [ [ b |V 1+ 0 ) =0

4th step. Strong limits. The strong compactness of ny and ¢y, follows from (2.88) and the entropy
control. Then, time compactness of ny, stated in (2.85) follows from the Lions-Aubin lemma,
thanks to (2.93). The strong convergence of ¢y is a consequence of the elliptic equation for ¢y
and of (2.65) which gives compactness in time of the quantity nj — %gpk. And we also have, from
the strong convergence of ny and (2.91), thanks to the above argument,

b(ni)V (k + ¥ (k) = b(1100)V (o0 + 9, () = 0, (2.94)
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which establishes the zero-flux equality (2.86).

2.6 Conclusion

The proposed relaxation system of the degenerate Cahn-Hilliard equation with single-well
potential reduces the model to two parabolic/elliptic equations which can be solved by standard
numerical solvers. The relaxation uses a regularization in space of the new unknown used to
transform the original fourth-order equation into two second-order equations. This new system
is a non-local relaxation of the original equation which is similar in a sense to the Cahn-Hilliard
equation with a spatial interaction kernel derived in [99, |. We proved that in the limit of
vanishing relaxation, we retrieve the original weak solutions of the DCH equation using com-
pactness methods and estimates borrowed from energy and entropy functionals. The long-time
behavior of the solutions of the RDCH system can also be studied along the same lines. We
showed that a global solution of the system converges to a steady-state as time goes to infinity,
with zero flux.

The stationary states exhibit some interesting properties due to the degeneracy of the mobil-
ity. More precisely, they are split into two distinct zones: whether the mobility is zero, which is
possible only in the pure phases, or the flux is null.

The RDCH system aims at the design of a numerical method to simulate the DCH equation
using only second order elliptic problems. Such a numerical scheme may depend on details of
the relaxed model. For example, the solution represents a density and its numerical positivity is
a desired property. Also, the discrete stability is useful and a change of unknown in the RDCH
system might be better adapted, using U = ¢ — In,

dn="V- (b(n)v (U + gn + w;(n)))) :
oAU +U = —gn + w’_(—%U).

Even though this model also consists of a parabolic transport equation coupled with an elliptic
equation, the regularity is enhanced. On the one hand, in the first equation, the term In
increases the diffusion for n. On the other hand, the second equation regularizes for the new
variable U because it depends on n rather than An. In a forthcoming work, we will propose
a numerical scheme based on the RDCH system, that preserves the physical properties of the
solutions.



Chapter 3

Structure-preserving numerical
method for the relaxed-degenerate

Cahn-Hilliard model

Abstract
We propose and analyze two finite element approximations of the relaxed Cahn-Hilliard equation [165]
with singular single-well potential of Lennard-Jones type and degenerate mobility that are energy stable
and nonnegativity preserving. The Cahn-Hilliard model has recently been applied to model evolution
and growth for living tissues: although the choices of degenerate mobility and singular potential are
biologically relevant, they induce difficulties regarding the design of a numerical scheme. We propose
finite element schemes and we show that they preserve the physical bounds of the solutions thanks
to two different suitable approximations of the mobility. Indeed, in the first scheme, the mobility is
approximated by a piecewise constant matrix on each element of the mesh, and for the second one, we
propose an adaptation of the upwind method to improve the efficiency of the simulations. Moreover,
we analyze well-posedness, energy stability properties, and convergence of solutions for the different
numerical schemes. Finally, we validate our numerical method by presenting numerical simulations in
one and two dimensions.

This chapter is taken from Federica Bubba, A. P., A nonnegativity preserving scheme for the re-
lazed Cahn-Hilliard equation with single-well potential and degenerate mobility, (2020), submitted
for publication.

3.1 Introduction

Being of fourth order, the Cahn-Hilliard equation does not fit usual softwares for finite el-
ements. To circumvent this difficulty a relaxed version has been proposed in [165] and the
presentation of two finite element numerical schemes that preserve the physical properties of the
solutions is the purpose of the present work. The relaxed version of the Cahn-Hilliard equation
reads

% =V (b(n)V (¢ + ¢ (n)),
t>0,z¢€q, (3.1)

—0Ap+p=—yAn+y_ <n:so>,

59
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and is set in a regular bounded domain ©Q C R¢ with d = 1, 2, 3. It describes the evolution
in time of the (relative) volume fraction n = n(t,z) of one of the two components in a binary
mixture. The system is equipped with nonnegative initial data

n(0,z) = n’(z) € H(Q), 0<n(z) <1, z€Q,
and with zero-flux boundary conditions on the boundary 92 of 2

Otn—2¢) _ o) 9 (¢ +1(n))

£y £y =0, t>0,x¢€09Q,

where v is the unit normal vector pointing outward 0f2.

System (3.1) was proposed in [165] as an approximation, in the asymptotic regime whereby
the relaxzation parameter o vanishes (i.e., o — 0), of the fourth order Cahn-Hilliard equation [17,
]. The Cahn-Hilliard (CH) equation describes spinodal decomposition phenomena occurring
in binary alloys after quenching: an initially uniform mixed distribution of the alloy undergoes
phase separation and a two-phase inhomogeneous structure arises. In its original form, the
Cahn-Hilliard equation is written in the form of an evolution equation for n:

on=V-(b(n)V @' (n) —yAn)), t>0,z€Q, (3.2)
with n € [—1, 1], where the states n = —1 and n = 1 denote the two pure phases arising after the
mixture has undergone the phase separation process. Writing the flux as J = —b(n)V (%Ln]),

Equation (3.2) can be interpreted as the conservative gradient flow of the free energy functional

Eln(t) == /Q (2190 +6(m)) do.

The homogeneous free energy 1 describes repulsive and attractive interactions between the two
components of the mixture while the regularizing term 3 \Vn\z accounts for partial mixing be-

tween the pure phases, leading to a diffuse interface separating the states n = —1 and n = 1,
of thickness proportional to /7. The parameter v > 0 is related to the surface tension at the
interface (see, e.g., [116]) and the function b is called mobility.

In most of the literature, ¢ is a double-well logarithmic potential, often approximated by a
smooth polynomial function, with minimums located at the two attraction points that represent

pure phases n = +1 (see, e.g., [60, 77, 75]). The mobility can be either constant [77, 75] or
degenerate at the pure phases [28, 76]. We refer to the introductory chapters [74, 154] and to the
recent review [1406] for an overview of the derivation of the Cahn-Hilliard equation, its analytical

properties and its variants.

Recently, the Cahn-Hilliard equation has been considered as a phenomenological model for
the description of cancer growth; see, for instance, [6, 55, |. In this context, n represents
the volume fraction of the tumor in a two-phase mixture containing cancerous cells and a liquid
phase, such as water and other nutrients. In biological contexts, a double-well potential appears
to be nonphysical. In fact, as suggested by Byrne and Preziosi in [46], a single-well potential
of Lennard-Jones type allows for a more suitable description of attractive and repulsive forces
acting in the mixture. Following this intuition and building upon previous works [3, 55], in this
paper we consider a single-well homogeneous free energy ¢ : [0,1) — R, defined as

3 2

) = —(L=n)log(L—n) = & — (L=n") o = (L=n'Jntk, n >0,  (33)
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where k£ € R is an arbitrary constant. In the above form, ¢ models cell-cell attraction at small
densities (¢'(-) < 0 for 0 < n < n* and ¢’(0) = 0) and repulsion in overcrowded zones (¢'(-) > 0
for n > n*); ¢f. Figure 3.1. The quantity n* > 0 represents the value of the cellular density at
which repulsive and attractive forces are at equilibrium. With a potential of the form (3.3), the
pure phases are represented by the states n = 0 and n = 1, where n = 1 is a singularity for ¢ is
such a way to avoid overcrowding. Moreover, we consider a degenerate mobility b, that has to
vanish at n = 0 and n = 1. For instance, as in [3], we choose

b(n) :=n (1 —n)?. (3.4)

The Cahn-Hilliard equation (3.2) with the logarithmic single-well potential defined in (3.3) and
a mobility given by (3.4) has been studied by Agosti et al. in [8], where the authors prove
well-posedness of the equation for d < 3.

Summary of previous results and specific difficulties. Numerous numerical methods
have been developed to solve the Cahn-Hilliard equation (3.2) with smooth and/or logarithmic
double-well potential as well as with constant or degenerate mobility. Generally, a numerical
scheme for the Cahn-Hilliard equation is evaluated by several aspects: i) its capacity to keep
the energy dissipation (energy stability) and the physical bounds of the solutions; 4i) if it is
convergent, and if error bounds can be established; i4ii) its efficiency; iv) its implementation
simplicity. To meet the first point concerning the energy stability, several implicit schemes have
been proposed. The main drawback of these methods is the necessity to use an iterative method
to solve the resulting nonlinear system. To circumvent this issue, unconditionally energy-stable
schemes have been proposed based on the splitting of the potential in a convex and a non-convex
part. This idea comes from Eyre [82] and leads to unconditionally energy-stable explicit-implicit
(i.e. semi-implicit) approximations of the model. For references on all the previous numerical
methods discussed above, we refer the reader to the review paper [193].

For finite element approximations, most of these results are based on the second-order splitting

on =V - (b(n)Vw),
(o =

where, w is called chemical potential; see, e.g., [3, 28, 75].

In | ] Elliot and Songmu propose a finite element Galerkin approximation for the resolution
of (3.2) with a smooth double-well potential and constant mobility. The more challenging case
of a degenerate mobility and singular potentials has been considered by Barrett et al. in [25],
where the authors propose a finite element approximation which employs the second-order split-
ting (3.5). In particular, the authors provide well-posedness of the finite element approximation
as well as a convergence result in the one-dimensional case. Numerical methods to solve the
Cahn-Hilliard equation without the splitting technique (3.5) have also been suggested. For in-
stance, in [12] Brenner et al. propose a C interior penalty method, a class of discontinuous
Galerkin-type approximations.

Even though a single-well potential seems more relevant for biological applications of the
Cahn-Hilliard equation, very few works focus on this case. In the already mentioned [3], Agosti
and collaborators propose a finite element method to solve Equation (3.2) with the homogeneous
energy given by (3.3) and a degenerate mobility of the form (3.4). As the authors remark, the
main issues arising when considering a single-well logarithmic potential is that the positivity of
the solution is not ensured at the discrete level, since the mobility degeneracy set {0;1} does
not coincide with the singularity set of the potential, i.e., n = 1. Therefore, the absence of



62 CHAPTER 3. Structure-preserving numerical method for the RDCH model
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Figure 3.1 — Single-well potential of Lennard-Jones type as in (3.6) with n* = 0.6.

cells represents an unstable equilibrium of the potential. In [8], the authors design a finite
element scheme which preserves positivity by the means of a discrete variational inequality, as
also suggested in [28]. More recently, in [7], Agosti has presented a discontinuous Galerkin finite
element discretization of the equation where, again, the positivity of the discrete solution is
ensured thanks to a discrete variational inequality.

Contents of the paper. The aim of this paper is to present and analyze two finite element
approximations of the relaxed Cahn-Hilliard equation (3.1) with single-well potential (3.3) and
degenerate mobility (3.4) in dimensions d = 1,2,3. More in details, we prove: (i) well-posedness
of the numerical approximation; (ii) nonnegativity of discrete solutions ensured by a suitable
approximation of the mobility function b; (iii) discrete energy and entropy bounds; (iv) conver-
gence of discrete solutions in dimension d = 1.

In System (3.1), 11 and v_ are, respectively, the convex and concave part of 1, defined as

3 2

Yi(n):=—(1—-n")log(l —n)— %, and ¢_(n):=—(1- n*)% — (1 =n")n, (3.6)

where ¥4 is convex whenever n* <1 — (%)3

The main novelty of our work is to propose an alternative to the second-order splitting (3.5)
by replacing the chemical potential w by its relaxed approximation ¢, solution to a second order
elliptic equation with diffusivity 0 < ¢ < . The relaxed system is based on the analysis per-
formed in [165], where the authors prove well-posedness of the system as well as the convergence,
as o — 0, of weak solutions of (3.1) to the ones of the original Cahn-Hilliard equation (3.2). For

the analysis that follows, it is worth noticing that System (3.1) admits the energy functional

co= (35 (-2

that, as proved in [165], is decreasing in time, i.e.,

2

4 LIl )+ v (n - jw) }dx, (3.7)

d&,[n]
dt

:_/Qb(n)\v(Qerz/);(n))\degO, t>0.
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We also notice that the convex/concave splitting of ¢ is different from the one employed, e.g.,
in [8] and is motivated by the need to retrieve energy dissipation as well as by the fact that
we can take advantage of the linearity of ¢’ to achieve regularity results on . Furthermore,
we observe that the relaxed Cahn-Hilliard system bears some similarities with the Keller-Segel
model with additional cross diffusion, proposed and analyzed in [32, 52].

In this work we aim to describe two finite element schemes that preserve the physical bounds
of the solutions of the relaxed-degenerate Cahn-Hilliard model (RDCH in short).

This paper is organized as follows. We start in Section 3.2 by giving details about the fi-
nite element framework we are using. Then in Section 3.3, we recall the regularized version
of the relaxed-degenerate Cahn-Hilliard model (3.1). In Section 3.4, we introduce a non-linear
semi-implicit finite element approximation of the regularized-relaxed model. The definition of
the mobility coefficient follows the idea of Griin and Rumpf [108] that requires the mesh to be
composed of right-angled elements for d = 2, 3. Later, in Section 3.4 we prove well-posedness of
this numerical scheme and give stability bounds. These results allow us to pass to the limit € — 0
in the regularized finite element problem and prove the existence of nonnegative global solutions
of the non-regularized problem. We also prove the convergence of the discrete solutions to the
weak solutions of the continuous relaxed Cahn-Hilliard model in dimension one. Then, aiming
at designing a fully practical structure-preserving numerical scheme and based on the idea of the
piecewise reconstruction of the mobility used in section 3.4, we propose a new adaptation of the
upwind method inside the finite element method in Section 3.5. This allows us to design a new
nonlinear semi-implicit scheme for the regularized problem. Then, we prove well-posedness and
stability for this upwind scheme (i.e. we show the non-negativity preserving property and energy
stability). We are able to prove for this numerical scheme the convergence in dimension one to
the continuous regularized-relaxed model. Section 3.6 is devoted to the description of an efficient
linear semi-implicit upwind scheme. Existence and non-negativity of a global solution is given
using again the upwind approximation of the mobility coefficient. Finally, in Section 3.7, we
present numerical simulations using our linear semi-implicit upwind scheme in one and two di-
mensions that are in good agreement with previous numerical results obtained for the degenerate
Cahn-Hilliard equation with single-well logarithmic potential.

3.2 Notations

We first set up the notations we will use in the numerical discretization and recall some
well-known properties we employ in the analysis of the scheme.

Geometric and functional setting. Let Q@ C R? with d = 1,2,3 be a polyhedral do-
main. We indicate the usual Lebesgue and Sobolev spaces by respectively LP(Q), WP ()
with H™(Q) := W™2(Q), where 1 < p < 400 and m € N. We denote the corresponding norms
by || lmp.as ||+ [lm.o and semi-norms by | - [;m.p.a, | - |[m,o. The standard L? inner product will
be denoted by (-, -)q and the duality pairing between (H'(£2))" and H'(Q) by < -, >q.

Let 7", h > 0 be a conformal mesh on the domain  which is defined by N disjoint piecewise
linear mesh elements, denoted by K € T", such that Q = |Jx ey K. The elements are triangles
for d = 2 and tetrahedra for d = 3. We let h := maxy hx refers to the level of refinement of the
mesh, where hy := diam(K) for K € T". We define by xx the minimal perpendicular length of
K and kp, = mingcyn kx. We assume that the mesh is quasi-uniform, i.e., it is shape-regular
and there exists a constant C' > 0 such that

hig > Ch, VK eT"
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Moreover, we assume that the mesh is acute, i.e., for d = 2 the angles of the triangles do not
exceed 5 and for d = 3 the angle between two faces of the same tetrahedron do not exceed 7.
We define the set of nodal points J = {z;},=1,... n, of cardinality N}, := card(J) and we assume
that each x; is a vertex of a simplex K ¢ T". Furthermore, in Section 3.4, we need to add an
additional assumption about the mesh: the elements are right-angled.

We also define the barycentric dual mesh associated to 7". On every element K € 7", the
barycentric coordinates of an arbitrary point z € K are defined by the real numbers \; with

i =1,...,ng such that
ng

f:xi =1, and z=) AP,
i=1

i=1
where ng is the number of nodes of the element K. We define the barycentric subdomains

associated to the vertex P; € K}, (where K, refers to the k-th element of 7" and k = 1,..., Ng),
by

ng
Df .= ﬂ{x,x € Ky and Aj(z) < A\i(z)}
=1
i

Therefore, for every node of the mesh 7", we define the barycentric cell of the dual mesh

D, := U{Df; K}, € T"such thatz; € K*}.
k

Therefore, we define these cells for all nodes of the mesh to define the barycentric dual mesh.

We introduce the set of piecewise linear functions x; € C(Q) associated with the nodal point
xz; € J, that satisfies x;(z;) = d;;, where §;; is the Kronecker’s delta function. We introduce
the P! conformal finite element space V" associated with 7", where P!(K) denotes the space of
polynomials of order 1 on K:

Vhi={xeC®): x|, eP(K), VKeT"}cH Q).
Furthermore, we let K" be the subset containing the nonnegative elements of V", namely
Kh:={xeV':x>0 inQL

We denote by 7": C(Q) — V" the Lagrange interpolation operator corresponding to the dis-
cretized domain 7", defined as

Np

(@) =Y fz) x(x), feEC@Q).

j=1
We also use the lumped space V;, defined by
Vi, := {X : piecewise constant over barycentric domains i.e. ¥(z) = x(z;), V& € D;}.

Defining ; € L™(f2) the characteristic function of the barycentric domain D; associated with
each node z; (for ¢ = 1,...,N},) of the mesh, we easily see that {X,},;=1,..n, forms a basis of
V. Adding the property Xi(z;j) = d;;, we see that the two basis {X;};=1,...~, and {x;};=1,... .~
are associative i.e. x(z;) = x(z;) for all z; € J. Therefore, we also define the lumped operator
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e C@Q) =V by
Np,
W f(x) =) flag) (@), feC@).

j=1

On C(92) we define the approximate scalar product as
(F9)" = [ & (1@ala) dz, f.g€C@)
Furthermore, since Vf, g € C (), we have

/Q ™ (f@) g(@) dr = 3 /K 7 (f(z) g(a)) de,

KeTh

1
= SR fla) gla),

KeTh ;€K

= [ # (@) gla))
Q

where x; € K denotes the vertices of the element K. We denote the corresponding discrete
. 0
semi-norm as |-, = [(, ) ]

Continuous and discrete functionals. We denote by Py, : L?(Q) — V" the L? projection
operator and by P, : L?(Q) — V" its lumped version, defined by
(P, x) = (v,x) Yo € L*() and Yy € V",
. h
(th, X) = (v,x) VYve L*Q)and Vy e V"

Furthermore, we introduce the inverse Laplacian operator G : F — S as an application from
F={ve (H'(Q) :<v,1>=0}toS={veH(Q): (v,1) =0}, that satisfies

(VGv, V) =<wv,n> Vne HY(Q). (3.8)

The well-posedness of (3.8) follows immediately from the Lax-Milgram theorem and the Poincaré
inequality. Therefore, a norm on F can be defined via

loll7 = 1Gvl, = (v,Gv)*  VweF.

The discrete counterpart of G is denoted by C;h : FP 5 Sh and satisfies
(V@hv,VX> = (v,x)h Yy e VR,

where S := {o" € VP : (v",1) =0} and F" := {v € C(Q) : (v, " =0}

Inequalities. We summarize important inequalities that will be used later on for the analysis
of the numerical schemes. We start by recalling the well-known Sobolev interpolation result.
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Letting p € [1,00], m > 1,

[p, o0] ifm—%>07
r €« [p,0) ifm—%:O,
[p, 7%] OtherWise,

and p = % (l — %), there exists a constant C' = C(€, p,r,m) > 0 such that

1—
lor < Cllvllo,” Ivll,, Vv eW™?(Q).

[v 0,p

Moreover, we will use the following inequalities (see, e.g., [L68]):

_ 1 1
Xl py < Ch A(755s) Xlmp, VX EV" 1< pi <ps<+oo,m=0,1;

2 h 2
Ixllo < 060" < (d+2) Ixlly Yx e V™
Concerning the interpolation operator, the following results hold [43]:

}{er%) v — 7rh(v)||07(><J =0 YveC(Q),

and we have [192],
[0,0)" = (w,m)| < CR2 |90l IVnlly, v, € V.

Furthermore, if d =1 (see for example [192]),

‘v - 7Th('U)| < Cpt™ lvl,, Vve€ WP(Q), m=0,1, 1<p< +oc;

m,p —
l|lv— wh(v)HLm(Q) +hlv— wh(v)hm < Ch? V) YV E HY(Q),

|00 = ()] < C (Jo=7"oly + hlol) Il for veC(@),ne H' Q).

For the L? projection operator the following inequalities hold
|v — Ppoly + hlv— Pyoly <Ch™ ||, veH™ ), m=1,2,
and for the lumped version
’v - th‘o +h )v - th‘l < Ch|v|, veHYQ).
Finally, the discrete inverse laplacian operator satisfies

(U,X)h = (VQhU,VX) < ‘th‘l Ix|, YveFrxevh

(3.13)

—~

3.14)
3.15)

—~

(3.16)

(3.17)

(3.18)

Finite element matrices. We define M and @ respectively the mass and stiffness matrix.
M; is the lumped mass matrix, that is the diagonal matrix where each coefficient is the sum of

the associated row of M

Mijz/Xind% fori,j=1,..., Ny,
Q
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Qij = / VxiVyxjdz, ford,j=1,...,Np,
Q

Np,
M=y M, fori,j=1,...,N.
j=1

3.3 Definition of the regularized problem

As for the continuous case (see [165]), we use a regularization of the model. The resulting
problem is easier to analyze since the singularity contained in the potential ¥ is smoothed out
and the mobility is no longer degenerate.

Regularization of the mobility and potential. We define the regularized problem similarly
to [L65]. We consider a small positive parameter 0 < ¢ < 1 and define the regularized mobility

b(l—¢) forn>1-—¢,
be(n) := 4 b(e) for n <e, (3.19)

b(n) otherwise.
Therefore, there are two positive constants b; and B; such that
by <be(n) < By, VneR, (3.20)
and the regularized mobility satisfies
b. € C(R,RT). (3.21)

To define the regularized potential, we smooth out the singularity contained in ¢ and located
at n = 1, see (3.6). We define for all n € R

"(1-¢) forn>1-—¢,

Y () = S Y (e) for n <e, (3.22)
" (n) otherwise.

We can easily prove that for all n > 1 — ¢, 9 . is bounded from below. Therefore, it exists a
positive finite constant C; such that
1—n* 2
1/)4_,5(71) > 7 ([TL - 1]+) - Ol, Vn € R, (323)
where []; = max{-,0}.
Then, denoting by 1_(n) the extension of ¢_ given in (3.6) on all R, it exists a constant Cy > 0
such that the regularized potential ¥ (n) = 14 -(n) + 1 _(n) satisfies

be(n) > 1;7;‘ ((n—1,)°—Co,  VneR. (3.24)

Altogether, we obtain
Y. € C*(R,R). (3.25)
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Regularized problem. The regularized-relaxed degenerate Cahn-Hilliard model reads

One =V - [bs(na)v(%? + wi&-,e(nt‘))] )

t>0,z€Q, (3.26)
—
—0Ape + e = —yAne +1P_(ne — %506)7
with zero-flux boundary conditions
dne — T¢ (e + !,
(an”s) = be(ne) (e g;’f(ng)) =0  on 90 x (0,400). (3.27)

3.4 Nonlinear semi-implicit scheme

In this section, we assume that the mesh is composed of right-angled elements for d = 2, 3.

3.4.1 Description of the nonlinear numerical scheme.

The finite element problem associated with (3.26) is: For each k = 0,...,Np — 1,
find {nft! oFt) in VP x V" such that Vy € V" we have

k41 k h
n c —n ~
(’“Ath,x) + (Mg (Db + 7" (@ c(f ) VX) =0, (3.289)

g

h _, h
o (Vwﬁfgl,vx> + (wﬁ?,x) = (Vn’f;f;l, Vx) + <¢_(n’;§ - W@ﬁ%x) , (3.28b)

where nitl = im1,...Na ne (i, 1) x;, and ‘Pﬁ,tl = i1, N, P (@i, ") xa
The initial condition n € V" is given by
n) =ahnl(z), ifd=1,
nY = Pnl(z), ifd=23,
and ¢ is the solution of
h o g
7 (T V0 + (60" =1 (V. + (w08 = Tex) L eV )

The well-posedness of equation (3.29) follows the Lax-Milgram theorem.
For k=0,..., Ny — 1, let n* and f’“ be the vectors

n = [nllga"-an?Vh}Tv fk = [@lf""’(pﬂc\“z]T'

We can then rewrite the problem in its matrix form
Min**t = Min* — AUy, — AU, (3.30)
(0Q + M) " = yQu* T + My (3.31)
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where y:r and ¢ are the two vectors containing the values at the nodes of the functionals
1—n* k 2 .
(¢,), = T~ )" = b
n;

(), o

We denote by U the finite element matrix corresponding to the term (ME (n]ffl)Vy V-).

—(1-n*) (nf—jgpf) —(1=n*) i=1,..., Ny

We define the d x d matrix M, that approximates the continuous mobility. To do so, we
define the entropy functional ¢. : R — R* such that

ol(s) = Vs € R. (3.32)

Then, we define the following properties for the mobility M. : V" — ®|T |RdXd

i) M.:Vh— ®| |RdXd is continuous;
ii) M.(s)| =b.(s)Iyif s is constant on the element K € T7;
K

MZ (sp)Va"(¢L(sn)) = Vs, Vs, € V1

iii

i)
iv) on each element K € 7", the matrix M.(s)| is symmetric and positive semidefinite.
K

For each element K € T", Mg(sh) is a d x d matrix. For d < 3, we consider a reference
element K = K, (a1,...,aq) Where the corners of this element are defined by

Zo=0and &; = oe;, Vi=1,...,dand o; € R.

Here, e; denotes the i-th unit vector. In the following, we denote by py and p; the nodes in
the physical space that correspond to &y and &;. For each element K of the triangulation 7"
it exists an orthogonal matrix A such that the linear affine mapping H : K — K defined by
& — x = po + A is a bijection. Then, we set for any element K € 7" and s;, € V"

Me(sn)| = AM.(8,)A7Y,  with  §,(2) = sp(H%).

Then, we define M, on the element K to be a diagonal matrix with

N Sp(&) — sh(ﬁo) _ sh(pi) — sn(po) _ 1

Mess(n) = 3G (50) — 0L Ganpo)) — Selonp) — dh(snoo)) ~ Hon(m)
for some 1 between py and p;, if sp(p;) # sn(po). Then, if s,(p;) = sp(po) we set
S
Me,ii(sh) = 7¢’5’(sh(p0)) . (334)

Altogether, we obtain the following result

Proposition 17 The previous definitions of the mobility M, and entropy ¢. satisfies the axioms

i)—-v).



70 CHAPTER 3. Structure-preserving numerical method for the RDCH model

Proof. From the definition of the mobility M., if the quantity n;ﬁl € V" is constant on the

element, we have Mg(nffsl) =b, (nﬁtl)Id. Then, using the definition of the second derivative
s ,

of the entropy, we have

k+1

L ) — oLk (o) = | L) ds

@)
= , ds.
/71k+1(zo) be(s)

h,e

Therefore, from the definition of M., we have that
MIVar"(@L(nyth) = Vanyt,

where V; denotes the gradient on the reference element K.

Therefore, defining M. = AM.A~", the axioms ii), iii) and iv) (because A is orthogonal) are
satisfied on any K € T". To conclude, since the same procedure can be applied for any element
of 7", the axiom i) is satisfied.

O

3.4.2 Well-posedness of the regularized problem and stability bounds

Existence of discrete solutions and energy dissipation.

Theorem 18 Let d < 3, the system (3.28a)—(3.28b) with an initial condition satisfying
n) € K", has a solution {nft' oft!l e Vh x Vi

Furthermore, the solutions satisfy the inequality

NT—l N 9
Bnit oith) + At Y /Q M) |V (bt (v ) )| do < Bl ),
k=0
(3.35)
where
2 2
B o) = J bt — 2ottt + bt
L ’ (3.36)

h
— g
O DR

Proof. Step 1. Existence of global in time solutions. To prove existence of discrete solutions
to (3.28a) and (3.28b), we use the Brouwer fixed point theorem and we adapt the proof from
[108]. In the following, all vector quantities are denoted using the convention

speVh=s= (sn(z1)s---,sn(TN,))-
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We define w¥ = nf —a, where o := \ﬁll Jy . The system of equations (3.28a)—(3.28b) becomes

(wztl —wh, X)h —At ( (wztl +a)V ((pﬁtl + 7l (1/’/+,e(w;litl + a))) 7VX) ,

k+1 h k+1 k+1 — a " (3.37)
(w;ﬁ; ,x) = (V (wht ;wht > ,Vx) + (M(wﬁ +oa— 7@2)»() :

Given w’,fb € VP with —a < wh < 1—a, we want to prove the existence of a solution w,kltl cevh
such that R(w**1) = w**! with

+ AtM; U (w + @) (9 (w+

+ AtM; U (w + @) (M +0Q) k

—w,

—R(w) = F(w) =[(AtM; U.(w + a) (M, + 0Q) " (vQ))]w
)

where 7% is the vector associated with M; (@/_ (Mi +a— %gi)) To apply the Brouwer fixed

point theorem, we want to prove that F' : KM - K" is a Lipschitz continuous mapping on
h={we V" Muw-(1,...,1) =0},

which is a convex subspace of V". This constraint on the space K" reflects the conservation of
the mass. Let us compute

F(w) - Fu") = (A (Ua(w+a) - Ua(w* +a)) (M +0Q) " (1Q)) (w — w")
+AM (Us(w + @) — Us(w” + @) (¢ o (w+ @) — ¢ (0" + a))

+AM; (Ue(w + a) = Ue(w® + @) (M +0Q) ™" (% — )

+wh — wh ).

Using the continuity of El_ and the fact that w* € K" is bounded, we have that it exists a
positive constant C' such that

1P(w) - Fh)]| < At [ M (Uetw +a) - Ve +a) (M +0Q) ™ (4Q)| [l — |
+A || M (Ue(w + @) — Us(w® + ) || |9 o (w + @) — ¢, (w* +a)|| + C.
Then, from the continuity of ¢, _, we know that
[ c(w+ ) — ¢ (" +a)|| < Cllw—w".

Since M; + 0@ is a M-matrix, the norm of its inverse is bounded from Varah’s bound [197].
Altogether and using the fact that the mobility M. (s) is bounded for all s, € V", we obtain

)

|F(w) — F(w")| < C(At,h) [|w - w”

which proves that the mapping F' is Lipschitz continuous, and hence R is also Lipschitz
continuous on the convex set K. Therefore, applying the Brouwer fixed point theorem, the
mapping R admits a fixed point. Consequently, the system (3.28a) and (3.28b) admits a solution

nffsl = w,’fgl + « globally in time. Then, since @’;;1 is uniquely defined by nffsl, <ph, nE from
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the equation of (3.28b), it exists a pair of functions {n’,fgl,go’,j’tl} € VP x V" solution of the
problem.

Step 2. Energy estimate. We prove that the discrete solutions of the regularized problem
satisfy the energy inequality (3.35). Let us start by rewriting equation (3.28a) for j = 1,..., Ny,

(ke = ko) = A (VLY (G2 o (4. 0510)) V). (339

Using the definition of the lumped scalar product, we have

h
k k
(= k) = 0 (o) (w2 = b)) (s o),
z;€Jn

= (L) (nf2! = n}) (@)).

Multiplying the previous equation by (tpizl + d)g_a(nﬁtl)) (z;) and summing over z; € J, we

obtain
> (o) (nhE = k) (@) (W52 + vk ) (@)
x;€J
h
= (nt! =k, oh (g
Repeating the same operations on the right-hand side of (3.38) gives
= > At (MY (et 4w (04 08)) V) (Wb b)) ()

z;€Jp
2
ok k h k
= 7At/ﬂ Ms(nh;l) ‘V (cph;l +7 (zbﬁrs(nhtl)))’ )
h
We now focus on the term (nﬁtl —nk, (. (nﬁtl)) . We observe that, for a convex function g,
the following property holds
9(y) — 9(x) < g W)y — ).

Thus, since 94 .(-) is the convex part of the potential, we have
h
k+1 k k+1 k k k
(nt! =k, 04 ) = 30 (L) (o =) ()l (o ()
1_7‘€J

> 3 () (Ve fE () = e () (3.39)

z;€J
h
= (Ve — i o)1)

h
We need now to bound from below the term (n]fl';l —nk, gpfljzl) . First, using the symmetry of
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the scalar product, we observe that

h
h
k+1 ko k+1\ _ [ k+1 k+1 0 k41 k0 K
(”h,e — N Phe ) = <‘Ph,a ) (nh,g — ~Phe ) - (”h - Sﬁ’h))
vy Y
0 ( k+1 k  k+1 h
+; Phe — PhrPhe :

Taking x = (nﬁtl - %@Ztl) — (nﬁ — %gp’fl), which is an admissible test function since all the

quantities are in the correct space S”, we obtain

o o h

k+1 k+1 k+1 k k
Y 0

k41 9 k41 k41 9 k41 k9 &
2l Y 8l
h
v E_ 9 & E+1 9 k1 E_ 9 &k
(5 (= 5) - (=i - (- 5e8))

Using the elementary property

1
ala —b) > 3 (a®> —0%), (3.40)
we obtain
(o2 (-2 -4 -24))
Y Y Y
5 - 2 o 2 (3.41)
> D[ |kt 2 2kt —nk—fgok 7

2 < h,e y h,e L h v hl

and

9 ( k+1 ko k+1\' o O k1
5 (soh,s —wh’wh,g) = 5 (\wh,g

Then, noting that ¢_(-) is concave, we obtain the inequality

h
- g k+1 0 k41 k9 K
( h ~ h h, ~ h, h ~ h
h
_ o - g
2 (- (i =it 7 (= 50) 1)

Combining the inequalities (3.39), (3.41), (3.42), (3.43) and using the definition of the discrete
energy (3.36) yields to

2
- ’@Z"i) . (3.42)

(3.43)

~ 2
En(nf £ o) + At /Q M) |V (Gt + (b)) | de < Bl o).

Then summing the previous equation from k = 0 — Ny — 1, we obtain (3.35).
O

Discrete entropy inequality. We managed to obtain bounds for important quantities but we

k+1 k+1

still need to find an inequality for |, © ’ and ‘nh 5 ‘ . To tackle this issue, we use the previously
< < h
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defined entropy-mobility pair.

Therefore, we can state the following result.

Theorem 19 (Entropy estimate) The solutions {nZtl,witl of the system (3.28a)—(3.28b)
with the mobility defined by (3.33)—~(3.34) and the entropy defined by (3.32), satisfy the inequality

(- (o), ) + min (¢ ) ‘n’;f; (¢=(nf), 1)" +C. (3.44)

1

o kt1]?
+;’§0h,e 1 <

Proof. We use as a test function y = 7" (¢~ (n’fbtl)) in (3.28a), we have

(mit! =m0 <”Z+€1)))h (3.45)
= = (ML OV (ot (v oh ) ) V(6 (e E)))

Let us focus on the left-hand side. Using the convexity of ¢., we obtain
k+1 ko h ki) k+1 k k1y)” k+1 k h
(nhs! =k, w" (@ b)) = (nkE =k oL EE) = (000 EY) = 6e(n),1)
Then, let us rewrite the right-hand side of (3.45) using the axiom iii) by
— (M (et 4 (v k) ) VAl (elnk ) =
= (V (ke " (kD)) Ik
Combining the definition of the Lagrange interpolation operator and the regularized potential,

we have
(ers k+1 ) Z ere nitl j))Xj'

z;€Jn

Consequently, we have
(@ () = flnp L), fore <mpfh <1 —e,

where f(n k“) is a strictly positive function which increases monotonically with nk'H We also
have

R (0 ) = 30w )k for () < 2 and nf ) > 1
z;€J

Therefore, we obtain that Vr (nlffel) behaves as VnkH Altogether, we obtain

)
1

(th (wgs(nﬁtlv ,Vnzj;l) > min (f (nitl)) ’n’fbtl

and we know that min (f (nﬁtl)) is positive. The last term to handle is (V(phtl,VnkH).
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Using the equation (3.28b) with x = @ﬁfgl, we obtain

h
1 —
(Vn;j Vgak“) =— ‘wk“ + ’90'““ <w_ < - soh> wpﬁﬁl)
Y Y
T r1? 1 ‘ k1 |
< = il
*v‘ e 1+(2v> el

where the last inequality is obtained using Young’s inequality and the energy inequality. Alto-
gether, we obtain the inequality (3.44).

O

Convergence ¢ — 0, h > 0
Theorem 20 For every sequence € — 0, we can extract subsequences such that we have

nptl =yt and Vet - Vgt (3.46)
where nlfLH € K". Similarly, we also have

g&Zt} — it and ch’,j:g,l — Vphtt (3.47)
where <pk+1 evh,
Proof. From the inequalities (3.35) and (3.44), we have that both ‘ni“’l and ‘apk'“ are

bounded. Then, from the Poincaré-Wirtinger inequality, we obtain the following convergences of

subsequences
nZJg,l — nfLH and anfbt.,l — VnkH in Vh

go’fbt,l—ﬂpﬁﬂ and V@Z;}—)Vgok+1 in V"

We now prove that the limit belongs to K. Using (3.24) and (3.35), we obtain

2
([nff; 1} ,1) < Ce?,
from which we can conclude using (3.11) and (3.10)

2
k —
[ =]l = e

Next, we want to prove the existence of a small parameter ¢ such that n*+! < 1 for each ¢ < .
This result can be obtained from the fact that 1/}+’€(n§+51) > 0 for nffsl > 0 and from (3.35)
leading to

h h
(Vb)) < C (vacrfh 1) <
Again from (3.11) and (3.10) we have the bound

H¢+ c ’““)HOM < Ch2, (3.48)

+1

which is independent on £. Hence, we conclude that nk < 1 because if it was not the case
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(3.48) will yield to a contradiction due to the logarithmic term in ¢ (-). Consequently,

k+1<1

To prove that 0 < nk *1in Q we use the discrete analogue of the argument from the continuous
setting [165]. For o > O “we define the following set

Ve = {z; nodal point | — nkﬂ(xi) > a}.
Thus, we have that for A > 0, it exists a small ¢ such that
Yt > 24, vaftl <0, Ve <<
Integrating the previous inequality twice, we obtain
o (n k+1) > A(n k+1)

Since the discrete entropy is bounded uniformly in &, we have
2 € k+1 h
Ac?|VE| < ( c(nkt ),1) <c.
Therefore, the measure of the set V is bounded and using the strong convergence n’“‘l — nﬁ“

(which is obtained from the fact that both entropy and energy bounds are uniform i in 5) as well
as Fatou’s lemma, we obtain

C
. nodal Wt (o) > a)| < 2o VA > 0.
|{x nodal point | — (w4) > O‘}| S A2 vA>0

k+1

Consequently, we obtain that n,"~ > 0. Altogether, we have proved that the limit solution

belongs to
{nk+17(ph+l} c Kh % Vh

3.4.3 Well-posedness of the non regularized problem and stability

The results we established for the regularized problem allow us to study the degenerate system
by passing to the limit as epsilon vanishes. Therefore, we set the non-regularized finite element
problem:

For each k =0,..., Ny — 1, find {nﬁ“7 ap’,ﬁ“} in VP x V" such that Vx € V" we have

S S )

<hAth’X> + (M(n’;ﬁrl)v( L (¢+( k+1))) aVX) —0, (3.49)
h

o (Ve x) + (@8 )" = 5 (Vnht! vy) + <w’(n§§ - ch’;i),x> . (3.49b)

where nj Tt = e, Mt F1)x;, and pf Tt = die1. Ny @i, ") ;.
Then, we establish the following theorem
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Theorem 21 (Well-posedness and stability bound) Let Q C R?, d = 1,2,3, the system
(3.492)(3.49b) with initial condition nf) € K" admits a solution {nf™ o™} € K" x VI .

Furthermore, the solution {nk* @F*1Y of problem (3.49a)~(3.49b) satisfies

2 2

Np—1 k+1 k k+1 k
2 2 n -n %) — @
e (e 1) + 00 2 ’ o B v
Npr—1 - 1 2
£ A (W)Y (4 () (3.50)
k=0 0
Np—1 1L [kt _ ok 2
+ 30 A (Bas) |08 [P || <00,
k=0 ¢ 1
where By = H]\Zf(nffl)Hm

Proof. Step 1. Well-posedness. Going back to the regularized problem (3.28a)—(3.28b), we
can pass to the limit using the strong convergences (3.46)—(3.47) to obtain

k1l _ ok h k+1 k

glj}(l) ( At ’X> - At s (351)
tim (VL (nf 2V (5t + 7 (4052 ), 9x) o

= (]\Zf(nfﬁl)v (Sﬂffl + ah (d’;(nﬁJrl))) 7VX) 7

. h h
lim (W)Zilvvx) + (@nglvx) = (VeE 1, V) + (981, x) ", (3.53)

h
. — g

ti (Ve 9x) + (70 - 2ok ) -

h
g
= (7, v + (o ok - D)

Step 2. Stability bound. First of all, we state the energy inequality for the non-regularized
problem using the fact that (3.35) is independent of e. Hence, we have

y

2

2 h
= 21|+ Z ekt (vt ) o (a1 - 2okt ) 1)
0 1 Y Y
Nr—1 9 (3'55)
+a0 Y [ BT (e ) fae <
k=0

where we assumed that the initial energy has a finite value. Similarly, we have the entropy

inequality
Np—1

3 it + % it < (3.56)
k=0
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Let us now use x = 2Atnﬁ+1 in (3.49a) to obtain

(nﬁ‘*‘1 —nf, 2n£+1)h = —2At A M(nfthwv (@ZH + 7P (1#;(71’;“))) Vnitt d.

Using the relation 2a(a—b) = a? —b>+ (a—b)?, the fact that nf ™' € K" and the Cauchy-Schwarz
inequality, we have

2
k+1 k
N — Ny

2 2
7 b (ae? |

h
<2 (807 B [ T 9 (62 L)) ek
Q

C,

-

(3.57)

IA

where the upper bound is obtained from the energy inequality (3.55) and the entropy inequality
(3.56). Moreover, taking x = ny ™' —n¥ in (3.49a) and using the identity 2a(a — b) = a® — b? +
(a —b)?, we have

2 2
5 (ko = Ik e i)
h
— o (Al ) (k) = (00 - Dbt k)

However, we know by definition that

o h
~(0tnf = Zgh) ot~ nf)
h
= (1-n*) <(nk 0k k1 _ nk) + (1 L n’“)h>
h 7‘th h h ) 1, h )

which is bounded from above using Cauchy-Schwarz inequality, (3.57) and (3.56). Therefore,
using Young’s inequality and (3.11), we obtain

— 2 2
O et g2 < T (|7 |o?)
d—+2

g 2
Tl

k+1(2 k+1 k12
(H‘ph ’|0+th _nhHo) +C.
Then, subtracting equation (3.49b) at the two times t**! and t*, we get

(V (5 = 98), Vx) + (5 = ahn)" = (V (b = n) 1 x)

h
o _ 0 ke
v v
k+1

Then, taking x = ¢~ — ©F and using Young’s inequality, there are two positive constants
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and ks chosen such that o — 73+ >0, and 1 — 52 > 0.

2
VK1 k41 k|2 K2 k41 k|2
(o= T3 bk -t (1 ) b - ok

1 o o
’l/)/_ <nk _ (pk‘> _ wl_ <nk—1 _ sDk—l)
h ~y h h v h

o 2I€1
k—1

Using the fact that ¢’ () is linear and the L?(Q) norms of nf, ¢F, n¥~1 and ¢~ are finite,
together with the energy inequality (3.55), we obtain an upper bound for the right-hand side of
(3.58). Then, using (3.11), we have the existence of a positive constant such that

T . (3.58)
AR ”ﬂl * 2ka

h

it — ks < .

m k] g (3.49a), we have
At . (e Pl

h
k+1 _ ok K+l _ ok
Ph T gh | "k _
At At

Finally, taking x = Gh [

2

)

1

At

k+1 k
5| T — Ny
’ [ h ]

and

) ) [kt ok
- (M(nﬁ“)v (et -+ 7w, (1)), V" [ND

IN

V)V (2 ! )
2

< Bua (M(nii“))% G CAC )

0

Altogether and summing from k =0 — Np — 1, we obtain (3.50).

3.4.4 Convergence analysis

In order to study the convergence of the scheme as h, At — 0, we follow [28] and define for
k=0,...,Np—1

t—tg tp+1 — 1
Un(t, z) := Tth—H + JrAith’ t € (s tr)s

and
+ . k+1 — 0k
U =ny"", U, :=nj.

First we remark that, thanks to (3.50), U, € L2(0,T; H'(2)). Moreover, simple calculations
show that for t € (¢, tx41]

au, KLk
8th = "h Al "h te (tk,tk+1], k> 0,




80 CHAPTER 3. Structure-preserving numerical method for the RDCH model

and

oU, oU,
as wellas Uj, — U, = (t — tk)% t € (tes topr), k> 0.

Un — Uy = (t — tes1) ETE

We also have the analogous definition for W}, . which is

t—1g 4 Tl — ¢
Wi (t,x) :== Al o+ Al ok, t€ (e trel,

and we also have
Wk = goffl, W, = oF.
We can state the following theorem:
Theorem 22 (Convergence) Let d = 1,2,3 and n® € H(Q2), with 0 < n® < 1 a.e. Q. We
assume that {T",n0, At}no satisfy
i) n9 € VP with 0 < nf < 1, given by n) = 7"(n°) if d =1, and Pp(n%) if d = 2,3.

ii) Let Q C R? be a polyhedral domain and T" a quasi-uniform acute mesh of it into N
right-angled mesh elements.

Therefore, for At,h — 0, it exists a subsequence of solutions {Up, Wy} and a pair of function

1

{n, o} € L* (0,T; H" (Q)) N C;,ﬁ (Qr)NH'(0,T;(H(Q)) x L= (0, T; H' (Q)) if d=1,
{n,o} € L> (0, T; H" (Q)) N H'(0,T; (H'(Q))) x L™ (0,T; H" (Q)) if d=2,3,

with
0<n<1, ae inQp,
such that
Un, U;F U =, uniformly on Qp, if d=1, (3.59)
Un, U, Uy —n,  strongly in L™ (0,T;L*(Q)), if d=2,3, (3.60)
Un, U U, = n,  weakly in L= (0,T; H (Q)), (3.61)
aUh on . 2 . 1 /
S = 5y weakly in L (o,T, (H' () ) : (3.62)
Wy, Wit W, — ¢,  weakly in L™ (0,T; H' (2)) . (3.63)

Moreover, for d =1, {n, ¢} is a solution of the relaxed-degenerate Cahn-Hilliard equation under
the weak form

foT <xX,0m > == [ bV (o + ¢ (n) - Vx, VxeL*0,T;H (),
Jon PX = Jo, 7V (0= 26) - Ox vl (n—Z9)x, Vx € L0, T HY(Q)).
(3.64)

Proof. Step 1. Weak and strong convergences. From the inequality (3.50), we know that

2 2
1O o< (0,700 (2)) T DENU e 0,710 (02))
2 3.65
<c (3.65)
L2(r)

)

+ H |ar()] P (W (@ (0)
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and
2 2
IWhll o 0,781 00)) + AU IWRI 710,721 (00)) < C- (3.66)
Since oU
Uy — U = (t -t =0
h h ( ) ot )
with 7% = t*+1 and ¢t =% = t* we have from (3.65),
2 UL |°
HUh - UhiHLZ(o T;H1(Q)) < At ot < CAL. (3~67)
o L2(0,T5H' (Q))
Using (3.66), the same can be applied with Wy, VVhi to obtain
> oWy ||?
HWh - WlitHLZ(o.THl(Q)) < AtQ W < CAt. (3~68)
o L2(0,T;H* (9))

The weak convergences (3.61), (3.62), (3.63) are obtained from the use of the inequalities (3.65),
(3.66), (3.67), (3.68), and standard compactness results. Then, the strong convergence (3.60) is
obtained from (3.61), (3.62) and by application of the Lions-Aubin lemma. Let us show that the
discrete solution Uy, is Holder continuous for d = 1. From (3.65) and by Sobolev embeddings, we
have .

|Uh($2,t)—Uh($1,t)| SC|$2—JT1|§ Vl‘l,xg EQ,thO. (369)

Furthermore, from (3.9), (3.11), (3.18), (3.50) and (3.65), we get
1 1
|Un(z,t2) — Un(z,t1)llg oo < CllUn(x,t2) — Un(z,t1)llg |Un(z,t2) — Un(, t1)|1F

5 3
f |Un(,t2) — Un(z,t1) |1

< O|G" (Un(a,ta) — Upla,tr))

<Cl|g s (2 ”UhHLOC(O,T;Hl(Q)))

1
1
2 8
dt
1

11
Then, from (3.65), (3.69) and (3.70), we obtain that the C?}®(Qr) norm is bounded indepen-
dently of At, h and T'. Therefore, every sequence {U}, }1, is uniformly bounded and equicontinuous
on Q7 with 7" > 0. Hence, from the use of the Arzela-Ascoli theorem we obtain the convergence
(3.59).

ta
3h [ U (2,1) dt]
t

1

(3.70)

1
1

2 OU,
< h__1
_Clhgatmwa

([

Vo € Q, t1,ta > 0.

1

ool

., O,
<C(ty—ty) ghT:(x,t)

ool

< C(ty —ty)

Step 2. Limiting equation for d = 1. We start by considering n € L?(0,T; H*(f2)), and we
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take x = "7 in (3.28b) to obtain

T
/ o (YW, watn) + (Wi 7)" | ae
0

:/OT

Then, combining the weak convergences (3.61) and (3.63) with the properties (3.13), and (3.15),
we can pass to the limit in the left-hand side and the first term of the right-hand side. Since
is a linear functional, the two convergences (3.61) and (3.63) together with (3.13) are sufficient
to pass to the limit.

h
v (VU Vi) + (w’wh - ij,whn) ] dt.

Secondly, we show that for all n € L2(0,T; H'(f2)), we have
/ (M(U;) — b(U,j)Id) V(W (0 (U)) VAt dz — 0, as h— 0. (3.71)
Q

Since, M is a piecewise constant approximation of b on all K € T", we know that M (1) = b( )14
uniformly and we obtain the previous convergence using a generalized version of the Lebesgue
dominated convergence theorem. Therefore, combining the previous convergence (3.71), the
strong convergence (3.60), the weak convergence (3.63), and (3.15), we obtain

/ MU,HVW,vry de — / b(n)VeVn dz.
Q Q

Then, from combining the convergence (3.71), the strong convergence (3.60), and (3.15), we
obtain

/ MUVl (U Vet do — / b(n)y! (n)VnVn dz.
Q Q
From the previous results, we show that if we take x = nn withn € H' (0,T; H*(2)) in (3.28a),

the right-hand side converges to the right-hand side of the first equation of the expected limit
system.

Finally, we focus on the left hand side of (3.28a) with x = 7"n and n € H* (0,T; H*(2)).
From integration by parts we obtain

T h T h h
ou, on h h
/ (ath’”h”) at=- (Uh, at”) dt+ (Un(T), wn())" = (U (0), 7 n(0))" . (3.72)
0 0
Furthermore, since {M(U{L")V (W, +7rhwﬁr(U:))}h . is uniformly bounded in L?(Qr), we
>
know that u € H' (0,7 (H'(€))") Therefore, from (3.13), the weak convergence (3.61), equation

(3.72) converges to the left-hand side of the first equation of the limit system.

Altogether, we recover the limit system (3.64).
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3.5 Non-linear semi-implicit multi-dimensional upwind nu-
merical scheme

As we have seen in the previous section, to preserve the non-negativity of the discrete so-
lutions, a particular approximation of the mobility function is needed. Based upon the results
obtained on finite volume schemes for nonlinear parabolic models, we propose an adaptation of
the upwind method within the finite element method.

Upwind approximation of mobility. We approximate the continuous mobility b(uﬁ“) by
a piecewise continuous function B(nﬁ“). This latter is constant on specific subdomains that

we define for each element. We consider for each element K € 7", the decomposition of K in
(d + 1) subdomains defined by

D ={x e K|\, \j > A, k#1454,
for i =1,2,3, j = 2,3, and i # j. Setting £ := (@ZH + 1/#(712“)) (z;), we define on each of

the subdomains Df (for each K € T")

J J
k)2’

7

Bk .—

k(] — k)2, if ghtl _ ghtl
{nl( ni)*, if & & > 0, (3.73)

nf(l -n otherwise.

Each entries of the finite element matrix is approximated by
Uij = / B(UZ)V)@VXJ dl‘%ijQij, VZ,]Z 1,...,Nh.
Q
The previous approximation is equivalent to a one point quadrature where the quadrature

node is chosen to be part of the subdomain D;;. In our case, the quadrature error of the multi-
dimensional upwind method is

/ B - Buh|dr<o Y ube) - uf()]. (3.74)
@ z;eUKeT"
z;,x; €K
Zj FT;
The computation of the mobility coefficient (3.73) is similar to the one used in [12] for the one-

dimensional finite volume discretization of the Keller-Segel system. Indeed, in one dimension,
our method reduces exactly to a finite volume method. However, in higher dimensions the
computation presents some differences. Definition (3.73) in the finite element context is also close
in spirit to the one proposed by Baba and Tabata in [19], where the authors used barycentric
coordinates to define the basis functions.

Our method is well suited for an assembling procedure and, as a result, is simpler to implement
in already existing finite element software since it requires only the adaptation of the calculation
of a non-constant matrix. This method can also be adapted for the simulation of other advection-
diffusion equations to preserve the nonnegativity of solutions.

Non-linear semi-implicit upwind discretization for the regularized problem. As in
the previous section, we start by describing the finite element problem associated to the regular-
ized problem (3.26).
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For each k =0,..., Ny — 1, find {nﬁtl, ap’,i’tl} in VP x V" such that Vx € V" we have

L —nj ' k k+1 , _h k41

e 3 + / + _

< Al ,X) + (Bs(nhys)v (cph,e + 7 (P (s ))) ,Vx) 0, (3.75a)
h — X g h
o (W'ETEI,VX) + (w’;ﬁ,ﬁl,x) =7 (Vni,il,vx) + (wmi — 7@2)»() , (3.75b)

where B, is defined by the above upwind method for the regularized mobility. Indeed, for the
definition of the upwind coefficient Bf,ij involved in the calculation of the matrix U, associated
with (Bg (n’fb’g)V~, V'> a slight modification has to be made compared to (3.73). The regularized
k

£,1

upwind mobility BE,; is given by (3.73) if nf; and n¥ ; are in Je,1 —e[. For nf, < ¢, it is
replaced in (3.73) by ¢ and if nfl > 1—e¢, it is then replaced by 1 — e (the same applies for n’;j)
Altogether, we obtain that there are two positive constants b; and By, such that for each pair of
nodes

b1 < B, < By,

and s € V", we have 3
b1 < BE(S) < Bj.

The principal difference with the scheme (3.28a)—(3.28b) is that here we compute the ap-
proximation of the mobility using the previously described upwind approach and this mobility
is computed from the solution at the previous time step.

We now prove that this scheme is well-posed, preserves the non-negativity of the discrete
solution, is energy stable and, for the regularized case, the discrete solutions converge to the
solution of the continuous regularized problem (3.26).

Well-posedness, non-negativity preserving property.  We state the following theorem.

Theorem 23 (Existence of non-negative solution and energy stability) Let d < 3, and
let T be an quasi-uniform acute mesh of the domain Q. We write the condition

d+1)G), At
D Gn )2 P max ([ — g Y) < 1, (3.76)
T DR,

where A; is the set of nodes connected to the node x; € J by an edge, G}, = max,,cy ||, and
k1 k+1 k+1
& = (Wh (%ﬁe(”h; )) + @h:"; ) (i)
If the previous condition is satisfied, the system (3.75a)—(3.75b) with an initial condition
satisfying nY € K", has a solution {nffsl, go’,ffsl} e Vh x VP where 0 < nfltl < 1.

Furthermore, the solutions satisfy the energy inequality

Nr—1

~ 2
Bl ehth) + At Y /Q Be(nk ) |V (b2 + 7 (0 b)) )| de < Bl ), (3.77)
k=0
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where
Y o S 2
k+1  k+1 k+1 k+1 k+1
E(nha7¢hs)' 9 nh,a 7; h,e +ZH h,e 0
1
N (3.78)
k k
+ (vt 19 (ot - Tt ) 1)

Proof. 1. Exzxistence of solutions. To prove the existence of discrete solutions for the
system (3.75a)—(3.75b), it is just necessary to adapt the analysis made in Theorem 18. Therefore,
we start by defining wf = n¥ — «, where a := ﬁ Jonp. Using this notation, we rewrite the

system of equations (3.75a)—(3.75b) to obtain

~~
g
>
o+
AN
|
g
S
>0
~——
>
Il

—At (Bs(w;’i’e +a)V (@Z? + P (z/zjﬁe(w,’ftl + a))) 7Vx) ,

h - o h
(ehttx) = ( (wf’itl ’“*1) Vx) (w’_<w;’i+a—7¢ﬁ>,><) .

Then, we define the application R : K" — K" where
h={weV"Muw-(1,...,1) =0},
and is a convex subspace of V. Then, we give the application R that reads for w € K"

—R(w) = F(w) =[(MM; ' Uc(w + ) (M; +0Q) ™" (vQ))]w
—|—AthlUE(@ )(1/J+€ w+a )

+ AtM7 MU (w + a) (M; + 0Q) ' P — wF,

where 7* is the vector associated with M; (El_ (wh +a — %ffb)) Then, at this state the proof

is exactly the same as in the proof of Theorem 18 since E(sh) is bounded for all s, € V"
Therefore, we refer the reader to the other proof for the details of the calculations to prove
that R is a Lipschitz continuous application defined on a convex set, and, hence, applying the
Brouwer fixed point theorem, we obtain the existence of a solution {nitl, goitl} € VP x VI of
(3.75a)—(3.75b).

2. Proof of 0 < nk‘H < 1. To prove the non-negativity of the discrete solution nh+1, we must
have

W =t~ MPA (9, + ) 20,
Then, using the fact that U is a zero row sum matrix, the previous condition reads for every
node x; € J
k+1 _ nk k+1 k+1
Mgy =Ty — Z z ) 20,
JEA
where we recall that €571 = (ﬂ'h (w;g(nﬁtl)) + <pk+1> (x;), |D;| denotes the volume of the

barycentric cell associated to the node xz;, and A; is the set of node connected to the node z;
by an edge. Then, from the fact that the mesh is acute and the mobility is positive, we know
that each non-diagonal entry Uj; is non-positive. Using the definition of the upwind mobility ij



86 CHAPTER 3. Structure-preserving numerical method for the RDCH model

defined by (3.73), we have

Ui (&7 =€) = Qi (nf (1 = nf)? min(0, &5 — &) + k(1 — nf)* max(0,¢; — &)) .

Therefore, to preserve the non-negativity, we only need to focus on the case §; — &; < 0, leading
to the condition
k A

n.:

7 |D |Gh ‘QU| max ‘€k+1 k+1|) 2

wJEA
where G}, is the maximum number of connected nodes, i.e. Gp = maxy,ecs |A;|. Then, from [94],

we know that
|Qij] < Qi < (CH;U,
My = My K,

where we recall that kj, is the minimal perpendicular length found for all elements K € T .
Using this property, we recover the condition to obtain the non-negativity of the discrete solution

d+1)Gp At
(d+ 22 h max ‘§k+1 {~c+1’) <1
h T
;cJeA

k+1
Then, the upper bound for n;

satisfy the condition

can be found using the same approach. Indeed, we search to

;_C Z Uw k+1 zlc+1) <1,

JeA

for all node z; € J. Repeating the same kind of calculations as for the lower bound, we find

At
|Di

7

—— G |Qij] max |gk+1 &) <1 —nk.
mJGA

Using the definition of the upwind mobility in the case ¢; k1 §k+1 > 0, we obtain the condition

(d+1)Gp At x (|€b+1 — g < 1

Ii% x; €J

zEA

and we retrieve the strict inequality in the stability condition (3.76).
3. FEnergy stability.  The energy (3.78) and its dissipation (3.77) are found from the same
calculation as in the proof of Theorem 18, and we do not repeat them here.

O

Remark 24 We want to highlight the fact that even if we presented the proof of the existence of
solutions, the non-negativity preservation, and the energy stability in the reqularized case, these
results hold for the non-reqularized case.

Stability and convergence. Since we work in the regularized context for the upwind scheme,
the energy estimate (3.78)—(3.77) provide us sufficient inequalities to analyze the convergence of
the scheme toward the continuous regularized model. We state the following stability inequality
established from the energy estimate.

Proposition 25 (Stability bounds for the implicit upwind scheme) The solution
{nﬁtl, @ﬁtl of problem (3.75a)—(3.75b) defined by Theorem 23 satisfies
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Nr—1 k41 nk 2 Qi+l _ ok
k+1 k+1 A 2 h,e h,e
N R SRV S (e R |
Np—1 1 2
~ 2
+ Y At'(BE(nZ)) v(go;jﬁl (¢+E( k+1))) (3.79)
k=0 0
Nr—1 = kLl _ kT2
5h h,e h 0
_— <
+ kz_; At (BE maz) G N <C(n),

where B&mw = MaXse(0,1) Ba(s).

Proof. The first two terms of the inequality (3.79) are obtained from the energy inequality
(3.77) and the fact that the upwind mobility is strictly positive. Indeed, to prove that ’VnkH

1
is bounded, we compute

(12l (mE) e 2 L+ 2y (k) PN
fﬁlﬁ< ) ‘1/45 )‘1S/Q ! (nkﬂ) ‘Vmg )‘

he +,e\Tp e +,e\Tp ¢

2
<

k k
nhtl + '(/}+ 5( +1)

1

Therefore, for using an arbitrarily positive parameter § > 0, we have

((3>2+0> D < [ (9 (ot = Tt )+ 29 (ot 4t (0 ()
F 29 (Ve =" (v ) )

Then, we use the argument that the mobility is positive and, hence, using the energy estimate
(3.77), we obtain

(&) v mtienzes (2) [t = (o)),
<C+< ) ‘1/45 kﬂ)‘l’

and we proved that
|V¢+ € k+1)|1 < C’

from which we obtain
< C.

2
: " k+1 k+1
mm( Yoo (e )> ‘”ha L=
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The previous inequality is useful since we know that min )’} E(nffsl) > 0. Therefore, since we

k+1

have a bound for |nj ‘ alone and using the energy estimate, we obtain
1

k+1

<C.
1

|kt
Then, since the previous two inequalities hold for any &k = 0,..., N; — 1, we obtain the first two
terms in (3.79).

The other terms are obtained in the same way as in the proof of Theorem 21, the only
difference being to replace the matrix mobility M, by the upwind mobility B.. Since the steps
of the calculations are the same, we do not repeat the proof here.

O

We now have everything to state our result of convergence. We borrow the notation from sec-
tion 3.4.4 to define the time interpolants Uj, o, W}, ., and the piecewise constant-in-time functions

+ 77— + -
Uh,e’ Uh,s’ Wh,s’ Wh,s'

Theorem 26 (Convergence h,At — 0, ¢ >0) Let d = 1,2,3 and n® € HYQ), with
0<n® <1 ae Q. Weassume that {T", nd, At},~o satisfy

i) n9 € VP with 0 < nl < 1, given by n) = 7"(n°) if d =1, and Ph(no) ifd=2,3.

ii) Let Q C R? be a polyhedral domain and T" a quasi-uniform acute mesh.
Therefore, for At,h — 0 and € > 0, it exists a subsequence of solutions {Uy, ., W, .} and a pair

of function, such that if d =1

{ne, e} € L (0,73 H () 0 C2}F (Qr) 0 H(0, T; (HY())') x L= (0,T; H* (),

and if d = 2,3

{ne, pc} € L= (0, T; H' (Q)) N H'(0,T; (H'(2))) x L= (0, T; H' (2)),

such that
Uh.e, U;:E, Uy, . = ne, uniformly on Qp, if d=1, (3.80)
Uhe, Uhfs, Uy, . = ne, strongly in L™ (O,T; L? (Q)) , if d=2,3, (3.81)
Uhe, U,':E, Up. = ne, weakly in L™ (O,T; H! (Q)) , (3.82)
aUh,s R ans . 2 . 1 !
= 5. weakly in L (0, T; (H' (Q)) ) : (3.83)
Whe, Wi Wy o — ¢e, weakly in L (0, T; H' () . (3.84)

Moreover, for d = 1, {ne,p:} is a solution of the regularized-relaxed degenerate Cahn-Hilliard
model under the weak form

fOT < X5 8tns > = - fQ (906 + 1/1+ ( )) ' VXv VX € L2(Oa T; HI(Q))a
fQT PeX = fQT Vv (ne - ;‘Pe) -Vx + 9L (na - %@e) X, Yx € L2(07T§ Hl(Q))
(3.85)

Proof. The proof of the weak and strong convergences (3.80)—(3.84) follows from the same
arguments as in Theorem 22 and using the stability inequality (3.79).
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Then, to obtain the limit system, the difference with the proof of Theorem 22 is the conver-
gence of the approximation of the continuous mobility. Indeed, since, B is a piecewise constant
approximation of b on all D;; on all elements of the mesh, we know that B(-) — b(-) uniformly
and we obtain

/Q (BE(U;) - bE(U,j)> v (W,; 4ot (1/;;75(U}j’6))> Ul de =0, as h—0, (3.86)

using a generalized version of the Lebesgue dominated convergence theorem. Therefore, combin-
ing (3.74), the previous convergence (3.86), the strong convergence (3.81), the weak convergence
(3.84), and (3.15), we obtain

/ B(U,HVW,r vy dz — / b(n)VeVn dz.
Q Q

Then, from combining again (3.74), the convergence (3.86), the strong convergence (3.81), and
(3.15), we obtain

/ B(U;HVrhy! (U V't do — / b(n)Y (n)VnVn d.
) )

From the previous results, we show that if we take y = 7"n with n € H! (O, T, Hl(Q)) in (3.49a),
the right-hand side converges to the right-hand side of the first equation of the expected limit
system.

The rest of the proof is the same as the proof of Theorem 22, and we do not repeat the
calculations here.

O

Remark 27 Our result of convergence for the upwind scheme is restricted to the reqularized case
since we do not have an entropy estimate for this definition of the discrete mobility. However, this
result is not pessimistic since we know that the reqularized model converges to the non-regularized
problem as e — 0. Furthermore, we want to stress that the non-negativity property and the energy
stability is also retrieved for the same scheme applied to the non-reqularized version of the model.

3.6 Linearized semi-implicit numerical scheme

To restrain the computational time of the simulation of the RDCH model within reasonable
bounds, we propose a linearized semi-implicit version of our numerical scheme. We linearize the
problem using a particular time discretization. The problem now reads:

For each k = 0,..., Ny — 1, find {n}™! o'} in K x V" such that

nktl _pk " -
(hAth’X> + () (k) Tk Vx) = = (Bk) Vet V) . vx e V!, (3.87a)

h
h o
o (Vert', Vix) + (et x) = (Vnf, Vx) + (w’(nﬁ - V@Z%x) , Yx eVt (3.87b)
We define the following finite elements matrices

Uij = /QBZVXZVXJ d.’l?, for i,j =1,..., Nh, (388)
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and
Dij:/b(nge) )V de,  ford,j=1,.... Ny (3.89)
Q

We write the matrix form of the equation (3.87a)
(M, + AtD) n* Tt = —AtU* + MinF,
and since U has zero row sum, we can rewrite the previous equation for each node 4
Ml,ii”§+1 = Ml,imf — At Z [Dij(n§+1 - nf“) + Uz‘j(<ﬂ§+1 - @?H)] > (3-90)
TjEN;

where A; is the set of nodes connected to the node ¢ by an edge. In the definition of (3.88) we
compute the mobility coefficient in function of the direction of Vgo’,j. As for the nonlinear case,
the mobility coefficient is given by

I R R )
Y n¥(1—nf)?, otherwise.

Even though we cannot redo the same analysis as for the nonlinear scheme and derive the
discrete energy, we can establish the existence and the nonnegativity of discrete solutions of
(3.87a) and (3.87b).

Theorem 28 (Well-posedness of linear upwind scheme) Let Q C RY, d =1,2,3, and as-
sume that T is a quasi-uniform acute mesh of 0, and the condition

(d + 1) G At )
e may (e —¥f) <1, (3.91)
IjEAi

(where A; is the set of node connected to the node x; by an edge) is satisfied. Then, the
linear finite element scheme (3.87a)~(3.87b) with initial condition n9 € K" admits a solution
{nﬁ"'l, ¢IZ+1} € K" x V* satisfying

o<yt < 1.

Proof. Step 1. FEuxistence of a unique solution. Assuming that {n’,j,cp’,i} € KM x VP, from
the Lax-Milgram theorem, it exists a unique solution ¢,y € V" of (3.87b) and equation (3.87a)
admits a unique solution nf“ € V. Therefore, it exists a unique pair of discrete solutions
{nf Tt it} € VP x VP for the system (3.87a)—(3.87b). Next, we need to prove that nf* is
nonnegative and bounded from above by 1.

Step 2. Nonnegativity and upper bound on nﬁ“ ford =1,2,3. First, from the fact that
(M; + AtD) is a M-matrix, we know that its inverse is non-negative, i.e. (M; + AtD)~! > 0.
Therefore, to preserve the non-negativity of nﬁ+17 we need that

Min* — AtULM! > 0.
For every node z; in 7", the previous condition reads

D[ nf — At > BEQi; (o8 — ) >0,
JEN;
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where A; is the set of node connected to the node x; by an edge. From the fact that the mesh
is acute, we know that @Q;; is negative. Therefore, using the definition of the mobility coefficient

(3.73), we need to focus on the case <pk+1 <pf+1 < 0. In that situation, we have
At
nf - Z )* Qij (& —F) > 0.
JEA

However, we know that [94],

|Qij < Qi < (d+1).
My = My = K}

Hence, we find the following condition to ensure the non-negativity of uffl

(d+1) Gy At
5 max (¢ — ;) < 1.
fhoo D&

k+1

Then, we need to prove that for every node z; € J we have n; ", we use Varah’s bound [197],

and write
-1

< .
M i
o0

(5 o)

Therefore, to retrieve the upper bound on the discrete solution, the condition

At 2
nt = p 2 (1= nt) Q) - el) <1,

tjen;

as to be satisfied. Note in the previous equation that we have considered the case <p§ -k >0
since in the other case the bound will be satisfied trivially. Then, subtracting n¥ to both sides
of the previous inequality, we obtain

Z Q%J( ‘Pf) <1

JEN;

ID |
and we retrieve the same condition than before with a strict inequality.

Altogether, we proved the existence a unique solution {nffl, wZ} € K" x S* for the system
(3.87a)~(3.87b) with 0 < nf** < 1 if the stability condition (3.91) is satisfied.

3.7 Numerical simulations

Even though we are presenting numerical results obtained using the linear scheme (3.87a)—
(3.87b), the evolution of the energy during the simulations is given from the computation of the
discrete formulation of the continuous energy

2
sutt ot 3]s (-2 s ot

+i(n k+1)+¢ < k+1 ‘;@Zﬂ) de.
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Table 3.1 — Parameters of the 1D test case

Parameters
v (0.014)?
At 0.1y
ox 0.01
n® | {0.05,0.3,0.36}
n* 0.6
o 5.107°

First of all, we present test cases in one and two dimensions to validate our method. The
physical properties of the solutions such as the shape of the aggregates, the energy decay, the
mass preservation and the non-negativity of the solution are the key characteristics we need to
observe to validate our method. A comparison with previous results from the literature is also
of main importance. The reference used for this study is the work of Agosti et al. [3]. The
analysis of the long-time behavior of the solutions of the RDCH equation [165] gives us some
insights about what we should observe at the end of the simulations. The solutions should evolve
to steady-states that are minimizers of the energy functional. Depending on the initial mass,
three regions of the cell density should appear. The first being the region of absence of cells, the
second the continuous interface linking the bottom and the third, the top of the aggregates. If
the initial mass is large enough, the third region is a plateau of the cell density close to the value
n = n*. The study of the effect of the regularization on the numerical scheme is the purpose of
the last subsection.

3.7.1 Numerical results: test cases
1D test cases

The table 3.1 summarizes the parameters used for the one dimensional test cases. The initial
cell density is a uniformly distributed random perturbation around the value n°. Figures 3.2
show the evolution in time of the solutions ny for the three different initial masses.

We can observe that the solution for each of the three test cases remains nonnegative and
the mass is conserved throughout the simulations. From figure 3.3, we observe that the energies
decrease monotonically for the three simulations but at different speeds. They all display at
the end of the simulation a stable (or metastable) state that is a global (or respectively a local)
minimizer of the discrete energy.

For the initial condition n® = 0.3 (Figures 3.2 bl), b2), b3) and Figure 3.3 in the middle),
the energy decreases rapidly and reaches a plateau showing that the solution evolves rapidly to
a steady state. The solution at ¢t = 10 is organized in aggregates that are not saturated (i.e. the
maximum density is below n*). The explanation behind this observation is that the initial mass
is not sufficient for the system to produce saturated aggregates. However, the clusters appear to
be of similar thickness and are relatively symmetrically distributed in the domain.

For n® = 0.36 > n*/2 (Figures 3.2 cl), c¢2), c3)), aggregates are thicker. The top of the
aggregate located at the center of the domain is flat and reach the maximal value n* (which is
not the case for the other test cases). Likewise, the symmetry in the domain is respected. Using
Figure 3.3 on the right, we observe that at different times, the energy evolves through several
meta-stable equilibria. This reflects the fact that the solution reached different meta-stable states
before a stable equilibrium that minimizes more the energy.

For the initial condition n® = 0.05 (Figures 3.2 al), a2), a3)), the shape of the final solution
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a1) =0 a2) 1 =2.9958 a3) =13.328

b1) t=0 b2) £ =0.30108 b3) 1=0.996

cl) t=0 @) 1 =0.3724 c3) £ =10.0744

Figure 3.2 — Solution ny, at 3 different times with n° = 0.05(al,a2,a3), n® = 0.3 (b1,b2,b3) and
n® = 0.36 (c1,c2,c3).

is different. The aggregates appear to be thinner and far from each other. The symmetry is
not retrieved in the domain. Furthermore, from Figure 3.3 (on the left), we can observe that
the evolution of the solution is slow compared to the two other test cases. The evolution of
the energy in the first moments of the simulation is slow. This first moments correspond to the
spinodal decomposition phase. The slow evolution of the solution is explained from the fact that
the mobility is degenerate and the amount of mass available in the domain is small. Using Figure
3.3, we can also see that the energy continues to decrease even at the end of the simulation. To
keep comparable simulation times, we did not reach the complete steady state.

Let us compare qualitatively these results with the ones obtained in [8]. For the two test cases
nY = 0.3 and n® = 0.36, there is no differences in the shape of the aggregates or in the distribution
of the mass in the domain. For n® = 0.05, some small discrepancies with the final solutions are
observed. In particular, the symmetry of the aggregates in the domain is not respected in our case
whereas it is in the reference work. We must stress that doing other simulations, the symmetry
was sometimes reached at the time ¢ ~ 100 for the initial condition n® = 0.05. The reason is that
the system will evolve to respect the symmetry but the time at which this stable-steady state is
reached depends on the initial distribution of the cell density.

Altogether, the solutions obtained at the end the three simulations are in accordance with the
description of the steady-states made in [165]. The three regions of interest are indeed retrieved
at the end on each simulation.
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Figure 3.3 — Evolution of discrete energy through time for the 3 initial conditions (from left to
right n% = {0.05,0.3,0.36})

Table 3.2 — Parameters of the test cases

Parameters
¥ 0.0142
At 2
Ax 1/64
n% | [0.05,0.3,0.36]
n* 0.6
o 10—°

2D test cases

For the two-dimensional test cases, the domain is a square of length L = 1. The initial density
is computed in the same way as for the one-dimensional test cases, i.e. a random uniformly
distributed perturbation around n°. The summary of the parameters can be found in table
3.2. Figures 3.4, depict the results of three test cases with different initial masses. The three
simulations satisfy the nonnegativity of the cell density, the conservation of the initial mass and
the monotonic decay of the discrete energy. However, different shapes can be observed for the
aggregates.

Figures 3.4 al),a2),a3) show the evolution of the solution through time for the small initial
mass n’ = 0.05. Starting from a uniform random distribution of the cell density in the domain,
the solution evolves into a more organized configuration. Progressively, a separation of the two
phases of the mixture occurs. At the end of the simulation, small clusters are formed. They
display a circular shape and are of similar width. The organization of the clusters in the domain
tries to maximize the distance between each others. Using the Figure 3.5 (left), we observe a drop
of the energy in the first moments of the simulation denoting a fast reorganization of the random
distributed initial condition. Then, the solution appears to evolve very slowly, i.e. a meta-stable
state was reached. A second drop of the energy follows around t = 15, the system enters the
"coarsening" phase: the small aggregates become more dense and merge with others. At the
end, the evolution is very slow. The system continues to rearrange but due to the degeneracy of
the mobility and the small amount of initial mass this process is very slow.

Figures 3.4 b1),b2),b3) show the evolution of the solution for n® = 0.3. The two successive
processes that are the spinodal decomposition and the coarsening are observed. Between the
Figures 3.4 bl) and 3.4 b2), we observe that the solution evolves from a random uniform con-
figuration to an organization in small aggregates that are not saturated. Then (Figure 3.4 b3)),
the cell density is distributed in elongated and saturated aggregates. The separation of the two
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Figure 3.4 — Solution ny, at 3 different times with n® = 0.05 (al,a2,a3), n® = 0.3 (b1,b2,b3) and
n® =0.36 (c1,c2,c3).

phases is clear. However, using Figure 3.5 (middle), we observe that at the end of the simulation
the cell density continues to rearrange. Due to the degeneracy of the mobility, this evolution is
again very slow.

On Figures 3.4 c1),c2),c3), we can observe the evolution of the solution for n® = 0.36. Again,
the solution goes through the spinodal decomposition and coarsening phases. The only difference
that needs to be highlighted for this simulation is the shape of the aggregates at the end. Indeed,
the initial mass being n = 0.36 > n*/2, aggregates are wider and more connected to each others.

Therefore, depending on the initial mass of cells in the domain, the 2D simulations of the
model show very different spatial organizations of the cell density.

Compared to the reference work [8], the organizations of the cells for the different initial cell
densities are the same. No clear difference can be established regarding the simulation involving
the relaxed model and the original one.

The three regions corresponding to a steady-state described in [165] are retrieved at the end
of the simulations for these 2D test cases.

3.7.2 Effect of the relaxation parameter o

In this section we evaluate the effect of the relaxation parameter o for the stability of the
scheme, and in particular to satisfy the CFL-like condition (3.91). This conditions is necessary
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Figure 3.5 — Evolution of discrete energy through time for the 3 initial conditions (from left to
right n® = {0.05,0.3,0.36})

to preserve the nonnegativity of the solutions of the linear discrete scheme. To evaluate the
effect of this parameter on the choice of the time step At, we compute the amplification matrix

H defined by
k
Xk = gXF with XF = [Z’“} .

Here, X" is called the state vector. Using the matrix form of the scheme (3.30)-(3.31) we can
decomposed the amplification matrix by H = H{ L H, with

Hy = M+ AtD  AtU M 0

0 oA+ M yA— (1 —n*)M
) H2 =
We denote by A;,;i =1,..., N, the eigenvalues of the amplification matrix H.
To analyze the stability of the numerical scheme due to the relaxation parameter, we compute
the spectral radius of the amplification matrix

p(H(A)) = max(|\i]),

for a smooth initial conditions. The scheme is stable when the maximum value of the modulus
of the eigenvalues is less or equal to 1. The figure 3.6 represents the spectral radius in function
of the time step At for two values of o (the other parameters are the ones taken from the one
dimensional test cases with n° = 0.3). We can observe that the scheme remains stable when
At is small for the two test cases. However, we see that increasing o allows to take larger
time steps while remaining stable. This result can be explained due to the fact that increasing o
diminishes the value max wie (g@f — gaf) present in the stability condition (3.91). Therefore, the

T i
regularization induced by the relaxation parameter allows for faster simulations, but it has an

effect on the accuracy of the solution compared to the solution given by the non-relaxed model.
However, at the moment it remains unclear how to compare the solution given by a simulation
of the relaxed model and a solution of the original degenerate model (without relaxation). This
will be the subject of a further work.

3.8 Conclusion
We described and studied two finite element schemes to solve the relaxed degenerate Cahn-

Hilliard equation with single-well logarithmic potential. The difference between the two is in the
approximation of the continuous mobility function. The first scheme uses the idea proposed in
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[108] and allows to obtain an entropy estimate from the discrete scheme. The second aims to
recover an efficient and practical discretization of the relaxed degenerate Cahn-Hilliard model.
The mobility in this scheme is computed from an adaptation of the upwind method in the finite
element framework. Even though we cannot prove that the solutions of the upwind scheme con-
vergence to the solutions of the continuous relaxed degenerate Cahn-Hilliard model, we showed
that it preserves the non-negativity of the order parameter and the dissipation of the energy.
For the scheme that uses the upwind method, we considered two different time discretizations
leading to a nonlinear semi-implicit scheme and a linear semi-implicit one.

The linear semi-implicit scheme allows for faster simulations and we proved that it is well-

posed and preserves the nonnegativity of the solutions as well. We presented some numerical
simulations using this linear scheme in one and two dimensions. The numerical simulations vali-
dated the nonnegativity-preserving and energy decaying properties of the scheme. The numerical
solutions of the finite element approximation of the RDCH model are in good agreement with
previous works dealing with the non-relaxed model. We showed that the relaxation parameter o
allows us to take a larger time step in the scheme (as long as the condition for the nonnegativity is
preserved and o < ). We point out that thanks to the spatial relaxation, our numerical scheme
can be easily implemented and simulations of the relaxed degenerate Cahn-Hilliard model can
be computed efficiently using standard softwares.
In a work in preparation, we will study the phase-ordering dynamics of the system and the error
analysis of the discrete solutions. An emphasis will be put on the effect of the regularization
parameter because, so far, we lack a clear explanation on how it affects the accuracy of solutions
compared to the original system.

3.A Proof of M-matrix properties in the 1D and 2D cases
Proposition 29 For d = 1,2, the matriz (% + D) is a M-matrix.

Proof. If the mass matrix is lumped, the all matrix is a Z-matrix due to the fact that the
non-diagonal terms of wal are negative. Therefore, the sum of the lumped mass matrix M; and
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D is a Z-matrix. Furthermore, we can write

M,
S yD-—cl-B
Ar TP ’

where I is the identity matrix, c¢ is a constant and B is a matrix with b;; > 0, 1<4,5 < N. Let

us choose ¢ = max(lvg’t“ + (D),;) and consequently the matrix B can be deduced and contains

only positive terms. Therefore, we have proved that (% + D) is a M-matrix.
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Chapter 4

Treatment-induced shrinking of
tumour aggregates: A nonlinear
volume-filling chemotactic approach

Abstract
Motivated by experimental observations in 3D /organoid cultures derived from glioblastoma, we develop
a mathematical model where tumour aggregate formation is obtained as the result of nutrient-limited
cell proliferation coupled with chemotaxis-based cell movement. The introduction of a chemotherapeutic
treatment induces mechanical changes at the cell level, with cells undergoing a transition from rigid bodies
to semi-elastic entities. We analyse the influence of these individual mechanical changes on the properties
of the aggregates obtained at the population level by introducing a nonlinear volume-filling chemotactic
system of partial differential equations. The elastic properties of the cells are taken into account through
the so-called squeezing probability, which allows us to change the packing capacity of the aggregates,
depending on the concentration of the treatment in the extracellular microenvironment. We explore two
scenarios for the effect of the treatment: firstly, the treatment acts only on the mechanical properties of
the cells and, secondly, we assume it also prevents cell proliferation. A linear stability analysis enables
us to study the ability of the system to create patterns. We provide numerical simulations in 1D and
2D that illustrate the shrinking of the aggregates due to the presence of the treatment.

This chapter is taken from Luis Almeida, Gissell Estrada-Rodriguez, Lisa Oliver, Diane
Peurichard, A. P., Francois Vallette, Treatment-induced shrinking of tumour aggregates: A non-
linear volume-filling chemotactic approach, Journal of Mathematical Biology, 83, 29 (2021). Jour-
nal.

4.1 Introduction

Cell migration in the extracellular microenvironment (ECM) and the organisation of cells in
response to chemical and mechanical cues are successfully studied using continuum descriptions
based on differential equations [6, |. In a continuous setting, the chemotactic behaviour
of cells (i.e. the ability to move along a chemical gradient) is often modelled using a Keller-
Segel system of equations [122]. This model was originally proposed for pattern formation in
bacterial populations but turned out to be pertinent to describe a wide variety of self-organisation
behaviours [54, 30, , , |. Different variations of the Keller-Segel model have been
adopted in order to better understand the way cells aggregate [14, 14, , , 69].
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Cancer cells have been shown to respond to chemical and mechanical signals from compo-
nents of the tumour micro-environment (TME) and wvice versa, cells in the TME acquire a more
tumourigenic phenotype, which would sustain tumour growth. The interaction of tumour cells
with the TME has been the subject of recent biological surveys [113, 88]. Many in vitro (and
ex vivo) experiments have shown that cells that are cultured on ECM often have a tendency to
form aggregate patterns that are dependent on the particular cell lines and physical properties of
the media [91]. The exact consequences of the dynamic interplay between heterogeneous cellular
entities and their response to alterations in the TME have not yet been elucidated. In particular,
little is known about the role of mechanics in the spatial organization of the tumour spheroids.
Biological evidence presented in [144, , O7] suggests that the formation of aggregates in glioma
cells can be explained through a chemotaxis process, rather than, e.g., cell-cell adhesion. In this
paper, we follow the chemotactic approach to explain the formation of glioma aggregates. For
the case of breast cancer cells, a recent report [45] has proposed a chemotaxis-based explanation
for spheroid formation based on theoretical analysis and numerical simulations of the Turing
instabilities of such systems.

Inspired by experimental observations in 3D /organoid cultures derived from freshly operated
Glioblastoma (GBM), which reproduce in vivo behaviours as described in [155] (see Section 4.2
for more details), in this paper we explore a simple setting where GBM aggregate formation is the
result of nutrient-limited cell proliferation coupled with a chemotaxis-based cell movement. A
chemotherapeutic treatment introduced after the formation of the aggregates induces mechanical
changes at the cell level. We study the influence of these individual mechanical changes on the
characteristics of the aggregates obtained at the population level.

GBM are solid tumours characterised by intra- and inter-tumoural heterogeneity and resis-
tance to conventional treatments that result in a poor prognosis [140]. They are the most common
and aggressive primary brain tumour in adults. Standard treatments include surgical resection
(when possible), combined with radiotherapy and chemotherapy using the DNA alkylating agent
Temozolomide (TMZ) [187]. In fact, the overall survival of treated patients is about 15 months
versus 3 months without treatment, with fewer than 5% of patients surviving longer than 5 years
[156].

One reason behind this relative therapeutic failure is the poor response of GBM tumours
to this chemotherapeutic treatment due to their plasticity. Several studies have looked at the
genetic compounds of TMZ-resistant cells focusing on the genes responsible for DNA mismatch
repair protein [189], while other studies focused on spatial and temporal variations in signalling
pathways, which lead to functional and phenotypic changes in GBM [157]. The communication
between the tumour cells and the TME as well as the properties of the ECM have a large impact
on tumour evolution and invasion, as shown in recent studies [68, 40, |. From a biological
and medical perspective, it is difficult to investigate the connections between clinically observ-
able glioma behaviour and the underlying molecular and cellular processes. The challenge is to
integrate the theoretical and empirical acquired knowledge to better understand the mechanisms
and factors that contribute to GBM resistance to treatment. In this context, mathematical mod-
els provide useful tools towards identifying dependencies between different phenomena and how
they are affected by the different therapeutic strategies.

Much effort has been dedicated to the modelling of GBM formation and invasion of the
surrounding tissue, as well as to improving diagnosis and treatment. The exhaustive review
[11] discusses different modelling approaches as well as some of the main mechanisms that are
observed in GBM formation and invasion.

In this work, we explore two scenarios: the case where the treatment only acts on the me-
chanical properties of the cells, and the case where it also prevents cell proliferation [130]. We
adopt a macroscopic approach where cells are represented by their macroscopic density and are
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supposed to move in the environment via chemotaxis, i.e. towards zones of high concentrations
of a chemoattractant that is produced by the tumour cells. Moreover, cell proliferation is as-
sumed to depend on the local concentration of nutrients available. Finally, we suppose that
when the treatment - represented by its continuous concentration - is introduced, it diffuses in
the environment and is naturally consumed by the cells.

Under these hypotheses, which are motivated by the experimental results discussed in Section
4.2, we obtain a nonlinear volume-filling Keller-Segel model for the cell density, coupled with
reaction diffusion equations for the chemoattractant and treatment concentrations. Moreover,
we provide a linear stability analysis that enables us to study the ability of the system to generate
patterns, and we provide numerical simulations in 1D and 2D.

The paper is organised as follows. In Section 4.2 we describe the in vitro experiments and
the main experimental observations that motivated our model. Section 4.3 is devoted to the
description of the model for the first part of the experiments (without the treatment, Section
4.3.1) and the second part, when the treatment is introduced (Section 4.3.2). In Section 4.4, we
present the stability analysis for each of these two parts, and Section 4.5 is devoted to numerical
simulations. Section 4.5.2 presents the results in 1D including a discussion on the comparison
between numerical experiments and theoretical predictions of the stability analysis. Section 4.5.3
shows the 2D simulations. Finally, we discuss the results and give some perspectives in Section
4.6.

4.2 Description of the experiments

To address the question of the response of GBM cells to TMZ treatment, we took advantage
of recently developed 3D biosphere experiments, using GBM patient-derived cultures in a simple
3D scaffold composed of alginate and gelatin [156]. GBMGS5 cells were cultured at a concen-
tration of 4 x 10° cells/ml for 14 days until the formation of cell aggregates could be observed,
corresponding to the first part of the experiments (P1). After that, the cultures were treated
with 100 pM TMZ for two hours once every week (second part of the experiments, P2). Over
the 30 days, the proliferation was determined counting 3 representative samples, and the cell
number was determined as follows. The biospheres were dissociated by incubation for 3 min in
100 mM Na-Citrate and the cell number and cell viability were determined using the Countess
optics and image automated cell counter (Life Technologies). In addition the aggregates were
photographed to analyse their morphology, and the diameter of the cell aggregates were measured
from pictographs using FIJI. To determine the diameters of these cell structures, more than 200
cell aggregates were measured.

We show in Figure 4.1 (I) the mean length (in pum) of the cell aggregates computed from the
microscopic images without TMZ treatment (round markers), and with TMZ weekly adminis-
tered (squared markers). Figures 4.1 A and B show typical microscopic images of the spheroids
at day 24, without and with weekly TMZ treatment respectively. In Figure 4.1 (IT), we show the
evolution of the cell number as a function of time, where we do not observe big changes in cell
number with and without TMZ, once the carrying capacity of the system is reached.

Using clinically relevant concentrations [170] the total number of cells in the biospheres does
not seem to be significantly impacted by the TMZ treatment. However, the mean size of the
GBMGS5 cell aggregates decreases when TMZ is introduced weekly as compared to control cul-
tures (Figure 4.1 (I)), suggesting that in the presence of the treatment, GBMG5 cells tend to
self-organize into smaller and more compact cell clusters.

Another observation supporting a tendency for GBM cells to form more compact structures
with higher intracelluar adhesion under this type of treatment is the increased expression of
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Figure 4.1 — Biological experiments of GBMG5 cells cultured in 3D scaffolds with or without
100puM TMZ. (I) Evolution of the mean cell aggregates diameter determined from the microscopic
images as function of time, without treatment (circle markers) and with a weekly TMZ (square
markers). (A) Typical microscopic image on day 24 of control cell aggregates without treatment,
(B) microscopic image at day 24 with 100uM of TMZ administrated weekly for 2 hours. (II)
Evolution of the total cell number in the biospheres as function of time, without treatment (circle

markers) and with weekly TMZ (square markers).
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claudin, a marker of tight junctions formed between cells (Figure 4.2). In Figure 4.2 we have
GBMGH5 cells that were cultured for 14 days until the formation of cell aggregates could be
observed, and the cultures were treated with different doses of TMZ until day 23. Furthermore,
cell aggregates were fixed then labeled with an anti-claudin antibody. The degree of staining
was determined in a double-blind experiment. As one can observe from the images of Figure 4.2
(left), the cell aggregates seem to be smaller and more compact when TMZ is present compared
to the control group (top left figure), and these cultures are associated with higher levels of
claudin (see Figure 4.2 (right)).

Inspired by these observations and results presented in [144, , 57], we propose a general
model for the chemotaxis-driven formation of cell clusters and shrinking of the aggregates via the
action of a non-cytotoxic drug whose effect would be characterised by a change in the mechanical
properties of cells that would just modify their packing properties. Moreover, we also consider a
second scenario where the treatment would also affect cell proliferation and compare the results
obtained.

4.3 Mathematical model

Motivated by the experiments described in Section 4.2, we assume that glioma cells have a
chemotactic behavior, i.e. they move in response to some signaling chemical (chemoattractant),
which is secreted by themselves and diffuses in the environment. The chemotactic movement
of cell populations plays a fundamental role for example in gastrulation [70], during embryonic
development; it directs the movement of immune cells to sites of infection and it is crucial to
understand tumour cell invasion [64] and cancer development [206]. Motivated by these appli-
cations, chemotaxis and related phenomena have received significant attention in the theoretical
community, see the reviews [117, |.

We suppose that in normal conditions (first part of the experiments described in Section
4.2, where there is no treatment), tumour cells proliferate and move via chemotaxis as described
before. We suppose that cell proliferation is limited by the nutrients available in the environment,
i.e. cell proliferation is only active as long as the local density does not exceed a given threshold
corresponding to the carrying capacity of the environment. Moreover, in order to take into
account the finite size of cells and volume limitations, cell motion is only allowed in locations
where the local cell density is much smaller than another threshold value corresponding to the
tight packing state. In normal conditions, cells are supposed to behave as rigid bodies. In stressed
conditions however, (second part of the experiments described in Section 4.2) we suppose that
cells respond to the chemotherapeutic stress (induced by the presence of the treatment) by
changing their mechanical properties and behaving as a semi-elastic material.

These hypotheses are modelled via a system of partial differential equations (PDE) which
corresponds to a volume-filling chemotaxis equation [162] for the first part (to describe the self-
organization of cells into aggregates), and a “semi-elastic” volume-filling chemotaxis approach
[201] for the second part, when the treatment is introduced.

For convenience we denote the density of the population of cancer cells in the first part of
the experiments by u(x,t) and that of the second part by w(x,t). Here x € Q C R? where (2 is a
bounded domain. The time ¢ € [0, T] where T' = T + T5 represents the total time corresponding
to the first and second parts. The main difference between these two populations is the change
in the elastic properties of the cells due to the presence of the treatment. If the concentration
of the treatment is zero, u(x,t) = w(x,t). Cells follow a biased random walk according to the
distribution of the chemoattractant of concentration c(x,t) that is secreted by the cells. We start
by detailing the different components of the mathematical models corresponding to the two parts
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of the experiments described in Section 4.2.

Logistic growth model for cell proliferation As previously described, in order to take into
account the nutrient-limited population growth, cell proliferation is modelled by a logistic growth
process. At the population level, we consider a source term f(u) in the PDE for the evolution
of the cell density which depends nonlinearly on the local cell density u and reads:

F(u) :m(p u ) . (4.1)
Umax

Here, » > 0 is the proliferation rate and wupax corresponds to the maximum density of the

population, also referred to as the carrying capacity of the environment. Alternative cell kinetics

could be considered. For example, we can assume that the proliferation is also mediated by the

chemoattractant concentration such that f(u,c) = ruc(l —u/umax) [162]. In this paper we focus

on the case given by (4.1).

Chemoattractant dynamics As described before, we suppose that cell aggregates sponta-
neously emerge as the result of a self-organization phenomenon of chemotaxis type. To this
aim, we suppose that the cells themselves produce the signaling chemical (chemoattractant) that
drives their motion. The chemical secreted is therefore supposed to be continuously produced
by the cells at rate & > 0 and diffuses in the surrounding environment with diffusion coeffi-
cient do > 0. It is further assumed that the chemical has a finite lifetime and degrades at rate
B > 0. The evolution of the chemical concentration ¢(x,t) is therefore given by the following
reaction-diffusion equation

Oic = doAc+ au — fc (4.2)

where u is the cell density.

Treatment dynamics We suppose that the treatment is introduced at the beginning of P2.
This treatment is supposed to diffuse in the environment with diffusion coefficient d4, and to be
consumed by the cells at rate §. This is modelled by a reaction-diffusion equation for the drug
concentration M (x,t):

oM = dyAM — dw

where w(x, t) represents the cell density corresponding to the second part of the experiments. We
consider different initial conditions for the drug: either uniformly distributed in the simulation
domain, or introduced in the center as a very steep Gaussian function (see Section 4.5).

4.3.1 Volume-filling approach for chemotaxis: first part P1

The classical Keller-Segel system of equations [122] describes how cells move along the gradient to
local maxima of the chemoattractant. At the same time, this chemical, which is produced by the
cells, promotes aggregation leading to the so-called “overcrowding scenarios”, and eventually, the
cell density may blow up in finite time (see the comprehensive reviews [117, ] and references
therein).

In this paper, in order to take into account volume limitations and the finite cell size, we
consider a modified version of the Keller-Segel model called the volume-filling approach for cell
motion. This approach was introduced in [162], where the authors provided a detailed derivation
in one dimension as well as a comprehensive numerical study of the model.
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Figure 4.3 — Squeezing probability for different values of v, for u = 1.

Moreover, we introduce the so-called squeezing probability, which describes the probability
that a cell finds an empty space at a neighbouring location before moving (see [201]). It takes
the form

u

YM
1-(%) L for0<u<a,

q(u(x,t)) = { (4.3)

0, otherwise ,

where u(x, t) is the cell density, vas > 1 is the squeezing parameter, M = M (x,t) > 0 denotes the
concentration of the treatment, and @ is the crowding capacity which corresponds to the tight
packing state of the cells. The function g(u) satisfies the following properties,

q(u) =0, 0<q(u)<1, and ¢(u) <0 for 0<u<u. (4.4)

Moreover, |¢'(u)] is bounded and ¢ (u) < 0.
The exponent v, is chosen to be

w=F-1DM+1, (4.5)

where 7 is a positive constant, M = 0 when there is no drug in the environment (part P1 of the
experiments), and M = M (x,t) when the drug is introduced (part P2, described bellow). Such
choice of ;s enables to take into account different forms of squeezing probability, corresponding
to different mechanical behaviors of the cells. In Figure 4.3, we plot the squeezing probabilities
as a function of the cell density, corresponding to different values of ~,;. We see that when
there is no treatment present in the environment (M = 0, va; = 1, blue curve of Figure 4.3),
the squeezing probability decreases linearly with the local cell density, corresponding to cells
modelled as solid particles.

However for larger values of vy, (when the treatment is present, M > 0 and ;s > 1, red and
yellow curves in Figure 4.3), the squeezing probability becomes a nonlinear function of the cell
density, modelling the fact that in the presence of a drug, cells change their mechanical state to
behave as semi-elastic entities that can squeeze into empty spaces. We refer to [200] for more
details on the link between the cells elastic properties and the squeezing probability.

For convenience of notation, we distinguish the case without treatment (M = 0) for P1 and
define

a1 (u(x,t))=1- (4.6)

SIS
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The Keller-Segel model built with this specific squeezing probability (4.6) has been widely studied
in the literature, from modelling [162, |, analytic [204, , , 69] and numerical [120]
perspectives.

Complete PDE system for the first part P1 Taking into account all the previous ingredi-
ents, the complete PDE system for part P1 (when no treatment is present in the environment)
reads:

Ou =V - (d1D1(u)Vu — xud1(w)Ve) + f(u)

4.7
Ogc = doAc+ au — Be (47)

where the first equation describes the evolution of the cell density u and the second is the
reaction-diffusion equation for the chemoattractant, previously introduced. The equation for
u describes the volume-filling chemotactic motion associated with the squeezing probability ¢;.
This equation has been obtained as the hydrodynamic limit of the continuous space-time biased
random walk model that corresponds to the squeezing probability ¢; (see Appendix 4.A for more
details on the derivation). In the hydrodynamic limit, the cell density evolves according to a
nonlinear transport diffusion equation with source term, which corresponds to a volume filling
Keller-Segel model with logistic growth. As shown in Appendix 4.A, the density-dependent
diffusion coefficient D;(u) and the chemotactic sensitivity ¢;(u) relate to ¢; via

Di(u) =q1 —qlu, ¢1(u) =qru .

For this part P1, where ¢; is given by (4.6), these coeflicients take the values D; = 1 and
¢1(u) = u(l —u/u). In equation (4.7), dy,xu,a, 8 are all positive parameters (see Appendix
4.A for the computation of d; and x,), and f(u) is the logistic growth source term previously
mentioned and defined by (4.1).

The PDE system is supplemented with the following zero-flux boundary conditions

(d1D1(w)Vu — xu91(w)Ve)-n=0, dayVe-n=0, (4.8)
where 7 is the outer unit normal at 0. The initial conditions are given by

u(x,0) =ug , ¢(x,0)=c¢p . (4.9)

4.3.2 PDE system including the treatment: Part P2

We now describe the dynamics of the cell population when the drug is introduced (part P2 of
the experiments described in Section 4.2). As previously mentioned in Section 4.2 and motivated
by the observations in [156], where the treatment TMZ does not seem to induce cell death, we
suppose that the drug only affects the elastic properties of the cells. For a cell density w(x, t)
the squeezing probability of part P2 is

w\ Y™
G(w(x,t), M) =1— (7) . (4.10)
a
Note that we have supposed that the crowding capacity « which corresponds to the tight packing
state remains unchanged from P1 to P2. This corresponds to the hypothesis that the treatment
does not modify the volume of the cells but only change their elastic properties.

The complete PDE system corresponding to the second part of the experiments therefore
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reads:
Oyw =V - (d3 Do (w, M)Vw — xuwo2(w, M)Ve) + f(w) ,

0ic = dyAc+ aw — Bc , (4.11)
atM = d4AM — dw s

where f(w) is again the logistic growth source term given by (4.1), and the first equation has been
derived using the squeezing probability ¢ defined by (4.10). Note that the carrying capacity tmax
remains unchanged in the two parts of the experiments: we have supposed here that the drug
does not interact with the nutrients. Analogous to (4.7), the movement of the cells is described
by a chemotactic system where, in this case, the diffusion and chemosensitive coefficients depend
also on the concentration of the treatment. These modified coefficients will lead to changes in
the size of the aggregates as shown in the numerical experiments in Section 4.5. The evolution of
the concentration c is the same as in (4.7) where, in this case, the chemoattractant is produced
by the new population w. Including proliferation also in this second part allows us to assess the
effect of the treatment in the population at earlier times, while the population of cells is still
growing and aggregates are still forming.

Different initial conditions for the cell density and concentration of the treatment will be
considered as described in Section 4.5. Each initial condition for P2 will correspond to a density
profile solution of the system P1 at a given time (solution of (4.16)), i.e. w(x,0) = u(x,T1)
for some given T;. We will consider cases where the treatment is introduced on already formed
and stable aggregates (steady state of (4.16)), but also cases where it is introduced at earlier
times (during the formation of the aggregates, see Section 4.5). The initial condition for the
concentration of the drug is considered to be either homogeneously distributed in the simulation
domain or introduced in the center.

Remark 30 In both parts of the experiments, we assume that the crowding capacity u is larger
than the carrying capacity umax. The carrying capacity is defined as the mazimum population
density beyond which there are not enough nutrients to support growth, while the crowding ca-
pacity describes the maximum density in an aggregate depending on the space available.

4.4 Linear stability analysis and pattern formation

The system for part P1 (4.7) without source term is well known in the literature as the volume-
filling Keller-Segel model, for which emergence of patterns has been characterised and is now well
documented. Pattern formation refers to the phenomenon by which, after varying a bifurcation
parameter, the spatially homogeneous steady state loses stability and inhomogeneous solutions
appear. In the following, we investigate in which parameter region we can expect instability of
homogeneous solutions, corresponding to the formation of patterns. The linear stability analysis
followed here is classical and follows the lines of [162, 201, 149].

We first recall the two systems associated with the dynamics described in parts P1 and P2
of the model. Using the fact that in the first part of the experiments, the squeezing probability
is chosen to be ¢i(u) = 1 — 2, we have

O =V - (d1Vu — xu¢1(u)Ve) + ru(l by ) , (4.12)
Osc = daAc+ au — Be
where u
Di=1, and ¢1(u) =u(l—=). (4.13)

u
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For part P2, when the squeezing probability function is given by (4.10), the system writes

Opw =V - (d3Da(w, M)Vw — xouP2(w, M)Ve) + fw(l _v ) ,

umax

Orc = doAc+ aw — Bc (4.14)
oM = dyAM — Sw
with diffusion and chemotactic coefficients given by
¥ 2l
Da(w, M) =1+ (yar — 1) (%) " and go(w, M) = w(l - (%) ) . (4.15)

4.4.1 Dimensionless model

To get a deeper insight to the behaviour of the system we introduce the characteristic values
of the physical quantities appearing in the models. Denoting by X and T the macroscopic units

of space and time, respectively, such that x = %, t= % , then we choose

(x,t) = <\/ZX, B;?t) .

Using these new variables, the dimensionless systems write for part P1

Ou =V - (Vu— A1 (u)Ve) + rou <1 S ) ,

Umax (4.16)
(Oic=Ac+u—c.
Similarly, we obtain for P2
_ w
00,0 = V - (Da(w, M)Vw — Béo(w, M)Ve) + r0n<1 - ) :
(Oic=Ac+n—c, (4.17)
moyM = AM — dgw
where
Xu dor dy dy Xw - doT ds 1)
dlaro dlﬂ’c d2’ dg’ d3 , To d3ﬂ7m d470 dl ( )

The parameters ¢ and m are assumed to be small since the chemoattractant and the chemother-
apeutic treatment diffuse faster than the cells. On the other hand, § ~ 1 since both population
densities v and w are assumed to be diffusing at similar rates. In the following, we state the
linear stability for both systems in separate sections.

4.4.2 First part: Formation of the aggregates

We first consider the system (4.16), which can be re-written in a more general form as

D= V- (Vu— Ay (w)Ve) + f(u)

(Oye = Ac+glu,c) (4.19)
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where ¢1(u) is given in (4.13), f(u) = rou(l — ;—) and g(u,c) = u — c. This system is subject
to uniformly distributed initial conditions and zero-flux boundary conditions as in (4.8).

The main result in this section is the following theorem, which gives the conditions for pattern
formation for the system (4.19).

Theorem 31 Consider (u*, ¢*) a spatially homogeneous steady state. Then pattern formation
for the system (4.19) with zero flux boundary conditions (4.8) and initial data (4.9) is observed
if the following conditions are satisfied,

fi4+Clgr <0, figr>0, Clgr+fi—(lgiAgi(ut) >0,

¥ . . (4.20)
ge + fu + guAd1(u”) > 2V/figs .
The critical chemosensitivity is given by
2./ 1
A€ = 2yrotltro ’ (4.21)

e (1 = %)

and for A > A° patterns can be expected. The wavemodes k% are in the interval defined by

—m — /m2 _4f*g* —m+ m2 _4f*g*
k2 _ uJc k2 kQ _ uJdc
! 2 R 2 ’

(4.22)

where m = — (g2 + fo + gy Ad1(u”)).
Proof. See Appendix 4.B for the proof of this theorem.

4.4.3 Second part: Treatment

We now consider the system (4.17) which corresponds to the second part of the experiments,
when the treatment is introduced. The parameter range where patterns are observed is sum-
marised in the following theorem.

Theorem 32 Consider (w*,c*, M*) a spatially homogeneous steady state. Also, consider (4.17)
with zero flux boundary conditions given by

(dsDo(w, M)Vw — xoud2(w, M)Ve) - n=0, doVe-n=0, d4yVM-n=0,

and initial conditions
w(x,0) =u(x,T1) ,
¢(x,0) of P2is equal to ¢(x,T}) from P1 ,

4.23
constant in 2 , or ( )
M(x,0) =4 oxp?

Ce 22 |

where C' is the amplitude, xq is the centre of the Gaussian and o is the width. Then, the critical
chemosensitivity is given by

c 2 'FODQ(Umam Ms) + DQ(Umaxa Ms) + 7
E o= Lo
Umax - T;ax

Umax | T™s
D (tmas Ms) = 14 (ar, = 1)(7222)

where
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Patterns can be expected if B > B¢ and the wavemodes k* are in the interval defined by

:—m — \/ﬁ”LZ — 4D2(umava9)(fJ)gz)
2D2(umaxaMS)

Jor m = —(Da(Umax, M) gi + 9o, Bo2(Umax, Ms) + fa)-

Proof. The proof of this theorem can also be found in Appendix 4.B.

—m + \/ﬁ'LQ - 4D2(umaX7 MS)(f;r)gz)
2D2<umaxaMS) ’

k2 <k <ki=

Remark 33 For the case of 2 dimensions, we can rewrite the systems (4.16) and (4.17) using
polar coordinates (p,6) where we use the transformation x = psinf, y = pcosf and the Laplace

operator is now given by A, = %8% (pa%) + p2§—922 where R is the radius of the domain. The

eigenvalue problem (4.40) is now written as —Apby, = k21 with boundary conditions Oy /0p = 0
at p = R.

The eigenfunctions are obtained by separation of variables and are given by Vi(z,y) =
R(p)O(0). Here O(0) = €% = Acos(sf) + Bsin(sf) for some s € Z. The radial part R(p)
is given in terms of Bessel functions R(p) = Js(kp) (see [177]) where k = & and ¢, denotes
the the pth zero derivative of Js, which is a first kind Bessel function of order m. Finally we

can write Y7 (p,0) = T (%2p) (Acos(s8) + Bsin(sh)) .

The stability analysis reveals that several competing effects control the system’s ability to
create patterns (aggregates). The criteria obtained both in P1 or P2 show that the chemotactic
sensitivity must be large enough to compensate the smoothing effect of the diffusion term and
of the logistic growth. On the other hand, one can observe from the bifurcation formulae that
the ratio *=ex (carrying capacity vs density of the tight packing state) plays an important role
in the emergence of patterns: larger values lead to more aggregated states. These results show
that the logistic growth term has an intrinsic smoothing property, i.e., it tends to force the
density to equate the carrying capacity, while the chemotactic term acts as a attractive force
and creates zones of higher density (recall that umax < @). The aggregates are an expression
of a balance in between these two competing effects, which are completely characterised by the
stability criterion.

1/k x= 1/argmaxk{ Re(I(k)) } 1/km x= 1/argmaxk{ Re(I(k)) }

ma: a.
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Figure 4.4 — Wavenumbers for different values of vy, when (a) rg = 0.1, umax = uo = 0.5; and
for (b) rg = 0.05, umax = ug = 0.1 . Circles indicate the values of k..

In order to give more insights about the size of the emerging patterns, we show in Figure 4.4
the values of the inverse of the maximal wavenumber as function of the chemotactic sensitivity
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(denoted by A for part P1 and B for part P2), for different values of the exponent v,;. We
recall that vy = 1 in P1 (blue curve) where cells act as rigid bodies and s > 1 in the presence
of the treatment, where cells behave as semi-elastic entities (P2). Figure 4.4a shows the results
for growth rate ro = 0.1 and carrying capacity umax = 0.5, Figure 4.4b for o = 0.05 (slower
growth) and umax = 0.1 (lower carrying capacity). In both figures, the black circles indicate
the critical values for the chemotactic sensitivity above which the system is unstable. Here,
the tight packing density is set to « = 1. The maximal wavenumber corresponds to the most
unstable mode, i.e. the perturbed wave that will grow the fastest. Therefore, the inverse of
this maximal wavenumber is directly related to the size of the emerging patterns. As one can
observe, an increase in the chemotactic sensitivity parameter correlates with a decrease in the
observed pattern size, suggesting that the aggregates are smaller: larger chemotactic sensitivity
leads to more aggregated clusters. Moreover, the aggregate size also decreases as cells pass from
rigid bodies to semi-elastic entities (when vy increases). This is due to the fact that for larger
values of vy, cells are more easily deformed and can aggregate more efficiently than when they
behave as rigid spheres.

When we increase the ratio “=:x (compare Figure 4.4a and 4.4b), we observe that the critical
value of the chemosensitivity above which patterns are generated is larger than for smaller ratios
“max These results highlight once again the smoothing effect of the logistic growth: When the cell
tight packing density is unchanged, decreasing the carrying capacity of the environment enhances
cell death in the aggregates formed by chemotaxis, where cells try to reach the tight packing
state. In this case, the critical chemosensitivity value must be large enough to compensate for
the cell death induced by the logistic growth. Moreover, we observe that larger ratios “mex
induce less influence of the parameter v5;. The cell aggregation abilities are mainly driven by
the chemosensitivity intensity and not so much by the cell mechanical properties for large values

of tamax
u

4.5 Numerical simulations

In addition to the analytic results obtained in Section 4.4, we present numerical simulations
for the two problems (4.16) and (4.17). This allows us to investigate the behavior of the solution
of the models for different scenarios and range of parameters. It is well-known that a standard
discretization of the Keller-Segel models can lead to nonphysical solutions due to the convective
term. Here, we focus on a numerical method that preserves the non-negativity of the cell density

using the upwind finite element method described in [166] for the simulation of the Cahn-Hilliard
equation.
The calculation of the chemotactic coefficient follows the lines of [12]. Indeed, the finite

volume scheme proposed in [12] is identical to the numerical method presented in this paper in
dimension one. However, in higher dimensions, and since we also use a finite element method, the
numerical scheme presented in [12] differs from the one in this section as detailed in Appendix
4.C.

4.5.1 Biological relevance of the model parameters

Here, we comment on the choice of the model parameters that we will use for the numerical
simulations and how they relate to experimental known data. In [89, (3], the proliferation rate
for well oxygenated glioma cells in vitro r was shown to lie between 0.5 and 1 day~!. As the
proliferation rate relies significantly on the nutrient, also smaller value seems to be biologically
admissible in real conditions and following [63] we choose r = 0.4 day™' and r = 0.8 day™*
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(corresponding to the non-dimensionalised parameter o = 0.05 and ro = 0.1). As hypoxia-
inducible factors (HIF) are supposed to be responsible for the chemotaxis motion of GBM cells,
we suppose that the diffusion coefficient dy and consumption rate g for the chemoattractant are
linked to biological measurements of the oxygen diffusion in human brain which were estimated

in [194, 89] to dy = 86.4 mm? day ' and § = 8640 day . However, we chose to consider
slightly lower values do = 8.64 mm? day ' and 8 = 864 day ' owing to the large variability
of this parameter according to the type of tissue (see [190]). For such values and using the

scaling of Section 4.4.1, one unit of time of our model corresponds to approximately 0.1 day and
one unit of space is 0.1 mm. As we found no experimental data on the chemotactic coefficient
Xu Of glioma cells in response to chemoattractant concentration, the choice of this parameter
is driven by the stability analysis and we find that the interesting regimes are obtained for a
dimensionless chemosensitivity in between 7 and 70, corresponding to a chemotactic coefficient
Xu € [0.6,6] mm? day~'. Moreover, as no measurements for glioma cells diffusion coefficient
are available in the literature, the parameter d; is arbitrarily chosen to be 100 times smaller
than the chemoattratant diffusion speed and we choose d; = ds = 0.086 mm? day !, i.e the

non-dimensionalised parameter ( = 3—; =0.01.

4.5.2 Numerical results for a one dimensional case

For all numerical computations we choose the packing capacity « = 1. We consider different
proliferation rates ro = 0.1, 0.05 and different initial conditions and carrying capacities tUmax =
up = 0.1, 0.5. The nondimensional parameters given in (4.18) are ( = m = 0.01 and 6 = 1 since
we assume that the chemoattractant ¢ and the treatment diffuse much faster than the cells, while
the motility of the cells is not affected by the treatment, so d; =~ ds. The initial condition for
the cell density ug is assumed to be randomly distributed in space. Similarly, we can also define
the initial chemoattractant concentration cg.

In this section we start by solving the systems (4.16) and (4.17) on the interval [0, L] with
homogeneous non-flux boundary conditions using the method described in Appendix 4.C. In
Appendix 4.D we investigate the effect of the size of the domain as well as the effect of the
parameters A and B on the formation and evolution of patterns. Moreover, using (4.17) we study
the effect of the treatment using the solution of (4.16) at the final time T3 as initial condition.
We explore the case when we introduce the treatment at earlier stages of the formation of the
aggregates.

We consider two different scenarios for the evolution of the concentration of the treatment.
First, we assume that the treatment diffuses very fast in the whole domain so that the concen-
tration is homogeneous from time 75 = 0. The other case we consider, which is closer to real
experiments, starts with a high concentration of the drug in the centre of the domain and this
concentration diffuses over time according to the third equation in (4.17).

Comparison with the linear stability analysis In order to quantify the aggregate sizes
and compare it to the ones predicted by the stability analysis, we use the Fourier transform of
the numerical solution and extract the frequency that corresponds to the maximal Fourier mode.
For the sake of this analysis, periodic boundary conditions are therefore considered. To this aim,
we compute the discrete Fourier transform Flu](x,t) = 4(\, t) and define

Funa = argmax((i(V)) = arg;xlaxWRe(a(A))? n Im(ﬁ(/\))2> :
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which corresponds to the frequency of the largest Fourier mode. The inverse (k:max)f1 of this
maximal frequency relates to the pattern size. This maximal frequency of the Fourier transform
of the solution is expected to correspond to the maximal wavenumber predicted by the stability
analysis. We show in Figure 4.5 the values of (kmax)_1 computed from the numerical solution
(blue dotted line) compared to the predictions of the stability analysis (red curve), as function of
the chemosensitivity, for vy = 1 (left figure) and vyp; = 5 (right figure). As one can observe, we
obtain a very good agreement between the numerical values and the predictions of the stability
analysis, and we recover the critical value of the chemosensitivity parameter above which the
system generates patterns.

351 35
—&—Numerical —&—Numerical
Analytic 3

Analytic

0 10 20 30 40 50 0 10 20 30 40 50
A B

Figure 4.5 — Comparison of the wavelength obtained analytically, using (4.50) and (4.51), and
numerically, using the Fourier transform of the solution for (a) vy =1 and (b) var = 5.

Introduction of the treatment on already-formed aggregates In this part, we aim to
study the influence of the treatment on already formed aggregates. For this, we let the system
run in P1 (without treatment, M = 0, v5; = 1) until time 77 = 200 and introduce the treatment
uniformly in the domain (M =1, vy = 5).

In Figure 4.6 left and middle panels, we choose values of the chemosensitivity very close to
the critical values corresponding to k., where the wavenumbers are very different for the cases
vy = 1 and vy, = 5 as we see in Figure 4.4a. In Figure 4.6, the blue curves describe the formation
of aggregates for a time 77 = 200 without the treatment, while the cells are proliferating with
rate ro = 0.1. We consider two different scenarios when introducing the treatment: either cells
stop proliferating (red curves), or they continue with the same rate as before ro = 0.1 (yellow
curves).

When we introduce the treatment for values of A and B close to the instability threshold
(A= B =7, left figure), we observe that the aggregates become steeper and the density in each
aggregate reaches the packing capacity u = 1. This clearly leads to more compact aggregates
as a result of the nonlinearity introduced in (4.11) by the parameter v5;. The main physical
difference between changing the parameter vy, and changing the chemosensitivity coefficients A
or B is the following. By changing A or B depending on the concentration of the treatment,
we are enhancing aggregation over diffusion, essentially we are changing the motility of cells.
By changing vy, the motility, as well as the elastic properties of the cells in the aggregates are
affected. When we introduce the treatment while cells keep proliferating, aggregates tend to
merge together since the density is growing, as we see in Figure 4.6 middle panel.

It is noteworthy that for large values of the chemosensitivity parameter (A = B = 70, right
panel in Figure 4.6), the treatment does not impact the aggregate dynamics. In this case, cell
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aggregation is mainly driven by the chemotactic term and the cell mechanical properties have
little influence. These observations are in agreement with the stability analysis, which shows that
the parameter v, has more influence when the chemotactic sensitivity is close to the instability
threshold.
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Figure 4.6 — Aggregation pattern when A = B for A = 7 (left), A = 12 (middle) and A = 70
(right). Blue curve: solution at 77 = 200 without treatment, red curves: solution at T = T3 4200
when the treatment is introduced uniformly with v, = 5 and proliferation is stopped, yellow
curves: solution with the same parameters as the red curves when proliferation goes on with
o = 0.1.

Finally, by comparing the red and yellow curves of Figure 4.6, it is clear that cell proliferation
has a major impact on the size of the aggregates. If the treatment has the double effect to stop
proliferation as well as modifying the cell mechanical properties, cell aggregates will become very
dense and well-separated, while merging aggregates are still observed if the treatment has the
sole effect to change the cell mechanical properties. Here, we chose to introduce the treatment
at time 77 = 200, we now aim to study the effect of the treatment introduced at different times
in the aggregation process.

Introduction of the treatment at different times Here, we consider the case when the
treatment is introduced at different times in the aggregation process. As before, we let the
system run in P1 (without drug, M = 0,y = 1) until time ¢ = T} and introduce the treatment
uniformly in the domain (M = 1, vy = 5). We consider the cases when the treatment has the
ability to stop proliferation, and when the treatment only acts on the cell mechanical properties.
In Figure 4.7, we show the results at time T" = T7 4+ 200 (red curve), when the treatment is
introduced at times 77 = 50 (left plots), 71 = 100 (middle plots) and 77 = 300 (right plots).
Figures 4.7a show the results when the treatment stops proliferation, Figures 4.7b when the
treatment only changes the mechanical properties of the cells. For each, the blue curves are the
density profiles before introducing the treatment. As one can observe, in Figures 4.7a and 4.7h,
introducing the treatment at different times of the aggregation process have a major impact on
the size of the aggregated patterns formed at a latter time. Introducing the treatment at an
earlier time (T} = 50, left figures) enables to obtain smaller aggregates compared to when the
treatment is introduced on already formed aggregates (77 = 300, right figures). This effect is
more visible when the treatment has the double effect of blocking cell proliferation and changing
the elasticity (compare red curves in Figures 4.7a and 4.7b). In this case, the earlier the treatment
is introduced, the smaller the aggregated patterns. When the treatment stops proliferation as
well as the cell mechanical properties and is introduced at later times (right panel of Figure 4.7a)
we recover the observation of the real systems, where the treatment induces a shrinking of the
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aggregate and favors the formation of more compact cell structures. This effect is not observed
when proliferation is active with the treatment, (right panel of Figure 4.7b) where aggregates
are merging and they are larger than before the treatment introduction. This suggests indeed
that the treatment has the double effect of blocking cell proliferation as well as changing the
cell mechanical properties. The model suggests that introducing the treatment at earlier times
of the tumour development could enable us to control the size and separation of the tumour

aggregates.
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Figure 4.7 — Introduction of the the treatment at different times 77 = 50, 100, 300 when
ug = 0.5 and A = B = 12. The blue curves gives the initial condition for the part P2 of the
experiment with the treatment, represented by the red curve. (a) Without proliferation. (b)
With proliferation, rg = 0.1. The red curves are at T" = T; + 200.

Introduction of the treatment in the middle of the domain Finally, we aim to study the
case when the treatment is introduced in the center of the domain and diffuses in the environment.
Here we assume that the treatment is not consumed or escapes the domain, therefore §o = 0
in (4.17). In Figure 4.8, we show the density profiles of the solution before introducing the
treatment (blue curves), and when the treatment is present (red curves), at times T = 0 (left),
Ty =5 (center) and Tz = 30 (right). The distribution of the treatment follows a Gaussian of the

(x—xq)

form M(x,0) = Ce 202 | where C' = 40 is the amplitude, xq is the center of the Gaussian and
o = 0.5 describes the spread. As one can observe, the large concentration of the treatment in the
middle immediately sharpens the interface between already-formed aggregates, and favors the
separation of the cell clusters. As the treatment diffuses (middle figure), the clusters interfaces
which sense a high concentration of the treatment sharpen, creating denser and well-separated
cell clusters.
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Figure 4.8 — Evolution of the pattern when the treatment is introduced in the center of the
domain with amplitude 40. The blue curves correspond to the solution without treatment at
T7 = 200 and the red curves are the solution with the treatment at T'="T; +5 and T = T3 + 30.

4.5.3 Numerical results for a two dimensional case

For the 2D simulations we consider that 2 is a disk of radius R which can be defined as 2 =
{(z,y) € R? : 22 +y? < R?} where the boundary is given by 90Q = {(z,y) € R? : 22 +y? = R?}.
The proliferation rate is chosen to be ryp = 0.05 and the initial homogeneous density as well as
the carrying capacity are set to umax = wg = 0.1 or upmax = ug = 0.5. The other parameters can
be found at the beginning of Section 4.5.2.

In Figure 4.9 we show the formation of aggregates for different values of A without the
treatment, for ug = 0.1 and ro = 0.05. We observe that for A = 10 (Figure 4.9a) we do not
have patterns, in agreement with the analytic results obtained in Figure 4.7b since this value of
A is less than A°¢ = 16.7. As we increase the chemosensitivity parameter, the aggregates become
more compact. From Figure 4.9b we observe the phenomena of two aggregates merging together,
analogous to the one dimensional results in Figure 4.15. As expected, by changing the carrying
capacity and the initial density of cells to ug = umax = 0.5, the patterns change shape. We
observe a transition from spot-like patterns in Figure 4.9 to maze-like structures in Figure 4.10.
This behaviour has been widely studied experimentally [161], numerically [145, | and more
recently, also including a volume-filling approach [162].

Analogous to the one dimensional case, we consider two different initial conditions for the
treatment: (i) we first include the treatment uniformly in the domain with M = 5, and (ii) we
introduce the treatment in the middle of the domain and let it diffuses in space. In these simu-
lations, the treatment is supposed to block proliferation as well as changing the cell mechanical
properties.

In order to compare the change in size of the aggregates before and after the treatment, we
compute the difference between the solution of the first part of the experiments u(x,T7) coming
from (4.16), when the aggregates are formed (at T3 = 200), and the solution w(x,t) of (4.17),
once the treatment has been inserted (at time 7" = 200 + T53). In Figure 4.11, we show the
results for different values of the chemosensitivity parameter A = B, when the aggregates have
been exposed to a uniform distribution of the treatment for a time 75 = 30. We notice that
the aggregates without the treatment are bigger and therefore the treatment induces a shrinking
in the size of the pattern, as described in Section 4.3. When we compare the results in Figure
4.11a and 4.11b for different values of A and B we observe that the effect of the treatment is
stronger when the value of the chemosensitivity parameter B is closer to its critical value (see
Figure 4.4b). This is in accordance with the results of the stability analysis. The cell mechanical
properties (controlled by the parameter ;) have less influence on the cell cluster sizes when the
chemosensitivity parameter A = B is increased (see Figure 4.4D).

We now study the case when the treatment is introduced in the middle of the domain and
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Figure 4.9 — Formation of aggregates at T3 = 200 when ug = 0.1, rg = 0.05 and (a) A = 10, (b)
A =20 and (c) A="170.
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Figure 4.10 — Formation of aggregates at 77 = 200 without the treatment and when vy, = ug =
0.5, 70 = 0.05 and (a) A=7, (b) A=12 and (c) A =50.
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Figure 4.11 — Difference between the solutions u(x,200) — w(x,230) when (a) A = B = 20 and
(b) A= B =70. Here 5y = 11, o = 0.05 and upax = up = 0.1.
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Figure 4.12 — Difference between the solutions when the initial concentration of the treatment is
a Gaussian function centered in the domain. (a) T'= 210, (b) T = 230 (c) T' = 300 for T} = 200,
ro = 0.05 and ug = 0.1.

diffuses in the environment. To this aim, the initial concentration of the treatment is supposed
to be a Gaussian function with width 5 centered in the middle of the domain. We assume
that the treatment is not consumed by the cells in the time scales we are interested in, and
choose §p = 0. In Figure 4.12 we show the evolution of the difference between the two solutions
u(x,T1) — w(x,t), where T1 = 200 is the time at which the treatment is introduced and T is the
duration of the treatment. We explore different times 75 = 10, 30, 100. For short times, the
effect of the treatment is only noticed by the aggregates at the center of the domain and therefore
the difference between the two solutions close to the boundaries is zero. As time increases, the
concentration of the treatment reaches the whole domain as is observed in Figure 4.12c.
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Figure 4.13 — Effect of the treatment at different times while the aggregates are forming. Top
row: Cell aggregates for A = 20 without treatment at (a) 77 = 30, (b) T3 = 50 and (c) 71 = 100.
Bottom row: Cell aggregates at time 7' = T7 4+ 200, when the treatment has been introduced at
times (d) 71 = 30, (e) 71 = 50 and (f) 71 = 100.
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Finally, we also study the effect of the treatment at earlier stages of the formation of the
aggregates. Figure 4.13 shows the different patterns obtained during the formation of the aggre-
gates at different times, top row, and the corresponding effect of the treatment, bottom row. For
example, introducing the treatment at 77 = 50 leads to a significant reduction of the size of the
pattern with a reasonably low concentration of the treatment. Identifying this specific time in
real patients could make the treatment much more effective and reduce the spread of the cancer
cells.

4.6 Discussion of results and perspectives

In this paper we propose a mechanism for the effect of certain treatments on tumours formed
by a chemotaxis type self-organization phenomenon. Inspired by the experiments concerning the
action of TMZ on Glioblastoma cells mentioned in Section 4.2, we considered the particular case
of treatments that do not act as cytotoxic agents but rather induce stress in the environment,
which may induce changes in the mechanical properties of individual tumour cells by making
them pass from rigid bodies to semi-elastic entities. We explored two scenarios: a first one where
only cell’s plasticity is impacted by the treatment, and a second one where the treatment has a
double effect of preventing cell proliferation as well as changing cell mechanics.

Under these hypotheses, we obtained a modified version of the Keller-Segel model, known as
the nonlinear volume-filling approach for cell motion, where the cell mechanical properties are
taken into account in the form of the so-called squeezing probability. In the nonlinear volume-
filling Keller-Segel model, this squeezing probability function could be related to the amplitude
of the transport term towards zones of high chemoattractant density (chemosensitivity), as well
as with the (nonlinear) diffusion coefficient.

By performing a linear stability analysis, we are able to detect and characterise the parameter
ranges for which the homogeneous distribution is unstable, i.e. the ranges for which patterns ap-
pear as the result of the dynamics. We show that the emergence of patterns without treatment
(i.e. when cells act as rigid bodies) is driven by a fine interplay between the chemotactic sen-
sitivity, which tends to aggregate the cells, and the diffusion, together with the logistic growth,
which tend to smoothen the solution. We are able to compute the critical chemosensitivity value
above which the system self-organizes into aggregates, and characterise the size of the aggregates
as a function of the model parameters.

Under treatment, i.e. when cells behave as semi-elastic entities, we show that the critical
value of the chemosensitivity above which patterns emerge is smaller than that in control cultures,
showing that as cells become more elastic, they tend to aggregate more easily than when they
behave as rigid entities.

We are able to completely characterise the size of the patterns and show that semi-elastic cells
create smaller aggregates than rigid entities for the same value of the chemosensitivity. These
results suggest that the mechanical properties of individual cells have a huge impact on the shape
and size of the aggregated patterns at the population level.

Moreover, we show that the ratio between the tight packing cell density and the carrying
capacity of the TME plays a major role in the size and shape of the obtained patterns. For
large values of this ratio, the aggregation abilities of the system are essentially driven by the
chemotactic transport term while the individual cell mechanical behaviour has little impact on
the shape and size of the patterns. However, for smaller values of this ratio, i.e. when the tight
packing density is closer to the carrying capacity of the environment, cell mechanics has a huge
influence on the behavior of the population.

These results are confirmed by numerical experiments in 1D and 2D for which, given an initial
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perturbation of the homogeneous cell distribution, we observe the emergence of cell aggregates
and we recover the critical values of the chemosensitivity predicted by the stability analysis. We
obtain a very good correspondence between the simulations and the theoretical predictions, for
the appearance of patterns as well as their size.

By performing simulations of the whole system, we recover the experimental observations:
introducing the treatment (TMZ in the experiments mentioned in Section 4.2) on already-formed
aggregates leads to the quick formation, of more compact patterns. As the treatment diffuses in
the domain (changing locally the cell mechanical properties as it goes), it sharpens the border
of the cell aggregates and leads to denser and well-separated clusters.

While the border sharpening of the clusters is independent on whether proliferation is acti-
vated or not during treatment, the shrinking of the clusters is more clear when the treatment
has the double effect of changing the cell mechanical properties as well as blocking cell prolifer-
ation. Indeed, when proliferation is still active in the presence of the treatment, we observe the
merging of existing clusters and this results in aggregates being larger than before treatment.
These results suggest a possible mechanism for the shrinking of the aggregates observed under
the experimental conditions described in Section 4.2: TMZ might not only stop cell proliferation,
but might also generate a stress in the environment to which cells respond to by changing their
mechanical state.

While alterations of mechanical properties, around or inside the tumour, are common in
solid tumours including GBM, the question of the nature and the regulation of cancer cells
through mechano-sensitive pathways are largely unknown. Recently, in a Drosophila model,
glioma progression has been associated to a regulatory loop mediated by the mechano-sensitive
ion channel Piezol and tissue stiffness [57]. A direct perspective of these works consists in
verifying the potential mechano-sensing effect of TMZ proposed in the present model, through
direct measures in real systems by studying the mechanical properties of individual GBM cells
which have been exposed to TMZ treatment. The targeting of mechano-sensitive pathways
after TMZ treatment may provide new therapeutic angles in GBM and in more general settings.

Moreover, it would be interesting to identify other clinical settings where the effects of the
treatment are similar to those of TMZ in GBM, and to check if the effects are due to changes
in the tumor cell properties corresponding to the general hypothesis of the model constructed in
this work.

In the future, better quantitative comparison with experiments will allow for systematic
choice of parameters and validation of the mechanisms we propose here. From a biological
point of view, a natural sequel of this work consists in studying the coupled effect of TMZ and
irradiation. Indeed, even if TMZ alone seems not to suffice to decrease the tumour mass, the
coupling of TMZ treatment with irradiation has been shown to have more efficient effects than
irradiation alone [186, 27, |. It would also be interesting to introduce a second treatment
with cytotoxic effects in this model, to study whether the mechanical changes of individual cells
induced by TMZ could explain the better response of the system to irradiation treatments.
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4.A Derivation of the general model

The modified Keller-Segel system (4.7), including the squeezing probability (4.3) was derived

in one dimension in 162, | from a continuous-time and discrete-space random walk. In this
appendix we give a more general (and formal) derivation in R™ starting from a kinetic equation,
analogous to [160, 176]. For simplicity, we do not include cell proliferation in this derivation.

Let us consider a mesoscopic density h(x,t,v), wherex € R"andv e V = {x ¢ R" : [x| = 1},
which evolution is described by the following kinetic equation

Beh +v - Vh = —£(Q)h(x,,v) + (o (x,1) /V T(v, v, O)h(x,t,v') dv’ . (4.24)

Equation (4.24) describes a so-called velocity jump model where, individuals moving in an almost
straight line, described by the left hand side, switch velocities after stopping. The right hand side
of (4.24) describes the density of cells that are stopping with a frequency &(c) = fV T(v',v,c)dv’,
where the operator T'(v,v’, ¢) gives the probability of a velocity jump from v’ to v. Note that
the cells change velocity also depending on the chemoattractant concentration ¢(x, t).

The second term in the right hand side represents the individuals that start a new trajectory
with a different velocity v/. Note that this term is multiplied by the squeezing probability ¢ since
the change into a new velocity is also determined by the probability of finding a neighbouring
space available.

Now we introduce a parabolic scaling (x,t) — (X/e,1/e?) into (4.24), where the bar denotes
the new variables and ¢ < 1. Letting T'(v,v’,¢) be a small perturbation of a random turning
event, T(v, v’ ¢) = Ty + eTyT1 (v, V), we have, after dropping the bars,

e20ihf +ev - VhE = q|V|Tou® (x,t) + EqTo/ Ty (v, Ve)h (x,t,v') dv’
%
— hE(x,t,v)To|V| — eToh® (x,t,v)|V|T1(v,Ve) , (4.25)

where )
u®(x,t) = —/ he(x,t,v)dv . (4.26)
VI Jv

Dividing by ¢ we get
T
cOh7 +v - VhE = 2 (qus(x, Hv| - hE(x,t,v)|V|>

+ Ty (q/ T (v, Vo)he (x,1,v') dv' —ha(x,t,v)\V\Tl(v,Vc)) . (4.27)
1%

The leading order terms in (4.27), when € — 0, give h(x,t,v) = qu(x,t). Integrating with respect
to v € V in (4.25) we obtain a macroscopic conservation equation

Ou+V-j=0, (4.28)

where j¢ = ﬁ fv vhe(x,t,v)dv is the mean direction of the cells.

Finally, we have to obtain j° in terms of the macroscopic density u®. For that, we multiply
(4.25) by v and integrate in V to get

e2|\V1]0:5° + V / v ®vhedv = —Tp|V|?j¢ — \V\TO/ vTi(v,Ve)he dv . (4.29)
14 |4
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Letting h®(x,t,v) = qu + eh*(x,t,v) + O(c?) we obtain, in the limit as ¢ — 0,

. —fyvevdy J, vTi(v,Ve)dv
=—Y __  V(qu) - uq . 4.30
J TV (qu) 4 q (4.30)
Substituting (4.30) into the conservation equation (4.28) we obtain
Ou —V - (d1V(qu) - X(c)uq) =0, (4.31)
where I q [ NTy(v,Ve)d
vV ®vdv vii(v,Vc)av
dj=2¥Y_— — d =2V ’ 4.32
1 TO|V|2 an X(C) |V| ( )
Considering the squeezing probability function ¢(u) in (4.3) and using the chain rule for
differentiation, V(qu) = (¢ — ¢'u)Vu where ¢’ = g—g we finally have, assuming x(c) = x,, Ve,

Ou =V - (d1(q — ¢u)Vu — x,uqVc)
=V - (d1D(u)Vu — xuo(u)Ve) . (4.33)

Remark 34 With the choice (4.3) for the squeezing probability, the diffusion of the cells is
enhanced (%1(7) > O). This means that the elastic collisions of the cells may increase, locally,

the random motion component.

4.B Stability analysis

First part of the experiments We first observe that the homogeneous distributions u(x,t) =
u* and ¢(x,t) = ¢* are steady-states solutions of system (4.16) for u* and ¢* such that f(u*) =0
and g(u*,c¢*) = 0. In order to study their stability, we consider the system without spatial
variations

Opu= f(u), COc=g(u,c), (4.34)
and linearize the solution at (u*, ¢*). We obtain
u—u* fx 0
0y0 = Go , where o = " and G=1 ‘", 1., 4.35
o o, w o (c—c) (C lgr ¢ 1%) (4.35)

where the quantities f¥, ¢ and g} are the linearization slopes of f and ¢: f¥ = f'(u*), g =
Oug(u*,c*), g5 = O.g(u*,c*). The steady state is linearly stable if tr(G) < 0 and det(G) > 0,
which imposes the following constraints on the kinetic functions f(u) and g(u, c),

fi+¢ g <0 and flgr>0. (4.36)

Note that in our case, f¥ = —rg, ¢ =1, g5 = —1 so the conditions are satisfied.

We now go back to the full chemotactic system (4.19). In order to investigate the stability
of the homogeneous steady-state, i.e. the ability of the system to create patterns, we introduce
a small parameter ¢ < 1 and write

u=u*+eu(x,t), c=c" +eé(x,t). (4.37)

We substitute (4.37) into (4.19) and, computing the first order terms with respect to e and
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neglecting higher order terms, the linearized system reads

Ou = Au— Apr(u*)Ac+ufir + cfr

4.38
(Orc = Ac +ug,, +cg;. , (4.38)

where ¢1(u*) = u*q1 (u*). We now look for perturbations of the form

u(x,t) = ap(t)r(x) and c(x,t) = bi(t)vu(x) (4.39)
k k

where (¢g)r>1 is an orthonormal basis of L?*(2) and satisfies the following spatial eigenvalue
problem
I

— Aty = Ky, o =0. (4.40)

Then, the linearized system (4.38) can be written as

O (ar) = —ark® + Ay (u*)bek® + ar fi; + bif7

L (4.41)
Cat(bk}) = _bk}kQ + Ak Gy, + bk?gc ’

where k is the spatial eigenfunction, also called the wavenumber and 1/k is proportional to the
wavelength w. In matrix form we can write (4.41) as 0, Xy (t) = Pi(t) X (t) where

_(a (RS AbR
xo= () om=(COR ANERS) (4

Remark 35 Since the solutions of the eigenvalue problem (4.40) are simply sines and cosines,
the “size” of various spatial patterns is measured by the wavelength of the trigonometric functions.
For example, in one dimension when 0 < x < L, v « cos(nmz/L) and the wavelength is w =

1/k = L/nw, where n € Z.

If the matrix Py has eigenvalues with positive real part, then the homogeneous steady state
(u*, ¢*) is unstable, resulting in pattern formation. The characteristic polynomial related to
(4.42) is given by ¢? + a(k?)l + b(k?) = 0 where

a(k®) = (L+ ¢ HE = (fa +¢ g0 (4.43)
b(k?) = ¢k — M gl + fr 4 g A (u) R+ (T gl (4.44)

The eigenvalues ¢ determine the temporal growth of the eigenmodes, and we require Re(£(k?)) >
0 for the homogeneous steady state to be unstable. Note that we only look for the eigenmodes
k # 0 since we already guaranteed that the steady state is stable in the absence of spatial
perturbations, i.e. Re({(k? = 0)) < 0 in (4.36).

From the conditions (4.36), we know that a(k?) > 0, hence the instability can only occur if
b(k?) < 0 for some k so that the characteristic polynomial has one positive and one negative
root. This implies

kKt — (g2 + fo + 9u A1 (w))k + frgs <0 (4.45)
We also know from (4.36) that frg* > 0, then a necessary (but not sufficient) condition for
b(k?) < 0 is
ge + fu + guAdr(u”) > 0.
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Remark 36 The bifurcation between spatially stable and unstable modes occurs when the critical
expression byin(k2:) = 0 is satisfied.

min

Moreover, to satisfy (4.45) the minimum by,;, must be negative [1419]. Differentiation with
respect to k2 in (4.44) leads to

(95 + fi + g5 Ap(u*))?

bmin(k?nin) = — 4 + Zg: . (446)
Hence, the condition by,;, < 0 implies
9o + fu + 9uAdr(u) > 24/ (fg7) - (4.47)

To summarise, we have obtained the following conditions for the generation of spatial patterns
for the chemotaxis system (4.19),

fo4+Clgr <0, figi >0, (gl + fi— (T lgiAdi(ut) > 0,

4.48

go + fo + gnAdi(u) > 24/ frgr . s

From the analysis in this section, and using the particular forms of ¢1(u), f and g as in (4.19),

it is easy to see that the spatially homogeneous steady states are (0,0) and (tmax, Umax). We can

check that (0,0) is an unstable steady state, therefore we only work with (¢max, max) Which, on

the contrary, is stable. The first and second properties in (4.48) are immediately satisfied, i.e.,

—(ro +¢71) < 0 and r/¢ > 0, respectively. Finally, we have to check that the third and fourth
conditions are satisfied as well. We have that

—1—T0+Aqf)1(u*) > 2\/7"70 . (449)

Therefore, (4.49) is a necessary condition for pattern formation for the original system (4.12).
Considering A as a bifurcation parameter, we can obtain a critical value A¢, so that we observe
pattern formation if A > A°. From (4.49) we get

2\/ro +1+rg

A= ——————— . 4.50
Umax (1 - umﬂax) ( )
The corresponding critical wavenumber k2 is obtained from (4.46) using (4.49) as follows,
* * *Ac *
k§:96+fu+gu ¢1(“):@:\/ﬂ (4.51)

2

This means that, within the unstable range, Re(£(k?)) > 0 has a maximum wavenumber given
by k2. The range of linearly unstable modes k3 < k? < k2 is obtained from b(k?) = 0,

_ _ 2_4** _ 2_4**
k‘%: m \/77; fugc <k2<kﬁ§: m+ 7721 fugc’ (452)

where m = —(g} + fo + g Ap1(u*)).
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Second part of the experiments Following the same steps as before we linearise the system
(4.17) to get
Oyw = Da(w*, M*)Aw — Bo(w*, M*)Ac+ wf |

COc = AcH+ wgy, + cgi (4.53)
moyM = AM — dow ,

where *
Dy(w”, M*) = 1+ (vis — 1>(U; )W L dawr ) =w(1- ()

and 7}, is given by (4.5) evaluated at M*. As in (4.39), we let
=S @), ctot) = bt , Mot =S (), (154)
k k

where 1y (x) satisfies (4.40) and we obtain a system 0; X (t) = Py (t) X (t) where

033 —DQ(U) M*)k2+f{; B(lj)g(w*,M*)kz 0
Xp=|bx|, P.= 9% Z(=k% +g) 0 : (4.55)
Ck fv(v), 0 7%]{:2

Similar to the previous section, the characteristic polynomial is given by a(k?)¢3 + b(k?)¢? +
c(k?)0 + d(k?) = 0 where a(k?) = —1 and

b(k?) = —(Ds + 2 + >k2 + i gg (4.56)
(D2 Dy 1 geD2 fo | Jo | 9uBo2

JSuwge 4.57

c (4.57)

d(k?) = zzkﬁ + 7(D2gc + g5 Bos + fi)k* + 7( fagi)k?® . (4.58)

In general, the stability analysis for this cubic polynomial will require the Ruth—-Hurwitz
stability criterion [119] which states that the steady state is unstable if the coefficients of a(k?)¢3+
b(k*)0? + c(k?)l + d(k?) = 0 satisfy the condition

1
@y ¢

However, from (4.55) we observe that one of the eigenvalues of the matrix Py is given by ¢; =

b(k*)e(k?) — a(k*)d(k?)) < 0.

% < 0. The remaining two eigenvalues can be computed from the upper-left matrix

(-Dz(w*,M*)kQJrffu B¢2(w*,M*)k2> 7 (4.59)

Lol Lk 4 g0)

following the same analysis as for the case without TMZ.
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The characteristic polynomial £2 + @(k?)¢ + b(k?) = 0 related to (4.59) has coefficients

1 g
— 1.2\ __ * * - 2 px _ Jc
(k) = (Daw’, M)+ 2R = 1= (4.60)
- Dy(w*, M*) , Dy(w*, M*)g:  Boo(w*, M*)gl  fiN . o
b k2 = k* — c 4 no Jwp
=== (7 ; )
*g*
+ == 4.61
: (461
For the steady state to be unstable we require, as before, that Re(¢(k?)) > 0. Since a(k?) > 0

the instability can only occur if b(k?) < 0. Computing dz(,f;) = 0 from (4.61) we obtain

D * M* * * B * M* *
k_rgnin: 2(’11) ) )gc * Gw ¢2(w ’ )+fw ) (462)
2D2(w*, M*)
Hence from the condition by, (k2;,) < 0 we get
Da(w*, M*)g; + g1, Boa(w”, M*) + f3, > /4Da(w*, M*) f1g: . (4.63)

The spatially homogeneous steady state is (w*, ¢*, M*) = (tmax, Umax, Ms), where
M, = |Q|7! [, M(x,0) dx. Therefore, from (4.63) we obtain a critical constant B¢ so that for
any B > B¢ we observe pattern formation. This critical constant is given by

B — 2 \V fOD2(umaxa Ms) + D2(umaX7 Ms) + 7’:0

Tar , (4.64)
(i ()
where u Tt
D (tmas Ms) = 1+ (s, = 1)( 2222 7 (4.65)
The corresponding critical wavemode is given by
k2 — D2(umaX7Ms)g: +g;Bc¢2(umaX,M5> + f:, _ \/DQ(umaxaMs)( {Zgz) ) (466)
¢ QDQ(UmaXaMs) DQ(umaxaMs)
Finally, the unstable modes are k? < k2, where from b(k?) = 0 we get
—m — \/m2_4D2(UmaxuMs)( *g*) 2 2
kQ _ wdc k k
! 2D2(umaX7Ms) < < 2
_ —m + \/an — 4Do(umax, Ms)(f9%) (4.67)

2D2 (umaxa Ms )

for m = —(D2(Uma)c7 Ms)gz + g'Z;Bd)2(umaxa Ms) + f;;;)

4.C Description of the numerics

We denote H'(Q2) = W12(Q) the usual Sobolev space and the standard L? inner product
is denoted by (-,-). Let 7", h > 0, be a quasi-uniform mesh of the domain §) consisting of N
disjoint piecewise linear mesh elements K such that the discretized domain Qy = (Jxcrn K.
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Let hi := diam(K) and h = maxg hx and for d = 2, we choose linear triangular elements.
In addition, we assume that the mesh is acute i.e. for d = 2, each angle of the triangles can
not exceed 5. We must stress that for d = 2 since the domain  is circular, a small error of
approximation is committed using £2;,. We consider the standard finite element space associated
with 7"

Vhi={xeC@Q): x|, ePIK), VKeT"ycH (Q), (4.68)

where P*(K) denotes the space of first-order polynomials on K. Let N, be the total number of
nodes of 7", J;, the set of nodes and {z;};=1,... N, their coordinates. We call {x;};=1,... n, the
standard Lagrangian basis functions associated with the spatial mesh. We define the standard
Lagrangian interpolation operator by ©* : C(Q2) — V". We also need the lumped scalar product
to define the problem

(m1,m2)" = /QWh (m()me(x))dz = D (1L, x)m(@;)m(z;) . m,me € CQ) .

x;€Jp

We define the standard mass and stiffness finite element matrices as G and K, where

Gij:/Xindﬂf, fori,j=1,...,Np,
Q

Klj:/V)@Vdex, fOri,jil,...,Nh.
Q

In the following finite element approximation of the Keller-Segel problem, the mass matrix is
lumped, i.e. the matrix becomes diagonal with each term being the row-sum of the corresponding
row of the standard mass matrix,

Ny,
Gl7ii::ZGij, fori=1,..., Ny .
j=1

Given Np € N*, let At := T /N7 be the time-step where T is the time corresponding to the end
of the simulation. Let t,, := nAt, n=0,..., Ny — 1 be the temporal mesh. We approximate the

n+1 n
. . . . u —Uu
continuous time derivative by % ~ —b——" We define

At -
Np, Np,
up(z) = Zu?xj(m) , and cp(x):= Zc}lxj(x) ,
j=1 j=1

the finite element approximations of the cell density v and the concentration of chemoattractant
¢ where {u?}jzlw’Nh and {C?}jzl,m,Nh are unknowns and {x;};=1,..~, is the finite element
basis. Then, the finite element problem associated with the system (4.16) reads as follows.



130 CHAPTER 4. Treatment-induced shrinking of tumour aggregates

For eachn=0,..., Ny — 1, find {u2+17cz+1} in S x S*, such that for all y € S"

h

u;LH_l B “Z n n+1
X))t (D(up)Vup ™, Vy) =
n h
(A @) T, 70 +ro (o (1= 1) ) e
CZH —cp " 1 1 1 h
C(At’x> =— (Ve vx) + (uptt = X)) (4.70)

The finite element scheme associated with the system (4.17) including the effect of the treat-
ment is the following

n+l . n h o
9<wh AL wh,x) + (D(wy, M) Vwptt, V)
n h
- (B @Spw(wg’M’?)) VCZ’VX) T <“’Z(1 - uwh )x) : (4.71)
n+l _ n h
¢ (ChAtCh’X> — — (VL V) + (wp =t (4.72)
n+l n h
" (MhAch’X> = — (VML Vx) =6 (M )" (4.73)

In order to describe how the chemotactic coefficients ¢"*P and a;lpw are computed, let us
rewrite the discrete equation (4.69) into its matrix form

(GL + AtKp)u"™ = Gru" + AtKyc" + AtGrg” ,

where u" and ¢ are the vectors of coefficients which are the unknowns of the problem and g" is
a vector defined by

Umax

@nh_(“;i(l U ))(:ci), fori=1,...,N .

We define the finite element matrices associated with the diffusion Kp and the advection K,

Kp,; = /QD(UZ)VXiVXj dez fori,j=1,...,Np, (4.74)

Kgsi:5 = / OV (upy (z4),up (z5)) VXiVx, de fori,j=1,...,Np . (4.75)

Q
In (4.74), the integral is computed using Gauss quadrature to deal with a potential choice of
nonlinear functional for D(u}'). The exactness of the quadrature is obtained using the adequate

number of Gauss points since D(u}) is a polynomial of order (M) + 1.

The chemotactic coefficient is computed using an upwing approach. For each element and
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depending on the direction of the gradient of the chemoattractant we have
up (z5) <1 — (M , it di(zy) — cp(z) <0,

APV (ug (), up (15)) = () (1 B ( : (4.76)

@) )Y | otherwise.

Therefore, the chemotactic coefficient is chosen as function of the sign of the difference of chemoat-
. . —Tupw .

tractant between nodes connected by an edge. The same method is applied to compute ¢,  in

(4.71). The property of non-negativity of the cell density satisfied by our numerical scheme can

be proved using similar arguments as in [166].

4.D One dimensional numerical results

Influence of the domain size The unstable wavenumbers are discrete values, k = nw/L,
that satisfy the relation (4.52) from Section 4.4.2. The wavemode n determines the number of
aggregates depending on the length of the domain. For A = 7 and the parameters specified
at the beginning of this section we have 0.25 < nw/L < 0.4. As shown in Figure 4.14, as we
increase the length of the domain, the number of aggregates also increases. When the domain is
large, as in Figure 4.14c, we observe that some aggregates are merging together while others are
emerging, i.e., they are formed from a zone of low cell density. This process is called coarsening
[162] and is not observed in a small domain such as in Figure 4.14a.
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Figure 4.14 — Relationship between the wavenumber k& and the length of the domain L for A = 7.

For the remaining simulations in this section we fix the length of the domain to L = 40, and
all simulations are performed with carrying capacity umax = 0.5.

Comparison of the results with the stability analysis predictions Here, we study the
influence of the chemosensitivity parameter A on the pattern dynamics and size of the aggregates,
in the presence or absence of TMZ. In order to compare the solutions to the predictions of
the stability analysis, the initial condition is a small perturbation around the homogeneous
distribution ug = 0.5. Results of this section are obtained with a proliferation rate ro = 0.1.
For such parameters, using the results of Section 4.4, the critical value of the chemosensitivity
parameter without the treatment (in P1, when M = 0 and therefore vy =1 ) is A° ~ 6.92 and
with the treatment uniformly distributed (for vy = 5) is B¢ ~ 3.9.

In the first part of the experiment, i.e. without any treatment, we show in Figure 4.15 the
formation of patterns at different times, for A = 7 (close to the instability threshold, Figure
4.15a), A = 50 (Figure 4.15b) and A = 150 (Figure 4.15¢). We observe here the process of
merging and emerging patterns through time.
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Figure 4.15 — Formation of the pattern without the treatment for (a) A =7, (b) A =50 and (c)
A =150 when rg = 0.1 and Umax = ug = 0.5.
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As predicted by the stability analysis, larger values of the chemotactic sensitivity A favor
the emergence of smaller aggregates (compare Figures 4.15a and 4.15¢ for A = 7 and A = 150,
respectively). This is due to the fact that for larger chemotactic sensitivity, cells are more
attracted to zones of high concentration of chemoattractant. The creation of patterns instead
of the expansion of a homogeneous cell distribution is due to an instability which results from
a positive feedback loop between the production of the chemical by the cells on one hand, and
their attraction to high density zones of this chemical on the other. The chemotactic sensitivity
A must be large enough to trigger this instability, in order to compensate the competing effects
of diffusion and of the logistic growth term, which on the contrary, tends to regulate the local
cell density to the carrying capacity of the environment .y, and therefore induces cell death
inside the aggregated patterns for which the density is above tyax.

When the drug is introduced uniformly in the domain starting from a homogeneous distri-
bution of cells (i.e. for M = 1, vy = 5) at time ¢t = 0, we show in Figure 4.16 the formation of
patterns at different times, for chemosensitivity B = 5 (close to the instability threshold, Figure
4.16a), B = 30 (Figure 4.16b) and B = 150 (Figure 4.16¢). Note that in this case we also let
cells to proliferate with rate rqg = 0.1.

As one can see in Figure 4.16, we first observe again that increasing the chemosensitivity
parameter B results in the formation of smaller cell aggregates (compare Figures 4.16a and
4.16b). Very close to the instability threshold (Figure 4.16a), the system converges quickly to
one aggregate, while for larger values of B (Figure 4.16¢) a large number of well-separated small
aggregates arises. These clusters merge in time to form bigger clusters as for the case without
the treatment. Moreover, comparing Figures. 4.15¢c and 4.16¢, we clearly observe that varying
the mechanical state of cells (i.e. passing from vy = 1 to vy = 5), leads to a change in the
cell’s aggregate size. When cells are more elastic, they tend to create smaller aggregates than
when they behave as rigid spheres.
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Figure 4.16 — Formation of the pattern with treatment (M = 1,v5 = 5), included at ¢ = 0 when
ug = 0.5, o = 0.1 for (a) B=15, (b) B =30 and (¢) B = 150.



Chapter 5

Compressible
Navier-Stokes-Cahn-Hilliard model
for the modelling of tumor invasion
in healthy tissue.

Abstract
We propose a compressible two-phase Navier-Stokes-Cahn-Hilliard model to represent the biological
situation of two cell populations moving through a fibrous extracellular matrix. To study the emergence
of irregular tumor borders during the invasion of the surrounding healthy tissues, we consider that one
population proliferates and the two cell populations have different mechanical properties. Our generalized
Navier-Stokes-Cahn-Hilliard model is consistent with the laws of mechanics and thermodynamics. From
simple assumptions, we recover a simpler model that is similar to a system of two-porous medium
equations. In this model, the two equations are coupled through a pressure term. Our study shows that
when tumor cells move faster through the ECM than the cells constituting the healthy tissue, irregular
tumor borders may emerge. In a future work, we will investigate the effect of cell-cell adhesion and cell
viscosity on the emergence of these patterns by numerical simulations of different scenarios.

This chapter contains preliminary results of an ongoing work with Tommaso Lorenzi.

5.1 Introduction

We derive and study a mathematical models for the dynamics of two cell populations with
different mechanical properties. We also assume that only one population is proliferating while
the other is in homeostatic equilibrium. To consider the effect of the extracellular matrix, we
assume that the cells are moving and exert adhesion effects on a mesh of hard fibers. We use a
mixture model to represent the two cell populations, and we follow the evolution of their mass
fraction. The mathematical representation of the mechanical interactions is given by a system
composed of a Cahn-Hilliard type model coupled with a compressible Navier-Stokes equation for
a viscous mixture. To consider the adhesion of cells on the ECM, we include a friction term in the
equation for the velocity field. Altogether, our model can take into account possible differences
in mechanical properties between the two cell populations.

We denote by p the mass density of the mixture, ¢ the mass fraction of one of the cell phase
and p the hydrostatic pressure. We pose our problem in a smooth bounded domain  C R?

135
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d =1,2,3. Our model reads

dp
T —div (pv) pcG(p),
Dc .
poy = v (B(e)Vi) + pe(1 = )G p),
pp = —’ydiV (pVC) + P%v
D
p[T: = — [Vp+~div (pVe® Vo) + div (v(c) (Vv + Vv'))

- %V (v(e) (div (v))) — k(c)v — pevG(p),

supplemented by zero-flux Neumann boundary conditions

op Ov__ 0Opc  9dp

on On On  On
where n is the outward normal vector to the boundary 0€). Borrowing the terminology of the
Cahn-Hilliard framework, we referred to p as the chemical potential and 1)y as the homogeneous
free energy that represents the mechanical interaction between cells. The phases of the fluid are
separated by a smooth transition layer of width /7. We also have that b(c) is a degenerate mo-
bility functional, G(p) is a pressure-dependent growth function that represents the proliferation
of cells, v(c) is a viscosity coeflicient and (c) is a friction coefficient. These two latter functions
are used to take into account the fact that for the two components of the mixture friction and
mobility affects can be different.

Building upon [139], we aim at modelling the dynamics of two cells populations in a scenario
whereby one of them is proliferating while the other is not, and the two populations move with
different velocities. In [139], the authors proposed the model

(5.1)

% — k1div (¢1Vp) = ¢1G(p),
3;;2 — Rodiv (¢2Vp) = 0,

where ¢1,¢o are the relative mass densities of each cell population, k1,ks are the mobility
coefficients that can be different, and p = p® is the pressure and a > 1 is a parameter controlling
the stiffness of the pressure law. This model is used as a phenomenological representation of
two cell populations with a possible application to the modelling of tumor protrusions in breast
cancer. Numerical simulations of this model present two types of possible patterns depending on
the values of the mobility coefficients. The initial condition that the authors considered represents
a spherical core of cell of population 1 surrounded by cells of population 2. If k1 < kg, it appears a
spherical wave of dividing cells pushing the surrounding non-dividing cells. However, if k1 > ko,
as the proliferating population grows, finger-like instabilities emerge. These protrusions are
comparable to the viscous figering patterns (i.e., Saffman-Taylor instabilities) seen in Hele-Shaw
cells when a fluid is injected in a thin space contained between two parallel plates that contains
a more viscous fluid [171].

The patterns observed in [139] are qualitatively similar to patterns of tumor cell growth
observed in patients affected by breast cancer. Indeed, Figure 5.1 is a histological examination
of an invasive breast tumor taken from [199]. An irregular invasive front is observed, and the
authors in [139] suggested that a possible explanation of this phenomenon could be a contrast
of motility between cancer cells and adypocytes. Figure 5.1 indicates also an other important
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effect. A differences in size and number of adipocytes is observed close to the tumor protrusions.
This seems to indicate that the physical properties of the adipocytes play an important role in
the emergence of these irregularities of the tumor. Based on these observations, we are interested
in understanding the key physical properties of tumors and cells of the healthy tissue that allow
for the emergence of protrusions of the tumor inside the healthy tissue.

Figure 5.1 — Histological image of a breast tumor taken from [199]. Adipocytes are whites cells
while tumor cells are purple. IF refers to the invasive front, and C to the tumor center. The
dark arrows point to zones close to the protrusions where adipocytes have a smaller size and are
less numerous. (with permission from the journal to reproduce the figure).

We aim to derive a general model that considers the effects of adhesion between cells and on
the extra-cellular matrix, pressure, active motility, and viscosity. A complete description of all
the different cell types present in and around the tumor would lead to a complex and lengthy
system of equations. To simplify our mathematical representation, we focus only on two cell
types: tumor and healthy cells. Our modeling approach relies on the theory of mixture for the
representation of living tissue [16]. To highlight the crucial physical effects, we do not neglect
any effects that can occur in the mixture: we keep inertia and compressibility. Altogether, our
model is a thermodynamically consistent model of two-phase compressible fluid with a source
term and friction term, i.e., a generalized Navier-Stokes-Cahn-Hilliard system. To understand
the derivation of a multiphase fluid model with the theory of mixture within the framework
provided by basic thermodynamics we refer the reader to [114].

This type of compressible Navier-stokes system coupled to a Cahn-Hilliard equation to take
into account the effect of adhesion and repulsion forces between the component have been used
in material sciences. Lowengrub and Truskinovsky [141] derived a model for compressible Cahn-
Hilliard fluids consistent with thermodynamics. They investigated the assumption of incom-
pressibility and showed that the velocity may not be solenoidal in that case, therefore referring
to the mixture as a quasi-impressible fluid. In [I], Abels and Feireisl proved the existence of
global weak solutions for a variant of the compressible model of Lowengrub and Truskinovsky
[141]. Indeed, to use the method of Leray [131] and Lions [130], they used a thermodynamically
consistent modification of the constitutive relation for the homogeneous free energy of the model.

In the present work, our model is a modification of the compressible Navier-Stokes-Cahn-
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Hilliard model found in [141]. Indeed, we add a source term in the mass balance equation for the
population 1 and a friction term in the equation for the velocity field. These two modifications
are considered to take into account the effect of friction on the ECM and of proliferation of
tumor cells. However, we show through a physically rigorous derivation that even with these
modifications, the model remains consistent with thermodynamics. Altogether, this work aims
at using a compressible two-phase Navier-Stokes-Cahn-Hilliard fluid to represent the progression
of a tumor in a healthy tissue and understand what are the crucial mechanical properties of the
tissues to observe the emergence of irregularities at the surface of growing tumors.

Numerous research pieces using the Cahn-Hilliard framework for the modeling of tumors can
be found in the literature. Starting from the work of Khain and Sander [126], which used the
Cahn-Hilliard equation for incompressible diphasic fluids as the continuous equivalent of a dis-
crete model describing two populations of cells that can move, proliferate, and experience cell-cell
adhesion, many authors started to model living tissues and in particular tumors as Cahn-Hilliard
fluids. Indeed, Wise et. al. [203], and Frieboes et. al. [90] presented a Cahn-Hilliard framework
for incompressible diphasic fluids to model tumor growth. In these three previous works, the
potential representing attractive and repulsive forces (i.e., the homogeneous free energy) is a ther-
modynamically relevant double-well logarithmic potential function. Furthermore, the motilities
of the two components inside the mixture are assumed equal and constant.

To better represent the movement of tumor cells using the Cahn-Hilliard framework, Chate-
lain et. al. [56, 55] and Agosti [8] used a logarithmic single-well potential to represent attractive
and repulsive forces occurring between the components and a degenerate mobility function. This
choice of potential is a phenomenological representation of the scenario where tumor cells are
the only active components of the mixture, the other phase being only composed of inactive
matter such as the extracellular fluid or non-active cells. This choice is also explained by the
work of Byrne and Preziosi [46]. The two types of potential are investigated in our work to un-
derstand the effect of the attractive and repulsive forces exerted by the healthy cells. Altogether,
the framework provided by the degenerate Cahn-Hilliard model with a single-well potential has
shown very promising results and retrieves a qualitatively good agreement when compared to
patient data [10, 9].

This type of Cahn-Hilliard model has been modified to include the representation of more
physical effects. To this end, Garcke et. al. proposed a Cahn-Hilliard-Darcy model for two-phase
incompressible fluids [98] (that has been extended to the case of multiphase fluids [97]) in which
active and passive transport is considered as well as death and proliferation of cells. Active
transport is characterized by movement due to attractive and repulsive forces between cells and
chemotaxis due to nutrients that diffuse in the domain. The passive transport is given in the
model by an advection term where a Darcy-type equation defines the velocity field. To take into
account the effect of the fluid viscosity, this model has been modified using a Brinkman-type law
to define the velocity field [71].

However, these two systems neglected an effect that seems to play a crucial role in our
application, the compressibility of tissues. However, even if incompressibility is often assumed in
the modeling, it is well-known that the compressibility of the healthy tissue due to tumor growth
results in the alteration of the physical properties of the micro-environment [85, , , ,

]. Furthermore, it has been argued that compressibility also plays a role in the proliferation
of tumor cells and their motility [132].

Therefore, to study the role of physical mechanisms during the invasion of a tumor in a
healthy tissue, and to understand the emergence of irregular tumor borders, we propose a general
two-phase Cahn-Hilliard fluid model. Our model includes the effects of compressibility of the
tissues, viscosity, adhesion and crawling of cells on the extracellular matrix, attraction and
repulsion between cells. The outline of this chapter is the following: in Section 5.2, we present
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the derivation of our model and show its consistency with basic thermodynamics. This section
gives the constitutive relations for the important functions of our system. Then, Section 5.3
presents the general assumptions on the important functions constituting the model. We also
give some particular choices of functions for our application, and explain their biological relevancy.
To understand the connection of our model to the system (5.1), we conduct in Section 5.4 formal
asymptotic calculations assuming that the adhesion of cells on the ECM (i.e., the friction term
in the equation for the velocity field) is the predominant effect. Section 5.5 presents the finite
volume scheme that we will use in to construct numerical solutions to the model equations.

Remark. This study is undergoing. The numerical experiments are currently conducted.
Many scenarios are tested to identify the crucial physical effects that produce the observed
irregularities.

5.2 Derivation of the model

5.2.1 Notation and definitions

We formulate our problem in Eulerian coordinates and in a smooth bounded domain £ C R?
(where d = {1, 2, 3} is the dimension). The balance laws that are derived in the following sections
are in local form.

We have two cell populations in the model where p1, ps are the relative densities of respectively
population 1 and 2. Thus, p; represents the mass of the population M; per volume occupied by
the i-th phase V; i.e.

Then, we define the volume fractions @1, o which are defined by the volume occupied by the
i-th phase over the total volume of the mixture

Therefore, the mass density of population i which is the mass of population 7 in volume V is
given by
¢i = pii-
The total density of the mixture is then given by
p=¢1+ ¢z
We also introduce the mass fractions ¢; = M;/M and we have the relations

pc; = ¢iy, and ¢ = (1 —ca). (5.2)

We denote by p the hydrostatic pressure of the mixture and vi,vy are the velocities of the
different phases. We use a mass-average mixture velocity

vV = % (¢1V1 + ¢2V2) . (53)

We define the material derivative for a generic function g (scalar or vector-valued) by

Dg _ 9g
Dt~ dt



140 CHAPTER 5. Cahn-Hilliard type model for tumor invasion

and indicate the definition of the differential operator
0
v-Vg= Z v; 29
J

In the rest of this article, we denote vectors by bold roman letters and we use bold greek letters
to denote second order tensors.

5.2.2 Mass balance equations

We assume that each component has its own velocity and the component 1 is proliferating
with rate G that depends on the local pressure inside the mixture p(p,c). The constitutive
relation for this pressure term will be given in the following sections, however we just specify
that p is not an unknown but it is a given function of p and ¢. Therefore, we have the mass
balance equations for each component
% + div ((blvl) = ¢1G(p)? (5 5)

% + div (¢2V2> =0. '

Summing the two equations, we obtain the continuity equation for the total density of the
mixture and using the mass fractions (denoting ¢; = ¢) and the relations (5.2), we obtain the
balance equation for the density of the mixture

7] .

a—i + div (pv) = pcG(p). (5.6)
To obtain a system analogous to (5.5), we rewrite the first equation of (5.5) using the definition
of the mass fraction (5.2) to obtain

dpc .
a—pt + div (pevy) = peG(p). (5.7)
The mass of the component 1 is transported by the average velocity v and the remaining diffusive

flux J; = pc (v — vy). Therefore, we can replace the previous equation by

Opc . .

a—pt + div (pev) = div (J1) + peG(p).

Then, using the definition of the material derivative (5.4) and the mass balance equation for the
total mixture (5.6), the left-hand side of the previous equation reads

Dc

dpc

— +div (pev) = p%i +c {8/} + div (pv)}

2

Altogether, we obtain the balance equation for the mass fraction of the component 1

Dc )
PO = div (J1) + pe(1l — ¢)G(p). (5.8)
Since ¢z = 1 — ¢, solving the equations (5.6) and (5.8) is equivalent to solving the system (5.5).
In the following, we refer to ¢ as the order parameter (terminology often use in the framework
of the Cahn-hilliard model [48, 47]).
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5.2.3 Balance of linear momentum

We write the balance of linear momentum [73], which describes the evolution of the velocity
v due to internal stresses. Indeed, we neglect the effect of any external forces, including gravity.
Following continuum mechanics, the Cauchy stress tensor gives the stresses acting inside the
mixture due to viscous and non-viscous effects. An additional stress must be taken into account
to represent the effect of concentration gradients [30]. Altogether, we assume that the stress
tensor is a function of the total density p, the order parameter ¢ (i.e. the mass fraction of
population 1), its gradient Ve, and the total velocity of the mixture v i.e.

o=o0(p,c,Ve,v).

The friction around the pores is modeled by a drag term in the balance equation [151] with a
friction coefficient x(c) = v(c)/Cp(c), where v(c) = vic + vo(1 — ¢) is the weighted viscosity
(with 11 and v, being the viscosities of fluid 1 and 2 respectively) and Cy(c) is the weighted
conductance of the pores. The conductance is given by

(5.9)

where £(c) is the weighted permeability of the porous medium.

For each dimension (for example if d = 3, then j = {z,y, z}), the balance of linear momentum
reads [73]
Opv;
ot

Then, using the continuity equation (5.6), we can rearrange the left-hand side to obtain

+div (pv;v) = div (), — K(c)v;.

(‘3ij
ot

DV]‘

_ Dv;
~ Dt

=i

+ div (pv;v) + pev;G(p).

0
+v; {6[; + div (pv)}

Therefore, we have

Dv, )
p o = div(e); — w(e)v; — pev;Glp).
Then, we can rewrite the balance of linear momentum for each direction in a more compact form
D
pD—Z = div(o) — k(c)v — pcvG(p). (5.10)

5.2.4 Energy balance

The total energy of the mixture is the sum of the kinetic energy pi lv|* and of the internal
energy pu, where u = u(p, ¢, Vc) is a specific internal energy. Comparing to the classical con-
servation law for the total energy, we have an additional energy flux T%. Indeed, due to the
interfacial region, surface effects must be taken into account. Following this direction, Gurtin
[109] proposed to include in the second law of thermodynamics, the effect of an additional force
called the microscopic-stress and is related to forces acting at the microscopic scale. We denote

this supplementary stress by 7.

Since we assume that the system is maintained in an isothermal state, the balance equation
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for the energy is given by [73]

0 (1 o . 1, 9 B Dc\ .
875([)2 |v] +pu>—|—d1v <p (2 |v] —l—u) v) div (a” v)—l—dlv( Dt) div (q) + pg, (5.11)

where q is the heat flux and pg is the density of heat sources to maintain the temperature
constant. Then, repeating the same calculations on the left-hand side to use the balance of mass
(5.6), we get

6 1 2 . 1 2 _ D 1 2 1 2
5 <p2 [v| +pu> + div (p (2 [v] —i—u) v) p [Dt (2 [v] +u>} + (2 [v| +u) pcG(p)

Applying the chain rule to the kinetic part, we get

R 1|v\2 — v &
PDi \ 2 AR

and using the balance of linear momentum (5.10), we obtain

Dv .
pv - D = v - div(e) — k(c) |V\2 — pc |V|2 G(p)

Using this previous results inside (5.11), we obtain the balance equation for the internal energy

Du

D 1
P o = div (67'v) — v - div (o) + div <TD§> + k(c) [v]* = div (q) + pg + pc (2 lv]* — u> G(p).

However, since
v (div(e)) — div (6'v) = =6 : Vv,

where Vv = (8%%)” L.
matrices A, B. Altogether we have the balance equation for the internal energy

PR the Jacobi matrix and, we have A: B =3, . A;;B;j, for two

Du 2 . 1, 2
P =0 Vv + div ( Dt) + x(c) [v|” —div (q) + pg + pc <2 [v|” — u) G(p). (5.12)

5.2.5 Entropy balance and Clausius-Duhem inequality

We aim at applying the second law of thermodynamics. To do so, we define the entropy
s = s(p, ¢, Vc) and the Helmholtz free energy F = F(p, ¢, V), both related through the equation

F=u—-Ts, (5.13)

where T denotes the temperature.

From the mass balance equation (5.6), we have the entropy balance equation

0 . s dp Ds
— +div(spv) = p— +s [at + div (pv)} =Py + pesG(p). (5.14)

Then, using the definition of the Helmholtz free energy (5.13) and the balance of energy (5.12),
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we obtain

Ds pDF  pDu

Dt~ TDt "TDt
. DC 2 . 1 2
=-—7pr T |0V Hdiv{To | (0 VIT —div(a) +pg +pc| 5 VT —u ) Gp)|,

(5.15)
where we have replaced the material derivative of the internal energy using its balance equation
(5.12).

The constitutive relations for the functions constituting the Navier-Stokes-Cahn-Hilliard
model are often derived to satisfy the Clausius-Duhem inequality (Coleman-Noll Procedure)
[73]. Indeed, this inequality provides a set of restrictions for the dissipative mechanisms occur-
ring in the system. However, in our case, due to the presence of source terms, we can not ensure
that this inequality holds without some assumptions on the proliferation and the friction of the
fluid around the pores. Therefore, we use here a different method: the Lagrange multipliers
method. Indeed, Liu [137] and Miiller [148] method is based on using Lagrange multipliers to
derive a set of restrictions on the constitutive relations that can be applied even in the presence
of source terms.

Following classical Thermodynamics [148], we state the second law as an entropy inequality,
i.e., the Clausius-Duhem inequality in local form |73]

Ds q-v
> — .
PDr le( T ) + T +d1v(j) + L,pcG(p), (5.16)

where J is the entropy flux and L, is an unknown Lagrange multiplier associated to the total
mass increase [110]. The inequality (5.16) results from the fact that the entropy of the mixture
can only increase. Using the equation (5.15), we obtain

p D71 [0‘ : Vv 4+ div (TDC) + k(c) [v|* + pe (; v|? — u) G(p)] +div (J)+ L,pcG(p) <0

Dt
(5.17)
Then, using the chain rule

DF _ DpdF  DcdF  DVc OF
‘Dt Dt dp ' Dt dc Dt dVe’

and
DVe

Dt

Dp

=V [Dt} (vv)' - Ve, Di = —pdiv(v) + pcG(p),

in the entropy inequality (5.17), we obtain

g [(_”div( )G G+ e (V [gﬂ - (Vv)T-Vc> aaéj

[a:Verdiv( gt> k(o) [v]? +pc<1| |2u) G(p)}Jeriv(j)JerpcG(p)gO

(5.18)
By chain rule, we have
di ’T&
Y\'pe) T

|
<
S
Fs,
+
ks
o
=
<
3
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Furthermore, we know that

—pdiv (v) %7; = —pz?;prl 1 Vv,

and OF oF
T — T .
—p ((Vv) . Vc) o= P (Vc@ 8Vc) :Vv.

Gathering the previous three relations and reorganizing the terms of (5.18), we obtain

OF oOF oOF Dc oF Dc
— 27 — —_—— * —_— 1 — —_— —
( p o 1-pVe® Ve a) (Vv + (p 5 dlv(T)) Di + <p6Vc 'r) \Y [Dt}
. 1 2 oF
+Tdiv (J)+pc |L, — | 5 +r(c) ) |v] —|—u+pa—p G(p) <0.

2
(5.19)
Then, we use Liu’s Lagrange multipliers method [137]. We denote by L. the Lagrange
multiplier associated with the mass fraction equation (5.8). The method of Lagrange multipliers
consists in setting the following local dissipation inequality that has to hold for arbitrary values
of (p,¢,Vp,Ve,v,p)

OF oOF
29, oS .
D : ( 0 R 1—pVe® Ve 0‘) Vv
OF . oF Dc .
+ <p6(3 — dlv('r)) i + <pm —’T> \Y [DJ + Tdiv (J)

tre {CP - (; + H(C)) v[* +u+ p%];} G(p) (5.20)

D
~ Lo (g v - pel1 - IG) ) < 0.
Since,
div (Ledy) = Lodiv (31) + VLo - J1,
we reorganize the terms of (5.20) to obtain

OF OF
. =221 Y .
Dy 1= < p 1—-pVe® o a) Vv

oOF . Dc oF Dc .
+ (pac —div(r) — pLC) Dr + <p6Vc - ’T> \Y [DJ +div(TT + L.Jy) (5.21)

+pe {Lp - (; + m(c)) vl u p?: —Le(1- C)} Gp)

—VL.-J; <0.

5.2.6 Constitutive assumptions and model equations

First of all, we assume that the free energy density F is of Ginzburg-Landau type has the
following form [18, 17]

Flp,e,Ve) = tho(p,) + 2 |Vel*, (5.22)
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where 1 is the homogeneous free energy accounting for the processes of phase separation and
the gradient term 3 |Vc|2 represents the surface tension between the two phases. This free energy
is the basis of the Cahn-Hilliard model which describes the phase separation occurring in binary
mixtures (see [117] for a complete review on the Cahn-Hilliard model and its variants).

To satisfy the inequality (5.21), we first choose

T = pa—vc =vpVe.

Then, we define the chemical potential u(p, ¢, Ve) by

L PO S PN R QR
= div(r) = 5 pdlv(pavc)f e ple(ch),

which in turn gives a condition for the Lagrange multiplier

L.=p. (5.23)
Using these previous constitutive relations, we have already canceled some terms in the entropy
inequality
OF Dc OF Dec
— —di —pL. | — — = — | =0.
(” gc ~ v = ) Dt " (pavc T) v [DJ
Then, using classical results on isothermal diffusion [141, 73], we have
pd
=—— .24
7=t (524)
and using a generalized Fick’s law, we have
J1 = b(c)Vy, (5.25)

where b(c¢) is a nonnegative motility function that we will specify in the following. The two
constitutive relations for the diffusive fluxes (5.24) and (5.25) together with (5.23), we obtain

div (TT + LJy) = VL. - 31 = —b(c) [V|* < 0.

Following [141, 1], we define the pressure inside the mixture by
o
2
= p? . 5.26
P, (5.26)

From standard rheology, we assume that the fluid meet Newton’s rheological laws. The stress
tensor is composed of two parts for the viscous P and non-viscous P contributions of stress

o =P+P, (5.27)

and we have by standard continuum mechanics [73]

P=-pl-—
{ P vpVe ® Ve, (5.28)

P =v(c) (Vv + VvT) + A(e) (div (v)) 1,

where v(c) = cv1 + (1 — ¢)vs is the weighted viscosity coefficient and A(c) = eA; + (1 — ¢)Ag
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is the weighted bulk viscosity with v(c) positive and |A(¢)| < v(¢). The second term in the
non-viscous part of the stress (namely —y (pVe ® Vc)) is representing capillary stresses that act
at the interface of the two populations. Furthermore, we assume that the bulk viscosity is zero
and, consequently, we set A\(c) = —2v(c). This form for the stress tensor is also the same used
for Navier-Stokes fluids [30].

Using (5.28), we can cancel a new term in (5.21)
3} 3}
(—pzfl —pVe® 97 —a) Vv =0.
0 c

Therefore, the remaining terms of the entropy inequality are the ones associated with proliferation
and friction. The last step to satisfy the entropy inequality is to choose arbitrarily a value for
the Lagrange multiplier c,, such that

pe [Lp - (; + n(c)) VI 4 u+ ,0%70: — (1 — c)} G(p) <0.

The obvious choice is of course

1 OF
L,= <2 + K(C)) v —u— pa—p + (1 —0).

From the previous constitutive relations and choices of Lagrange multipliers, we have that the

dissipation inequality (5.21) is satisfied.

5.2.7 Summary of the model equations

Using the previous constitutive relations our model is the following generalized Navier-Stokes-
Cahn-Hilliard (G-NSCH) system

ap
5= —div (pv) pcG(p),
Dc .
Py = v (0(0) Vi) + pe(1 = €)G(p),
ol = —’ydiV (pVC) + P%v (529)
C
D
poy = = [Vp+div (pVe® Ve)] +div ((c) (Vv + Vv7))

- %V (v(e) (div (v))) — k(c)v — pevG(p),

5.3 General assumptions and biologically relevant choice of
the model functions

5.3.1 General forms and assumptions

The motility is a positive function of the order parameter (mass fraction) c. Hence, we assume
that
be CH([0,1;RT), and b(c) >0 for 0<c<l1. (5.30)

In agreement with the literature (see e.g [58]) the homogeneous free energy g (p, ¢) is assumed
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to be of the form
Yo(p; ) = Ye(p) + H(c)log p + Q(c), (5.31)
where H(-) and Q(-) satisfy

—Hy <H'(c), H(c)<H;, ceR, H;,Hy>0,

’ (5.32)
Qule] = Q2 < Q'(c) <Q3(1+]c]), c€R, Q1,Q2,Q3>0.
Then, using the constitutive relation for the pressure we have
o
p(p,c) = pZ(Tp = pe(p) + pH(c), (5.33)
where p. = p?¢.(p) and is assumed to satisfy
pip® " —p2 <pL(p) <ps(1+p* "), for a>3/2, pi,p2ps>0. (5.34)

The growth function G(p) is used to represent the capacity of cells to divide accordingly to
the pressure exerted on them. It is well known that cells are able to divide as long as the pressure
is not too large. Once a certain pressure py.x is reached cells enter a quiescent state. Therefore,
we assume that

G'(p) <0, and G(p)=0 for p> pmax- (5.35)

5.3.2 Biologically consistent choice of functions

As said in the derivation of the model, the free energy density F is the sum of two terms:
7 \VC|2 taking into account the surface tension effects existing between the phases of the mixture
and the potential 1o (p, ¢) representing the cell-cell interactions and pressure. The function b(p)
is the active motility of the cells of the growing population.

Let us explain how the choices of functions for the free energy density and mobility are
motivated by biological observations.

To satisfy the conditions (5.30), we propose to choose

b(p) = Cbc(l - C)aa o> 13 (536)

where C} is a positive constant. We use for the pressure a power law such that

pe(p) = Pt (5.37)

For H(c) and G(c) two cases can be considered depending on the behavior of the cells we want
to represent. If the two cell populations exert attractive forces when they recognize cells of the
same type and repulsion with the other type, this potential has to take a form of a double-well
where the two stable phases are located at the bottom of the two wells (see e.g. Figure 5.2a).
This is a situation close to the phase separation in binary fluids. Thermodynamically consistent
potentials are of Ginzburg-Landau type with presence logarithmic terms. Even though the
double-well form of the potential is originally used for applications dealing with materials, it can
also be motivated for biological purposes. Indeed, considering an application where the mixture
is saturated with two cell types and are of similar compressibility, a double-well potential is
biologically relevant and reflects correctly the expected behavior of cells: they are attracted to
each other respectively to their cell type at low densities and after a certain density they start to
repel each others to avoid the creation of overcrowded zones. A typical example of biologically
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(a) (b)

Figure 5.2 — Double-well logarithmic potential (left) and single-well logarithmic potential (right)

relevant double-well potential is given by
1
H(c) = 5 (1= ¢)log(1 - ¢) +clog(c)),  Gle) = —5(c~ =) +k, (5.38)

where # > 1 and k is an arbitrary constant.

To meet the phenomenological observations of interaction between cells when the mixture is
composed of only one cell population (and the other component of the mixture is supposed to
be much more compressible), a single-well potential seems more appropriate [16, 56].

Indeed, when the distance between cells falls below a certain value (i.e. if the cell density
is large enough), cells are attracted to each other. Then, it exists a threshold value called
the mechanical equilibrium for which pH(c.) + C(ce) = 0 i.e. there is an equilibrium between
attractive and repulsive forces. For larger cell densities, cells are packed too close to each others,
they thus experience a repulsive force. when cells are so packed that they fill the whole control
volume, then the repulsive force becomes infinite due to the pressure. The representation of such
functional is depicted in Figure 5.2b. A typical example of single-well potential which has been
use for the modelling of living tissue and cancer [56, 8] is

3 c?
H(c)=—(1—ce)log(l —¢), G(c)= e (1- 06)5 — (1 —ce)e+k, (5.39)

where k is an arbitrary constant.

The growth function
200

G(p) = — arctan (4 [pmax —p}+) ,

where pmax = P(Pmax, ¢), meet the conditions (5.35).

5.3.3 Non-dimensionalized model

We introduce the dimensionless independent variables T = x/L*, t = V*t/L*, where L* and
V* are the characteristic scale of length and velocity. Therefore, we rescale the dependent vari-
ables by Vv = v/V*, 5 = p/p*, D = p(p*un*) and ¥, = ¥g/p*, where p* and p* are characteristic
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quantities. Dropping the bar notation, we obtain the non-dimensionalized model

% = —div(pv) + CrLv pcSi(p),
p% = div (%(C)Vu) + Crypc(l —¢)S1(p),
pp = —Cdiv(pVe) + pagff , (5.40)
Py = = [Vp+ Cudiv (pVe @ Vo) +div (7 (Vv + Vv7))
2V (7 (V- V) = Covv ((e) + pesi(p))

where we have used the definition of the concentration dependent of the Peclet and Reynold

number Pe(c) = % and Re(c) = pVL(C;/ The other constants are defined by Cry = ‘%,

*\2
C. = W, and M = (‘;—*) In the same manner, we non-dimensionalize the energy of the
fluid

awzépﬁw+%m@+§W$}m

using the rescaling £ = W to obtain

1 C.
e@—/pL#+@%m@+2w$Pm
Q

where we have dropped the bar notation.

5.4 Large friction hypothesis

We aim at studying the asymptotic model recovered when we assume that the effects of
friction around the pores and of the pressure inside the fluid are large compared to the other
effects taken into account in the model (5.29). We also assume that the inertia effects of the
total mixture are negligible leading to

Dv 0
Ppr —
To account for the fact that friction around and the pressure are the predominant effect, we use
a small positive parameter € << 1 and define the rescaled coefficients and functions

k(c) = KEE:CE), v(c) = *velce), G(p) =eGe(p.), blc) = ebe(ce). (5.41)
Then, we rescale time accordingly to
—_
3

which induces for every time dependent variable

Oip =¢€0s_pey, Orc=¢€0i Cc, OV =60 Ve.
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Using this rescaling and neglecting inertia effects, we obtain the following modified momentum
equation

0=—[Vp+ e2ydiv (p. Ve, ® Veo)] + e2div (ve(e) (Vve + sz)) - szgv (ve(ee) (V- ve))

3 Ke(ce)

Ve —€pece VG (p£)~

Neglecting the second order terms in ¢, we obtain the definition of the velocity field

Vpe
re(ce) + epec.Ge (p€>

€

. (5.42)

Vg = —

This form of the velocity field bears some resemblance with the well-known Darcy’s Law [66].
The rescaling is also applied to the other equations of system (5.29), so using the definition of
the velocity field (5.42), we obtain for the total density

Ipe . Pe
- e | = cCe(1 — ¢ )Ge(pe )
65'155 ediv (Hs(cs) +€2pscsG5(ps)vp ) epece(l — co)Ge(pe)

and simplifying € on both sides we obtain

9pe 4o Pe
Ot ke(ce) + €2pec.Ge(pe)

Vp5> = pece(1 —co)Ge(pe). (5.43)

Then, for the mass fraction equation we have

Oc. . P
Ot. Ke(ce) + €2peceGe(pe)

EPe Vpe - Vee = ediv (be (¢ ) V) + ep-ccGe(pe),

and again simplifying € on both sides we find

dee _ i
Pe ata Re (CE) + 62,0505Ge (ps)

Vpe - Vee = div (be(ce) V) + peceGe(pe), (5.44)

Lastly, letting e — 0 in (5.43) and (5.44), we obtain for the zero order terms of the expansions
for the different terms the limit system

% — div (ﬁvp) = pcG(p),

, . (5.45)
pge — HE’C) Vp-Ve=div (b(c)V%) + pe(l — ¢)G(p).

This model is interesting to study because it features two important effects that drive the move-
ment of the two phases. The gradient of the pressure gives the direction of the diffusion movement

while the two components of the mixture experience attraction and repulsion due to the term
v,
dc

However, we can also deduce another model using the definition (5.42) and (5.3)

Vpe
cer1t(l—ce)rp + epeceGe(pe)

€

Ve = CcVie + (1 - CE)V2,€ = -
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e(cerk1+(1—ce)k2)

St (Tco)ms)? We have

Multiplying the previous equation by

_ e(cek1 + (1 = co)ka) v
(cerr + (1 = co)ra)” + €2poc.Go(pe) (cokr + (1 — co)ra)

Hence, we define

EKR1
Vie = — 5 5 vPE?
(cek1 + (1 — ce)ka)” +€2peceGe(pe) (ceki1 + (1 — ce)ka)
ERo
V2= — Vpe.

(cerq + (1 — CE),%Q)2 + 22p.c.Ge(pe) (ceki1 + (1 — ce)ka)

Then, using these definition in the system (5.5) with the previous rescaling, we obtain we get
the system

a¢ £ s ER 4)1,5 _
e —div (n5<c1,5>2+e2¢f.gae<p5)n5(cl,g)Vp8> = eh1,:Ge(pe);

89562,5 . 5’{2(152,5 _
€. - —div (ns(1—c2‘5)2+52¢1,gcs(ps)fea(l—@,a)VPE) =0.

Then, simplifying the factorized e, letting ¢ — 0, we obtain for the zero order terms the system
) .
% — l€1d1V ﬁVp = (;51G(p),

[él2)

(5.46)
5 — kadiv ﬁVp =0.

If we further assume that k(c1) = k1, and k(c2) = ko (therefore assuming that the friction
coefficient is a constant function), we get
G~ mdiv (1V0) = 616 (), (5.47)
92 — Ldiv(¢,Vp) = 0.

As said in the introduction, the model (5.47) is the same as (5.1), and has been proposed
previously in [139] to model the situation where a cell population is proliferating inside another
non-proliferating one. The model also considers a contrast in mobility for the two populations.
In [139], the authors defined nl_l and K5 ! as mobility coefficient i.e., the quotient of permeability
and viscosity. Indeed, coming back to the definition of the friction coefficient x(c) = v(c)/Cp(c)
(and assuming again that x(c;) = k; = 1;,/C); for i = 1,2 are constants) and of the conductance
of the pores (5.9), our two coefficients of mobility x;* and x5 are defined as

k= =L and Kyl = &,

4! V2
where K7 and K5 are the permeability coefficients for the two components. Numerical simulations
of the model (5.1) suggests that when the mobility of the proliferating population is larger than
that of the other one then the solution exhibits patterns similar to Saffman-Taylor instabilities.
Therefore, our result indicates that the adhesion on the ECM and its capacity to move inside
(its permeability) plays a crucial role in the emergence of irregularities at the surface of growing
tumors.
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5.5 Finite volume numerical scheme

Let us explain the details of the finite volume numerical scheme. We are using an upwind
method to calculate the convective terms with a MUSCL reconstruction at the interface of the
cells. Let us describe the numerical components of our scheme for the case d = 2.

The mesh. We use a structured grid of N = N;N; cells (where N; and N, are
the numbers of cells for each direction =z and y). We denote the set of centroids by
Jo={(z,z;) €eQ | i=1,...,N;;, j=1,...,N;}. The centroids are equally spaced by a
parameter Az in the x direction and Ay in the y direction.

Calculation of convective terms. To ensure the stability of our scheme and the positivity of
both the fluid density p and the order parameter ¢, we use an upwind method to approximate
the convective terms. A general example of calculation of a convective term is

Jc dc
(v-Ve), ;= (Vmax + Vy3y>m- .

We approximate in each direction by

Oc Oc ) Oc
(v25s ) = ma @G unrz2s + w0 3G

and we approximate the gradients at the interface by

dc\L 9dc\R
(@) 1oy = (7;)¢+1/2,j + (Ti)i+1/2,j
O i+1/2,5 — 9 )
and I I R R
(%)L Gty TGy (@)R Gy TGy
D112 2Ax TN g /2 2Az

The other type of convective term that we need to deal with is of the form

: 1 ~ 5
div (pv), ; = Vi, Z Fy(p,v)Ss,

P oely

where I'; ; is the set of faces for the cell that has x; ; as centroid and V; ; denotes its volume. We
also denoted the flux crossing the interface o by F, and S, is the surface vector.

To describe how the flux is calculated by the upwind approach, let us take the example of
the right interface of the cell i, j

Fii1y2,5(p,v) = plyy o max(0,vii1)2 ) + priy o min(0, Vi1 /o ;).

MUSCL reconstruction. At each cell interface we need to approximate the density of the
fluid p, its velocity v and the order parameter c. Since the solution is expected to display large
gradients, we use a high order reconstruction at the interface. We use the MUSCL method that
approximates the solution in each cell by a linear piecewise function. The main ingredients of this
scheme is the use of a slope limiter to reconstruct the variables at both sides of each interface.
If we denote by ufﬂ /2,] the variable located the right interface but inside the cell and uﬁl /2]

the value at the right interface but outside the cell, we have

1 1
Uy = Ui+ 2 (rig) (Wir1j — uij), ully gy = Uit1; — 3O(riv1j)(Uiz,y — tit1)-
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Discrete scheme for model (5.29). Using a first order approximation of the time derivative

with a time step At and a positive number & = 0,..., Ny — 1 such that t* = kAt, we have
dp . pFtl_p

5 = x5 Thus, using the finite volume space discretization above, we obtain the fully
discrete linear semi-implicit scheme for centroid z; ;

Pt = ok,
N ZF (0*,vF) S, = pF kS (p"),
UEF
k1l _ ok k k
k1 | Cig G RO 0c _ 1 [13“ ko k S} 1 — kg
Pi) A7 +(zax+vya . VuU; o (0", Vi*) S| + ot (1 - )51 ("),
i,j
pitt = (i) + pl T H (T,
67/)0(0) k+1
Pttt == Y R, chk“HPle( e :
oel’; ; 4,7
k+1 k
k+1 Vi,j,ac_Vm}of:_F Vkale€+vkav§
Pi At x| Yy ).

2 2
_ ! [L (pl_€+1 kel _)+ ot 1 (30k+1> B (ack+l>
Vi "Ag \TH/20 T/, Y Aw 0x ) ii1/0; 0r )i 12
ol 1 <5‘cc’9c>k+1 <acac>k+1 :
Ay 0y Ox ij41/2 Jy Ox ij—1/2
- 1 k 1 k
(Foses (e ) = v (g 74

(mm (W,m £ ey )

2 n k I 1 k
T 34r < w4172 (Re ey Y Y ) ~ i (Rdcm’v'v ))
(

k: +1 k+1 k+1
ViiaPig S1(pi; )

A
1
A
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k+1 k k 5
Vigy ~ Vi ov ov
k+1 495 0,5,y k k
Py ”+<v Dy y)
T,

At T G yTy ‘

J

2 2
= [i (plﬁ-l —phtt ) +€p’.“.r1i <3ck+1> B (80’““)
Vig Ay NI T " Ay 9 )12 oy )iy

v k""li %@ k+1 - &ﬁ k+1 ]
Pii Az Oy 0z ), 1, Oy 0x ),y 5
1 1

— | F 1

k k

+ Az <Fi+1/2,j (]%e(clﬁ»l)vvvy) —Fi_12,5 (Re(ck“)’vvy>)
1 (F 1 k 1 .
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Chapter 6

The Scalar Auxiliary Variable
method for the volume-filling
Keller-Segel model.

Abstract
We describe and analyze a finite element numerical scheme for the parabolic-parabolic Keller-Segel
model. To prevent the blow-up of the cell density in finite time, we use the volume-filling modification of
the chemosensitivity. The scalar auxiliary variable method is used to retrieve the monotonic decay of the
energy associated with the system at the discrete level. This method relies on the interpretation of the
Keller-Segel model as a gradient flow. The SAV finite-element scheme is stabilized by a simple upwind
method. The resulting numerical scheme is efficient and easy to implement. We show the existence of a
unique non-negative solution and that a modified discrete energy is obtained due to the use of the SAV
method. From numerical simulations, we observe that the SAV-upwind scheme enhances the spatial
accuracy compared to classical upwind methods.

This chapter contains preliminary results from an ongoing work.

6.1 Introduction

Since chemotaxis is observed very widely in various areas of biology and medicine, it becomes
a prolific subject in mathematical biology throughout the past decades. Among the different
mathematical models used to represent chemotaxis of living organisms, the Keller-Segel equation
is one of the most recognized. It has been introduced by Keller and Segel [123] to depict the
movement of the Dictyostelium discoideum toward the location of high concentration of adenosine
3’, 5’-cyclic monophosphate. The parabolic-parabolic Keller-Segel model (KS in short) is often
set in a bounded domain Q C R?, d = 1,2,3 with a Lipschitz boundary 9 and reads

Ou =V - (D, Vu— xep(u)Ve) in Qx (0,4+00), (6.1)
TOic=Ac—ac+u in £ x(0,400),

endowed with zero-flux boundary condition

9 (DuVu — xep(w)Ve) — de
= == 0 on 09 x (0,400), (6.3)

157



158 CHAPTER 6. Upwind-SAV scheme for the Keller-Segel model

where v is the outward normal vector to the boundary. We assume in the following that the
initial condition satisfies

(6.4)

{u(0,2),c(0,2)} = {u®, &} € HY(Q) x HL(Q),
0<u’<lae in9, 0<c <cae. in,

where € is a positive finite constant.

In the model (6.1)—(6.4), the cell density u(t, x) is attracted by the chemo-attractant given by
c(t, z), its concentration. Cells can move randomly by diffusion (where D,, > 0 is the diffusion
coefficient), and by chemotaxis with y. > 0 a coefficient used to represent the strength of the
chemoattraction. A small parameter 7 > 0 is used to denote how fast the chemo-attractant is
diffusing compared to the cells. Without a loss a generality, we will assume in the following that
T=1.

We denote by ¢(u) the chemosensitivity and it is given by
o(u) =u(l —u) for 0<u<l. (6.5)

This particular form of chemosensitivity prevents the unrealistic scenario of overcrowding of cells
and therefore the blow-up of the solution. Due to this possible behavior of solutions, the Keller-
Segel system exhibits a very interesting mathematical structure and the interested reader can
refer to the review [117] and the work of Blanchet et al. [33]. The volume-filling strategy was
proposed in [162] to take into account the finite size of individual cells, leading to the form (6.5).

The Keller-Segel model (6.1)—(6.2) with chemosensitivity (6.5) has a gradient flow structure
with the associated energy

1
Elu, () = / Blulogu — (u—1)log(l — u)] — uc+ 3 <|Vc|2 + ac2> + C dx, (6.6)
Q
where B = D,,/x. and we denote the integral of the nonlinear part of the free energy density by

£ [u](t) = / Fu) da,

where
F(u) = B (ulogu — (u — 1) log(1 —u)) — uc + C. (6.7)

Here, C' is a positive constant such that F'(u) > 0, Yu € [0,1]. For latter convenience, we denote
F'(u) = g(u), and we remark that ¢'(u) = ﬁ. Thus, we can express the Keller-Segel model

using its gradient flow structure [34]

o0&
Ou=V- <Xcgo(u)V5u> , (6.8)
o0&
TatC = —%, (69)

where the variational derivatives of the energy functional with respect to u and c are given
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respectively by

o0&

% - g(u)7

6—5 = —Ac+ ac— u.
oc

Generally, numerical schemes for a gradient flow model are evaluated by several aspects:
i) its capacity to keep the energy dissipation; ) if it is convergent, and if error bounds can be
established; 4ii) its efficiency; iv) its implementation simplicity. For a large class of gradient flows,
the Scalar Auxiliary Variable (SAV in short) [180] has shown to fullfil all the previous points.
Applying this method to the Keller-Segel model is only possible starting from its gradient flow
formulation (6.8)—(6.9) and gives what we call the SAV Keller-Segel model. To define it, we
denote by r(t) the scalar auxiliary variable, and set r(t) = v/&1[u](t) at the continuous level, to
get

Ou =V - (xep(u)Vur), (6.10)
T
u =B g(u) — ¢, (6.11)
! A
T = — o, (6.12)
to = —Ac+ ac — u. (6.13)

We add to this new model an additional equation for r that reads
dr

1 ou
AT Tl[u]/gg(u)at dz.

In this article, we propose to study a stabilized finite element scheme to simulate the sys-
tem (6.10)—(6.14) that preserves a modified energy at the discrete level.

(6.14)

Throughout the past decades, the Keller-Segel model as been at the center of many pieces of
research. The analytical properties of the Keller-Segel model without volume-filling have been
extensively studied. One of the most important result was to show that the solution of the model
blows up in finite time if a certain constraint on the initial mass is not satisfied. For the reader
interested into the analytical results about this model without volume filling, we refer to the
review paper [188]. The volume-filling approach prevents this blow-up of the solution in finite
time for any initial condition satisfying (6.4). Moreover, it seems to be more biologically relevant
since it takes into account the finite size of the cells. A more general form of the Keller-Segel
model is
Ou — V- (DyS(u)Vu — xcup(u)Ve) =0, (6.15)

oic — D.Ac = du — ac, '

where the random movement of the cells is given by D, S(u) (that can be non-linear) and the
chemosensitivity is given by y.u(u). Particular assumptions on both 8(u) and p(u) can be made
to prevent the blow-up of solutions in finite time. The introduction of the parabolic-parabolic
KS with volume-filling and quorum-sensing is presented in the work of Painter and Hillen [162].
They described a discrete lattice model where the probability for cells to jump to a different
location is dependent on the local density and on the concentration of the chemotactic agent.
Their model takes into account the fact that cells may be already present in the neighboring
locations. Therefore, the chemotactic movement is set to zero in zones that are too overcrowded.
From this discrete model, Painter and Hillen derived the continuous limit model and gave the
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following conditions for S(u) and u(u)
Bu) =1(u) —w'(u), p(u) = y(u),
where 9 (u) is a monotonically decreasing function and with the assumptions
P(0) >0, u)>0 for 0<u<tUnax, and Y(umax) =0,

where umax represents the cell density at which chemoattraction stops. The same authors proved
the global existence of classical solutions in [116]. They also presented some numerical simulations
where they were able to make observation of the behavior of the solution for longer times since
the blow-up of the solution is prevented by the model. Many other variations of the Keller-Segel
model have been proposed to take into account the effect of volume filling. For example, more
recently, Bubba et al. [45] proposed to take

o=en 22

Therefore, in the present work we use the chemosensitivity function (6.5) where the maximum
cell-density is w = 1.

Numerical methods for the Keller-Segel model are numerous. Considering zero-flux boundary
conditions, the conservation of the total mass of the cells, the positivity of the solution and the
capacity to retrieve the energy at the discrete level are the key properties expected from a
numerical scheme. Without indication of the contrary, the following works that we review here
are about the original form of the Keller-Segel model i.e. ¢(u) = u.

For the parabolic-elliptic Keller-Segel equation where the equation for the chemo-attractant
is given by
—Ac = du — ac,

Saito and Suzuki proposed a conservative finite-difference scheme [175]. For the parabolic-
parabolic version, Saito proposed for an upwind finite element scheme [173, | based on Baba
and Tabata’s method [19] and performed an error analysis [174]. Other methods have been

designed to stabilize the finite element method (i.e. to preserve the positivity of the cell den-
sity). The discontinuous Galerkin method has been used and analyzed for the KS model [79,

, ], and these schemes have shown very good results in terms of positivity preserving and
spatial accuracy. For a standard continuous Galerkin discretization, Strehl et. al. [185] used
the flux corrected transport (FCT) method [129] to stabilize the scheme and recover an accurate
scheme. The main idea behind the FCT method is to add an artificial diffusion term to stabilize
the scheme and then correct it to recover a second order scheme in zones where the solution is
smooth while the artificial diffusion is kept in regions where the gradient of the solution is large.
The finite volume method has also been applied for this problem: we can cite the work of Filbet
[36] that deals with the classical Patlak-Keller-Segel model (without volume filling).

The main objective of the previous works that we reviewed so far was to design stable and
accurate numerical methods for the Keller-Segel model. However, none of the previous focusses
on the dissipation of the energy. The work that is the closer to ours is [12] and deals with the
case of the volume-filling chemosensitivity. In the latter, the parabolic-elliptic model is used
and the authors were able to prove the preservation of the important properties that are the
dissipation of the energy and the positivity of u for two implicit nonlinear finite volume schemes.
The difference between the two is that one uses the gradient flow structure of the model while
the user uses an exponential rewriting inspired by the Scharfetter-Gummel discretization. To
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avoid the solving of the nonlinear system, the authors proposed to compute the chemosensitivity
explicitly and use the upwind method to preserve the positivity of the cell density. However, the
capacity to prove the dissipation of the energy is lost with this more efficient scheme. To the best
of our knowledge, there is no work presenting a linear structure-preserving numerical scheme for
the model (6.1)—(6.2).

A recent numerical method to simulate gradient flows that ensures that the energy is preserved
at the discrete level is the Scalar Auxiliary Variable method (SAV in short) [181, |. This
method provides a robust framework to simulate gradient flows in an efficient way. Indeed,
the computation of the solution of any gradient flow model requires only the solving of two
decoupled linear systems at each time step. This method has shown very interesting results
for the simulation of the Cahn-Hilliard equation [179] for which the properties concerning the
discrete energy and the conservation of the total mass are of main importance. We must stress
that the energy recovered by the SAV method is a modified version of the energy of the real
system. This is due to the discretization of the equation for the scalar variable. In a recent work
of Bouchriti et al. [36], the authors showed that the use of the SAV method for the damped wave
equation and the Cahn-Hilliard equation leads to the convergence to modified steady states as
well. To the best of our knowledge the SAV method has never been applied to the Keller-Segel
model. The principal difference with previous works on the SAV method is that the mobility in
the first equation of the Keller-Segel system is not constant through time, leading to the necessity
to compute at each time step the associated matrix.

Hence, in this article, we propose to use the SAV method to obtain a new model that we
discretize in space using the finite element method, and stabilize it using the multidimensional
upwind method proposed in [166]. Altogether, we obtain a new way to simulate the parabolic-
parabolic Keller-Segel equation with the certitude to be able to retrieve the positivity of the
solution and a modified energy at the discrete level. First, we describe the method and explain
the strategy to solve the resulting equations. Then, the well-posedness of the scheme is studied.
We show the existence of a unique pair of solution that is non-negative and retrieve the expected
L norm. We also show that the initial mass of the cells is conserved. We prove that a modified
energy is retrieved at the discrete level which is an inherent property of the SAV method. Lastly,
we present numerical simulations in one dimension, and compare our results with standard
numerical techniques for this model.

6.2 Numerical scheme

6.2.1 Finite element framework

Let LP(Q), W™P(Q) with H™(Q) = W™2(Q), where 1 < p < 400 and m € N, be respectively

the usual Lebesgue and Sobolev spaces. The corresponding norms are respectively || - ||m.p.,
|| - [lm,o and semi-norms | - |mp.a, | - |m,0. We denote L? (0,T; V') the Bochner spaces i.e. the
spaces with values in Sobolev spaces [3]. The norm in these spaces is defined for all function n

Bochner measurable by
1/p

T
IIUIILP(O,T;V)=</O 77|]\D/dt> ,

||77||L°°(0,T;v) =ess sup |l -
te(0,T)

and
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The standard L? inner product is denoted by (-,-)q and the duality pairing between (H'(Q))’
and HY(Q) by < -,- >q.

Let Q be a polyhedral domain and 7", h > 0, be a quasi-uniform mesh of this domain into
|T"| disjoint open mesh elements 7. Let hy := diam(7) and h = maxpeyn hr. Since the mesh
is assumed to be quasi-uniform, we know that it is shape-regular and it exists a positive constant
C such that

hy > Ch, YT eT".

Since the domain is assumed to be polyhedral, the discrete domain £2; exactly coincides with the
domain ). Hence, the closure of the domain can be written as the union of all the mesh elements
Q=Q, = Urern T. We assume that the mesh is acute, i.e. for d = 2 the angles of the triangles
can not exceed 7 and for d = 3 the angle between two faces of the same tetrahedron can not

exceed 5. We define by x7 the minimal perpendicular length of T" and s = mingpeyn k7. We

introduce the P-1 finite element space associated with the mesh 77"
V= {xeC(@): x|, eP(T), VT eT"} c H'(Q),

where P*(T') denotes the space of polynomials of order 1 on T For latter convenience, we indicate
the set of nodes of 7" by .J;, and {z;};=1,..n, is the set of their coordinates (with Nj, = |J,| is
the total number of nodes). We denote by A; the set of nodes connected to the node z; by an
edge and Gj, = maxy, e, |Ail.

Therefore, {x;};=1,...n, is the standard Lagrangian basis functions associated with the spatial
mesh. The standard interpolation operator is defined by 7" : C'(Q) — V" such that

Ny,
mu(z) = Zv(xi)xi(x), v e C'(Q).
i=1
We denote by Py, : L%(Q2) — V" the L? projection operator
(Phv,x) = (v,x) Vo€ L*(Q) and Vx € V.

We define by x; € L>(2), the characteristic function of the barycentric domain D; associated
with each node z; (for i = 1,..., N). The barycentric domain D; is defined as

D, := U{Df; Ty € T"such that2; € T*},

k
and
nr
DF .= ﬂ{x,x € Ty, and X;j(z) < N}
j=1
where nr being the number of nodes in the triangle T}, and \;, A;; (for j = 1,...,ny) are the

barycentric coordinates with respect to the vertices of the triangles z;, x;.

We define the lumped space Vi, as
Vi := {X : piecewise constant over barycentric domains i.e. ¥(z) = x(z;), V& € D;}.

Therefore, we let the functions {)Zj }j:1 _____ N, be a basis of the space Vh and they are associative
with the functions {x;};=1,.. ~, i.e. x(x;) = x(z;) for all z; € J,. We also define the operator
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#h . C0(Q) — V" given by

We define the lumped scalar product by
(v1,v2)" = / " (vi(2)va(x)) dz = (D1,72), Vor,v9 € C°(9Q),
Q

and 97 = 7"v;. For latter convenience, we state here some well-known results for the P-1 finite
element method (see for e.g. [43], [168])

Xl mps < C’hid(iii) Xlmp VXE V1 <p <ps < Hoo,m=0,1; (6.16)
. h =

%13% HU -7 (11)”0’Oo =0 YveCQ), (6.17)
|v — Pyoly + hlv— Pyoly <Ch™ |jvl|,,, veH™), m=1,2. (6.18)

Then from [192] (Lemma 15.1) and [94], we know Vv, vs € V},
[(01,02)" = (01,02)] < CR2 [V (V02 (6.19)
W\ 1/2
e ol < (o)) < e unlly. (6.20)
We define the standard mass M and stiffness K finite element matrices

Mij:/Xindx, fori,7=1,...,Np,
Q

K = / VxiVx;dz, fori,j=1,...,Np.
Q

The lumped mass matrix is a diagonal matrix defined by
Ml,ij 2:/ )A(Z)A(] dl‘, for i,j: 1,...,Nh.
Q

From the hypothesis we made on the acuteness of the triangulation, we know that (see [94])
(Vxi, Vx;) <0, fori#j. (6.21)

Therefore, we know that the non-diagonal entries of the stiffness matrix K and of the matrix A
defined below by the equation (6.28) are non-positive.

6.2.2 Fully discrete scheme

Given Ny € N* let At := T/Np be the constant time-step and t"™ := nAt, for

n=20,...,Npr — 1. We consider a partitioning of the time interval [0,T] = Ugigl[t",t”“].
n41

We approximate the continuous time derivative using a forward Euler method % R~ %.

The finite element numerical problem associated with the system (6.10)—(6.14) is:
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Find {u] ", it € VP x VP such that Vx € V"

up ™t — up, " 1

(hm,x> = —Xc (@(uﬁ)vuﬁ ,Vx)7 (6.22)
el _on ,
<hAth?X> = - (,U’QL;Zlvx) ) (623)
. () )
(:ul,j;l?X) = _(ch7X)h+B 7hn7X T +17 (624)
Ei[uf]
n n n n h
(53t x) = (Ve vx) +a () = (i) (6.25)
h
1 g(uy)

Pl en = 2 hl_ (uhtt — , 6.26
5 | e ) (6.20
where uj(z) = Zjvz’l u?x;(z), and cj(z) = Zjv:}1 c}x;j(x) are respectively the finite element

approximations of the cell density u, and the concentration of the chemo-attractant c. We add
to this system the following initial conditions

{ud, 9 = {x"u® 7hc} ifd=1, (6.27)
{u?, 9} = {Pyul, P} ifd=2,3. '

6.2.3 Matrix formulation

Let us define A the finite element matrix associated with the right-hand side of (6.22)
Al = /Q o(up)Vx;Vx; dz  fori,j=1,...,Np. (6.28)

and the variable n
9h
Velup]
where g7 (x;) = g(uj(x;)) for all ; € J. We denote in the following by capital letters the vectors

associated with the quantities denoted by small letters in the finite element problem. Therefore,
the system (6.22)—(6.26) can be rewritten into a matrix formulation

n__
Sl,h -

MU — A,
MC"‘*';;C" = MWt

wytt = —C" + BSprt,

MWyt = KC" + aMCO™ — MU,
prtt e = Ly (Ut - o).

However the simulation of the problem (6.22)—(6.26) by the standard finite element method
is well-known to produce to non-physical solutions. Due to the advection term associated to
the effect of chemotaxis, when the ratio x./D,, becomes too large, the solution is expected to
oscillate with the apparition of upper and undershoots for u}. To avoid this issue, we propose
to compute the matrix associated with advection using the upwind method.



6.2. Numerical scheme 165

6.2.4 Upwind stabilization

The key idea behind the upwind method of finite elements proposed in [166] is to modify each
entry of the matrix A™ defined by (6.28) such that

(Zn) =K. (6.29)
ij
The coefficient @} is a constant (at time t") along the edge connecting the nodes i and j.
Therefore, for each edge, we evaluate the sign of the gradient Vej and compute

Ur(1-Up) if CF—Cp—B(gP—g7) >0,

3

N 6.30
@")s {Uin (1-U}) otherwise. .

Therefore, our new problem now reads: Find {u}™' ¢! r"*+1} € V" x Vh x R such that
vy € VI

“ZH —up " —n n+1
<At,x) = —Xec (w(uh)vul,h ,Vx), (6.31)
<CZ+1N_ cg’x> __ ( i, X) ’ (6.32)
(131" = = (0" + B (s 7, (633
(hh'x) = (Ve 93 +a (30 — (upt,x0)" (6.34)
Pt = % (s (g = )" (6.35)

and its matrix formulation is

n+1l _ n —n
R . fa (6.36)
Cn+1 _ Cn

Mi _ *M n+1 .
= WL, (6.37)
Wit = —cm 4 BST (6.38)
MWyt = KC™ + aMC™ — MU, (6.39)

1

Pl = 3 (sp" M, (Ut —um) . (6.40)

6.2.5 Solving Algorithm

To solve the solution of the system (6.36)—(6.40) while avoiding to invert the matrix A" at
each time step, we use the decomposition U™ t! = Uf“ + T"HUQ"H and solve successively the
following set of equations

Ut = Aty M (Z”C") +Un, (6.41)

Ut = —AtD, M (Z"S{L) , (6.42)
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4+ 3 (st M (Ut —om)

Pl — , (6.43)
11y Mozt

U = gl g eyt (6.44)

C"H = (14 Ata)M + AtK) ™" (M (AU + C™)) . (6.45)

This algorithm is well suited for problems involving non-constant mobility matrices since only
constant matrices are inverted only once at the beginning of the simulation.

6.3 Existence of a non-negative solution and stability bound

6.3.1 Existence of a discrete non-negative solution

Theorem 37 (Existence of a unique non-negative discrete solution) Let d < 3 and as-
sume that kp > 0, At > 0, D,, > 0 such that

(d -+ 1) G At Xe . .
T e jor —cr| <1, (6.46)
h JEN;

and, given an initial condition {u$, 9} such that (6.4) and (6.27) are satisfied, the problem (6.31)—
(6.35) admits a unique solution {u} ™' ¢t r 1} € VP x VP x R with

0<upt <1, and 0<c < e

where Cpae 1S a positive and finite constant.

Proof.

Step 1: Erxistence of a unique solution in V? x V" x R. As we have seen in the section describing
the numerical scheme, the problem (6.31)—(6.35) reduces to the solving of five decoupled equa-
tions (6.41)—(6.45). From equation (6.43), and the fact that & [u"] is defined up to a constant
Cy that can be defined arbitrary. One must be careful choosing this constant such that r"*+! is
well defined. Then, the existence and uniqueness of a solution {uZ“, CZH, T eV, x Vi xR

follows from the Lax-Milgram theorem and since {u}, ¢}, 7"} are known and bounded.

Step 2: Conservation of mass. To prove mass conservation, we use the identity

> ‘ZZ =45 (6.47)
J#i
z; €T
Therefore, for each x; € Jp,, we have
Np, Ny, Np

(%) (up ™t =g () = At | =Dur™ Y AT (25) + xe Y Agyci(a))

j=1 j=1 j=1
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Summing over the nodes, we get

Np Np
DO x) (= up) ()
i=1j=1
N, N Np Np
= At —DuTn+1 ZZA”Sl h l'] + XCZZAUC}Z x7
i=1 j=1 =1 j=1

Using the symmetry of the matrix A, the property (6.47) and the fact that the mesh is acute,

we obtain
Np Np

DD (o) (™! = uf) (25) = 0,

i=1 j=1
which implies mass conservation .
Step 3: Positivity and L*> bound for {u"+1 +1}, It is well known that the loss of the positivity
(and the eventual uppershoot) of the solution is associated with the advection term. The diffusion
term on the other hand regularizes the solution and does not lead to instabilities. Therefore, to
examinate the stability of our scheme, we set D, = 0. Therefore, in this case, U"t! is given
by the equation (6.41) (since 7! does not appear anymore in (6.33)). Then, we have for each

node z; € Jj A
tXec

(M)

Urtt =ur + > LK (Cp -y,

4 r;EN;

From (6.21) and the definition of the upwind chemosensitivity (6.30), we know that we could
lose the positivity of the cell density if C7' > Cj'. Thus, to preserve it, we must ensure the
condition

Ur 4 Atxe > U (1-Uf) Kiymax (0,CF = C}') > 0
(Ml)” T;EN;

The same holds to preserve ||uh+1H 1 <1, we recover the condition

Atx. . . . § )
(M), Z U (1 - U}") Kijmin (0,C} = Cf ) <1

2 .’EjGAi

U +

However, we know that [94],

K < B (d+21).

M = Mg K,
Therefore, to preserve the physical bound of the solution we must ensure that the condition
(6.46) is satisfied. Then, knowing that 0 < uzﬂ < 1, the non-negativity and the existence of an

upper bound cy,ax Such that
0 < ™ < emaxs

is trivially found from the properties of M-matrices. This finishes the proof of the existence of
the solution of the problem (6.22)—(6.27). O

6.3.2 Discrete energy a priori estimate

Since we are using the SAV method, we can compute a modified version of the energy at the
discrete level.
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Proposition 38 (Discrete energy) Consider a solution {u}™', ¢/} defined by Theorem 37,
the discrete energy of the system (6.22)—(6.26) is given by

Bt = 3 (1 el ) + Bl ) e

and

e _E"T - E" _ ’
dt At

u;”,;lHO +Xc/ o(up ‘Vu""'l‘ da?) . (6.49)

Proof. Starting from equation (6.22) with x = u’f"zl, we have

TLJrl‘ dz

( prt— uhvﬂﬁl)h - —Atxc/ )

The same can be done starting from equation (6.23) to obtain

n+1

1 1
(en = cimgit) = —At\x@ h

Therefore, summing the two previous equations, we obtain
h
(7t =) (1 i) == (it xe [ o [ [ o)
from which we conclude (6.49). Consequently, we already recover the monotonic decay of the

discrete energy. To obtain the expression of the energy, we replace y = uhH —up in (6.24) to
get

n+1 n+1 _ n+1 n .n h n+1 n+1 n _n h
(uh —up, Py, ) == (™ —uh )"+ B (gt — i)
However, using the equation (6.26), we have
+1 +1\" +1 h +1 (. n+1
n n n n n n n n
(uh — Up, 4y, ) ——(uh —umch) + 2Br (r —-r )

Moreover, using the inequality a(a — b) > % (a2 — bz), we get

—_ n

h 2
(uz+1 — un,u?'}'tl) > — (ch,uZ‘|r1 uh) + B |r’f+1‘ - B |r?|2 . (6.50)
Then, performing the same calculations starting from the equation (6.25), we obtain

(et =g it) = 3 [l = 1ol + o (e ™ 2 — e )] - (e = )" (6.51)

Summing equation (6.50) with (6.51), we obtain the inequality
1 2 h
5 [l =1l +a (e lle = Ierly) | + Bl = BIr? = (it )" + (g o)

S—At(‘u;’ZlH +xc/ Bf) [V [ dx),

from which we deduce the definition and the decay of the discrete energy (6.48)—(6.49). O
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Parameters | Stable | Unstable

At 0.001 0.0001
Ax 0.1 0.1

u? 0.5 0.5

Xe 40 120
D, 1 1

« 0.5 0.5

T 0.01 0.01

Csav 1010 1010

Table 6.1 — Parameters of the 1D test cases

Remark 39 From the fact that both uZH and CZ+1 are bounded (see Theorem 37), the energy
defined by (6.48) is bounded from below.

6.4 Numerical results

We now present the numerical results obtained by the upwind finite element SAV scheme for
the Keller-Segel model. We first show the dissipation of the discrete energy and the conservation
properties of our scheme in a simple 1D test case. We use this test case to compare the SAV
scheme with other methods. Interestingly, we observe that the SAV-upwind scheme enhances
the spatial accuracy compared to a simple upwind scheme. To verify this effect, we analyze the
convergence of the scheme numerically for different h.

6.4.1 1D numerical results
Stable and unstable test cases

We consider two test cases: in the first we consider a choice of parameter such that even the
consistent finite element method is stable. This standard method gives us our reference high-
order solution. Computing for the same parameters and initial conditions the solution given
by a classical upwind method, and our SAV-upwind scheme, we are able to discuss the spatial
accuracy of our method in the stable regime. Then, we consider a second test case such that the
standard finite element scheme is unstable. The two upwind methods are expected to remain
stable for this choice of parameter, but we will discuss the amount of diffusion added by both
schemes.

Table 6.1 summarizes the parameters used in the one dimensional numerical schemes for the
stable and the unstable test cases. The parameter Cgay in Table 6.1 corresponds to the constant
that needs to be taken in the energy so that the energy remains positive. We choose a very large
value to be sure that we will not have issues coming from the calculation of |/&; (u}). We precise
that this value can also be modified at each time step. Indeed, knowing the value of & (u}),
we choose Cgay such that & (u}) + Csay > 0. The initial cell density is a uniform distributed
random perturbation around the value u'.

Figure 6.1a shows the solution u;, given by the three different schemes at time 7" =5 for the
stable case. We observe that the three schemes reach a meta-stable state with well-delineated
aggregates formed in the domain. Figure 6.1b is a zoom of the previous figure on the top of
an aggregate. That way, we clearly observe the discrepancies between our reference solution
given by the standard P-1 finite element method, and the two upwind schemes. The blue curve
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corresponding to the solution of the SAV-upwind method is really close to the reference solution
(yellow curve) while the classical upwind method (red curve) fails to represent the sharpness of
the aggregates. Indeed, in this region, the solution is too smooth for the upwind scheme.

Figure 6.1c depicts the aggregates formed at time 7" = 5 by the three schemes for the unstable
case. Again, the aggregates are located at the same positions for the three schemes. We see
that the solution given by the standard finite element discretization oscillates in zones of large
variations. Zooming at the top of an aggregate (Figure 6.1d), we clearly see that effect. However,
the two upwind methods remain stable and do not oscillate. We observe that the SAV-upwind
method gives a solution that seems to correspond to the average of the yellow curve. Indeed,
the SAV-upwind method gives a solution that is sharper than the classical upwind method. This
result indicates that the SAV method allows to retrieve a higher order solution compared with a
classical upwind scheme while remaining stable.

—SAV-upwind —SAV-upwind
i . P —simple upwind| | —simple upwind;
\ 7 standard FE 1.05 standard FE

[ \
08- I | g b
| | i
02- j
|

(a) Stable case (b) Top of an aggregate for stable case
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(c) Unstable case (d) Top of an aggregate for unstable case

Figure 6.1 — End state of the simulations of the volume-filling KS model for a standard finite
element discretization, a classical upwind method in finite element, the SAV-upwind method.

For the unstable test case, Figure 6.2 shows the evolution of the modified energy and of the
scalar variable r given by the SAV-upwind scheme during the simulation. As expected by our
calculations, the modified energy decreases monotonically and converges to a plateau. The scalar
auxiliary variable r increases during time and reaches a plateau as well.
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Figure 6.2 — Evolution of the modified energy E (left) and the scalar variable r (right) through
time.

Parameters
At 107°
Ny, [1000, 750, 500, 200]
u® 0.5
Xe 40
D, 1
« 0.5
T 0.01
Csav 1010

Table 6.2 — Parameters of the calculation of the convergence order

Based on the observation, made on these two test cases, we are interested to compute the
numerical order of convergence.

Numerical order of convergence

In this section, we use the parameters summarized in Table 6.2.

We compute the error of the SAV-upwind solution using a reference solution at time T' = 5
computed using the standard finite element scheme on the fine mesh A = 10~2 corresponding to
1000 nodes in the domain. Then, we vary the number of nodes N, = [1000, 750, 500, 200], and
for each simulation we compute the L? error ||uer — up|| r2(q)- The results are shown on Figure
6.3. As a reference, we also show on this figure, the two straight lines representing first-order
(yellow) and second-order (red) convergence. We see that the spatial order of convergence for
our SAV-upwind method is between first and second-order. Knowing that a classical upwind
method is at most-first order accurate, this result indicates that the SAV method enhances the
spatially accuracy.
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Figure 6.3 — L? norm of the error in function of the number of nodes at time 7' = 5.

6.5 Conclusion

We presented the application of Scalar Auxiliary Variable method to the parabolic-parabolic
Keller-Segel with volume filling using the gradient flow structure of the model. The resulting
equations were approximated using a simple P — 1 finite element method, and stabilized by a
multi-dimensional upwind method. The system is composed of linear coupled equations that
can be solved efficiently using a decomposition of the solution. We were able to prove for this
system the existence of a unique positive and bounded solution that the preserves the monotonic
decay of the discrete energy. We must stress that from the use of the SAV method, the energy
that we are able to recover is a modified version of the standard one. Finally, we presented
numerical simulations that indicate a better accuracy in space of our method compared to a
classical upwind method.



Chapter 7

Conservation properties and long
time behavior of the Scalar
Auxiliary Variable method for
nonlinear dispersive equations.

Abstract
We carry out the convergence analysis of the Scalar Auxiliary Variable (SAV) method applied to the
nonlinear Schrodinger equation which preserves a modified Hamiltonian on the discrete level. We derive
a weak and strong convergence result, establish second-order global error bounds and present long time
error estimates on the modified Hamiltonian. In addition, we illustrate the favorable energy conservation
of the SAV method compared to classical splitting schemes in certain applications.

This chapter is taken from A. P., Katharina Schratz Convergence, error analysis and longtime
behavior of the Scalar Auziliary Variable method for the nonlinear Schrédinger equation, Sub-
mitted, (2020).

7.1 Introduction

We consider the Gross-Pitaevskii [107] equation (NLS) set on the d-dimensional torus
Q=T¢ = (R/27Z)? (where d < 3)

idu(t,r) = —Au(t,z) + V(z)u(t,z) + f (\u(t,a:)|2) ult,z), te(0,T] (7.1)
with initial conditions u(0, ) = u°(z), a real-valued interaction potential V' (x) and nonlinearity

£l

The Hamiltonian energy associated to equation (7.1) takes the form
1
H(u,u) = 5/ (\Vu|2 + V(@) |uf +F (|u|2)) dz,
Q

where F (|u\2> is defined by F” (\u|2) =f <|u|2> Note that the Hamiltonian H(u(t),u(t)) as
well as the probability density ||u(¢, ')”iz(ﬂ) is preserved by the system (7.1).

173
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In the following we will denote by & the sum of the nonlinear and potential part of the

Hamiltonian )
£ = 7/ V(z) |u\2+F(\u|2) da.
2 Ja

Using the decomposition u(t, z) = p(t, x) +iq(t, z), equation (7.1) can be furthermore rewrit-
ten as the Hamiltonian system

’ 7.2
Oiq :AP*M» (72)

{&p = —Ag+ 51
op

with the associated Hamiltonian
1
1.0) = 5 [ 10+ 9 + V() (10 + 1) + F (10 Ja) @ (73)
<

In this notation, & takes the form

&= [ V@) (P +1) + F (1 o) da.

Due to their importance in numerous applications, reaching from Bose-Einstein condensation
over nonlinear optics up to plasma physics, nonlinear Schréodinger equations are nowadays very
well studied numerically. In the last decades a large variety of different numerical schemes has
been proposed [22, 15, 24, , ]. Thanks to their simplicity and accuracy, a popular choice
thereby lies in so-called splitting methods, where the right hand side of (7.1) is split into the
linear and nonlinear part, respectively, see, e.g., [25, 31, 21] and the references therein. The
popularity of splitting methods also stems from their structure preservation. They conserve
exactly the L? norm of the solution and allow for near energy conservation over long times,
see, e.g., [33]. However, in [159] the authors show that in certain applications splitting methods
suffer from severe order reduction such as in case of non-linearities with non-integer exponents.
The latter arises for instance in context of optical dark and power law solitons with surface
plasmonic interactions [65]. As a solution to that issue, the authors proposed in [159] a new class
of low regularity exponential-type integrators for NLS. In this article we use a different approach
based on the so-called Scalar Auxiliary Variable (SAV) method which was originally proposed to
design structure-preserving numerical schemes for gradient flows [181, ]. Very recently it also
became popular in context of Hamiltonian systems [18, 93, 419, 84]. The main advantage of the
SAV method lies in the fact that it preserves a modified Hamiltonian on the discrete level. Due
to its generality, it can be applied to a large class of equations involving any kind of nonlinearity.
The resulting numerical schemes are linearly implicit and allow for efficient calculations.

The main idea behind the SAV method is to introduce a scalar variable r(t) = /&1 + &, that
will become an unknown at the discrete level and where the arbitrary constant £. > 0 is used to
obtain & + &, > 0. We must stress that one as to be very careful with the choice of the constant
&,. Indeed, it is well known that even for the cubic non-linearity, i.e. f(|p|*,|q|?) = ‘pQ + (]2|2
with 8 < 0 (focussing NLSE), the hamiltonian energy (7.3) is not bounded from below a priori.
In the following analysis, we implicit assume that it exists a constant &£, such that & + &. > 0,
which is often the case in the study of Bose-Einstein condensate as pointed out by Antoine et al.
[18]. In practice, we compute the term &; explicitly and therefore one can adapt the constant
E. during the simulation.  The system is supplemented by an equation describing the time
evolution of r(t). In case of the nonlinear Schrédinger equation (7.1) the continuous SAV model
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takes the form
ap = —Ag+r(t)g(p,q),
dvq Ap —r(t)g2(p, 9), (7.4)
dr(t) =35 (91(p,9), 0rq) + (92(p, q), Oip)] ,

where (-,-) denotes the standard L? scalar product and

) = 1 &t (.0) 1 s& [
1P S VE e dq gD D= S| +E op

Associated to this SAV model we find the Hamiltonian
~ 1
.0 =5 [ V9P + (Ve dot I
Q
which is conserved by the SAV model (7.4). In the following, we assume that for ¢ = 1,2

lgi(p. )l < C ((Ipl +1g))’ +1), g/ (p,q)| <C ((Ipl +1a)? + 1) : (7.5)

for some 3,3 > 0.

Remark 40 In this paper, we focus on the Gross-pitaevskii equation under the form (7.1). Even
though the choice of the monlinearity and, therefore, the precise form of £, depends on the
structure of the considered Schrédinger equation, we highlight that the SAV scheme is, in its
design, general enough to work for a large number of applications. Indeed, as long as there
exists a constant E. such that for all times t > 0 it holds that & + E. > 0 we can apply the
SAV method. Therefore, modifications such as the effect of dipole-dipole interactions, rotating
GPE (see Antoine et al. [18]), or even time dependent potentials V. = V(t,x) can be taken
into account. For an extensive overview on applications and generalisations of the nonlinear
Schrodinger equation, we refer the interested reader to the review article of Bao and Cai [22] and
the references therein.

Following the works of Antoine et al. [18] and Fu et al. [93], we analyze a fully discrete
SAV scheme for the nonlinear Schrédinger equation (7.1) based on a Crank-Nicholson time
discretization of the NLS SAV model (7.4) coupled with a pseudo-spectral discretization for
the spatial discretization. Energy conservation properties of the SAV method for nonlinear
Schrodinger equations were recently derived in [18, 93] and their convergence was extensively
tested numerically.  Very recently, Feng et al. [34] use the SAV method to design arbitrary
high order space-time finite element scheme for the nonlinear Schrédinger equation. While
their method uses a finite element discretization in space, we propose in this work to use a
Fourier pseudospectral discretization. The main contribution of this article lies in establishing
global error estimates on the fully discrete Fourier-PseudoSpectral Crank-Nicholson NLS SAV
scheme (CN-SAV-SP in short). More precisely, we derive weak and strong convergence and prove
second order error estimates for the fully discrete scheme. Our theoretical convergence analysis is
inspired by the analysis of the SAV method in the context of gradient flows [179]. We underline
our convergence results with numerical experiments and compare the SAV scheme with classical
splitting methods. Our numerical findings suggest that in certain cases, such as in case of non-
linearities involving a non-integer exponent, the SAV scheme preserves its second order energy
conservation property while classical splitting methods suffer from sever order reduction. We
also conduct numerical experiments showing that the SAV scheme is able to compute correctly
ground states of Bose-Einstein condensates.
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Outline of the paper. In the first part of the paper, we carry out a fully discrete error
analysis of the SAV scheme and establish second order convergence estimates, see Theorem 56.
Our theoretical convergence results are then numerically underlined in the second part of the
paper, see Section 7.6.

Notations. Let LP(Q), W™P(Q) with H™(Q) = W™2(Q), where 1 < p < +o0c and m € N,
denote the standard Lebesgue and Sobolev spaces equipped with the corresponding norms ||+||m,p,
||l and semi-norms |- [, p, |- [m- We also denote by H"(£2) the subset of H™ (£2) that consists
of 2w-periodic functions that are in H™ (). We denote by L? (0,T; V) the Bochner spaces i.e.
the spaces with values in Sobolev spaces [3]. The norm in these spaces is defined for all Bochner
measurable functions 7 by

T 1/p
||77||LP(0,T;V) = (/ H’?”Z\)f dt) ) ”nHLoc(o,T;V) = €88 sup ”nHV :
0 t€(0,T)

The standard L? inner product is denoted by (-, -)q and the duality pairing between (H* (Q))/ =H Q)
and H'(Q) by < -,- >q. The dual space H () is endowed with the norm

Il 1) = sup {<én>a, [nli <1}
n€H ()

Remark 41 FEven though our model problem (7.1) is equipped with periodic boundary conditions,
our analysis holds for homogeneous Dirichlet or Neumann boundary conditions.

7.2 Numerical scheme

7.2.1 Time and space discretisation of the SAV model

We use a standard Fourier pseudospectral method [50, 87, | for the spatial discretization
of the SAV model (7.4). We refer the reader to the book of Trefethen [195] for details of the
implementation of such scheme in MATLAB. We emphasize that our paper presents numerical
simulation in dimension d = 1. However, the method can be adapted to higher dimensions. Our
convergence and error analysis holds in dimensions 1 < d < 3.

Thereby, for the sake of clarity, we here give the details of the space discretization for d = 1.
We denote by Xy the space spanned by the trigonometric functions up to degree N/2

Xy = span{eikI/L : 7N/2 <k< N/Q* ].}

For the time discretisation of the SAV system (7.4) we apply a Crank-Nicholson discretisation
with time step 7 such that t* = kr for k € N. At each grid point we thereby approximate the
time derivative by

w(tFtl z) —u(th, )

Dpu(t" 1 ) ~
-

Let us give the details of the approximation in dimension d = 1, where the domain is defined
by Q = [—7, n] with a mesh size h. In this case the collocation points are x, = Q’TT“ where a € B
with
5. {{—P,...,P—l} if N=2P iseven,

{~P,...,P} if N=2P+1 isodd.
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We denote by U*(x,) the approximation of u(t¥, z,). The Fourier pseudo-spectral discretization
is given by
Uk(zq) = Z 112 exp (2iwap/N)
peB

with the Fourier coefficients defined by

1

ﬁ’; =N U" () exp (—2imbp/N) .
b

G

€

We approximate the Laplacian by the Fourier differentiation matrix D(?) which for j,I =
0,...,N — 1 takes the form

1 . (_1)j+1+1 ) .
(p®) - eV e P
TN GEEEE ) T

However, to avoid the need to use the symmetric matrix D in the previous form and gain
in computational time, it can be preferable to use the method proposed in [18] that uses the fact
that the previous differentiation matrix is diagonal in Fourier space. Therefore, inverting this
matrix has a very low cost. In our work, since we use the Hamiltonian system (7.2) to analyze
the properties of the SAV scheme we will use the previously defined differentiation matrix D).

For the N collocation points x,, we define the interpolation operation Iy by

(INU) (LL') _ Z ,&pe%ﬂ'ﬂ)/N'
peEB

We have the following interpolation error (see Section 5.8.1 in [50]):

Lemma 42 (Interpolation error) For any u € C(0,T; H,'(Q) with d < 3, we have

[Inu — UHH;)(Q)) <CON'"™|ul, ., 0<l<m,
Il InOru — atu||HZ,](Q)) < CN'"=10ul, , 0<I<m.

7.2.2 The fully discrete SAV scheme

Applying the time discretization described in the previous section, for kK = 0 — Np, the
semi-discrete model of (7.4) reads
k+1_ K ~
p - P _ _Aqk+1/2 4_741@4-1/29?1/27
k+1_ Kk ~k+1/2
q q = Apk+1/2 _Tk+1/292 / 7 (7.6)

T

_k41/2 ~k+1/2
S U % [(91 / s _qk) 4 (92 / pht _pk)} ’

where ¢*1/2 = (¢F+1 4 ¢*) /2 and gf“” is a second order extrapolation of g; at time ¢ =
tk+1/2.

Denoting by capital letters the vectors of unknowns P*, QF that are approximations at each
collocation nodes of the continuous (in space) unknowns p¥,¢*, the fully discrete space-time
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scheme then takes the form

PRUSPL - _DIQEY2 4 RAIPGET?,
QT-QF _ p(2) ph1/2 _ RE1/2GEF1/2, (7.7)

T

phtl gk =1 [(G’f+1/27Qk+l _ Qk) + (@l;+1/27pk+1 _ Pk)} ’

where él, G5 are the vectors associated to the functions g1 and go.

Let us now present two algorithms for the efficient solution of the fully discrete SAV system
(7.7). The two methods are equivalent and reduce the problem to the solving of two linear
systems that involves only real variables.

Algorithm 1

The algorithm below was originally proposed for solving the fully discrete SAV system arising
in gradient flows [181].

Let us give the procedure on how to solve the system (7.7). First, we need to replace r*+! in
the first two equations using the third equation. This yields that

k k
(P!~ PRy = —7D® (@ +12+ Q")

g (rk + i [(é’erl/?)Qk-&-l N Qk> n (G~J2€+1/2’Pk+1 N Pk>D Gz,

(Qk+1 _ Qk) _ TD(2) (PkJrl — Pk)

-7 (rk + i [(é’f*l/{@kﬂ _ Qk) n (é12€+1/27pk+1 _ Pkﬂ) GH1/2,

~k+1/2 ~k+1/2
gk _ <PZ> G2 q% Lo | BF2 = —5711 s |-
Q G1+ / G2+ /

This allows us to rewrite the system into a matrix form

Next we set

AZkL 4 % (G"f“/z,Z’““) BF+Y/2 — ok, (7.8)
where )
I =D
A= {_TD@) °7 }
2
and

_1pn2) - - -
ok — <TDI(2) 2? ) gk _ ok BR1/2 i (Gk+1/27zk) BEH12,
p

with I the identity matrix. Multiplying (7.8) by A~! and taking the discrete inner product with
GF+1/2 we finally obtain

(ékJrl/Z’ A71ck>
@A)

(Gkﬂ/z7 Zk+1) _ (7.9)
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Then, knowing (GFT1/2, Zk+1)  Zk+1 is computed using (7.8) and r**1 is calculated from the

third equation of (7.7). Therefore, solving the fully discrete SAV model (7.7) reduces to solving
the linear system constituted by the equations (7.9) and (7.8).
Algorithm 2

Below we describe a second algorithm recently proposed in [18] for the numerical solution of
the fully discrete NLS SAV scheme (7.7). Rewriting the scheme in its matrix form we have

ZE -z pgk+1/2 rk+1/2Bk+1/2’
{rk“T— o=l [(éllerl/Z’Q;H_l _ Qk) n (é129+1/27pk+1 _ Pk):| ’ (7.10)
where
- [—DO(Q) Dﬂ '
Using the decomposition
ZEH/2 = R T2y k12 gkt l)2 (7.11)

and adding 2Z* on both sides of the first equation of (7.10), we furthermore obtain that

2 |:Zk+1/2 Jrrk+1/2Z§+1/2} _

T

20 g [Zf+1/2 n T,k+1/2Z§+1/2] _pRRU2BRR2 (7 19)
.

Applying the same decomposition to the second equation of (7.10) and adding 2r* on both sides,
we get
22 = gph o (GRHVR [ ZEHVR k12 gl ) gk, (7.13)

Hence, denoting by I the identity matrix, we first solve the equation (7.12) using the system

{ (214 0] 212 = 27

[21+J) 2, 71/% = —Br+1/2, (7.14)

Then we compute r*71/2 by solving equation (7.13) which yields that

ok 1 (ék+1/2’ ZfH/Q _ Zk)

k+1/2 _
" B ~ k+1/2
9_ (Gk+l/27 Z! )

From the decomposition (7.11) we get Z*+1/2 from which we compute Z**! and r#+1.

Remark 43 Since in practice the computation and storage of the invert of a non-diagonal matriz
has to be avoided, Algorithm 2 is a preferable choice. Indeed, the main step in Algorithm 2 lies
in solving two decoupled linear equations (7.14). To do so, standard tools of linear systems can
be applied such as matriz-free preconditioned Krylov solvers. We refer to Appendiz C in [175]
for a description of iterative solvers of linear system and preconditioning.

Even though the previous remark already highlights the main advantage of Algorithm 2, we
emphasize that the inversion of the main matrix in Algorithm 1 can be carried out efficiently.

Remark 44 Referring to [181], we remark that the inversion of the matriz A in the first algo-
rithm and the matrix [% + J} in the second Algorithm can be carried out efficiently using the
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Sherman-Morrison- Woodbury formula [103]
(A+uvh)t=a"t - AU +via~tu)-tviaT,

where A is an xn and U,V are n x k matrices, and I is the k x k identity matriz.

Remark 45 Referring to [95], a fast solver for solving the linear system (7.8) (in Algorithm 1)
and (7.14) (in Algorithm 2) exists. It uses the fact that the differentiation matriz D) can
be decomposed into D®) = F~'AF where F and F~' are the corresponding matrices for the
discrete Fourier transformation and A is a diagonal matriz with eigenvalues of D®) as its entries.
Therefore, the matriz A from Equation (7.8) admits the decomposition
T
A=F'MF, with M= { { 2IA] .
T2

We note that a similar decomposition exists for the matriz [21 + J] in equation (7.14). Thanks
to the above decomposition, the inverse of the matrix A can be computed explicitly in an efficient
manner since

A =F "M 'F and M~ '=MT

7

0 (I+ A%

(I + A%~ 0 ]
where (I + %2A2) 1s a diagonal matriz, such that its inverse is fast to compute.

7.3 Conservation properties and inequalities

In this section we outline the conserved quantities of the SAV method. It is well known that
due to its design the SAV scheme preserves a modified version of the underlying Hamiltonian.
In addition, to the conservation of energy, there is a wide variety of properties in the continuous
equation which is feasible to preserve also on the numerical (discrete) level, we refer to Bao
and Cai [22] as well as Antoine et al. [15]: i) time-reversibility or symmetry, i.e. the system
is unchanged when 7 — —7, i) gauge-invariance, i.e. if the potential V' is changed such that
V — V + a with « a real constant then the density |u|® remains unchanged, iii) conservation
of mass, i.e. [|u(t)|l 2y = [[u(0)][12(q), and the Hamiltonian energy, i.e. H(t) = H(0), iv)
preservation of the dispersion relation

L

2
o+ 1(4P),

w(k)
for the plane wave solutions u(t, z) = Ae’*#—«t,

Proving analytically that the SAV scheme for the NLS equation meets the points i) and iv)
(over long time scales) is up to our knowledge not possible with current techniques. However, the
other points can be verified for a large number of nonlinearities. Here, we briefly recall the proofs
of the conservation properties and refer to [93, 18], where they have been first set in context of
nonlinear Schrédinger equations and our Theorems 46 and 47 are found by a combination of the
results from [93] and [18].

Theorem 46 (Conservation of the modified discrete energy) The scheme (7.6) is asso-
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ciated to the discrete modified Hamiltonian
- 1 2 2 2
k+1 _ k+1 k+1 k+1
i _§(|Q s+ PR ) (7.15)
and conserves the modified Hamiltonian energy through time i.e.
H1 = g*, (7.16)

Proof. Taking the inner product with Q**! — Q" for the first equation of (7.7) and for the
second with — (P’CJr1 — Pk), then summing the results we get

0= 5 (104} — @} + [P} — |PH7)
Lkt [(élf+1/2,Qk+1 _ Qk) T (G§+1/2’Pk+1 _ Pk)} ’

where |-|; = ||[V-||, is the H'—seminorm. Then, multiplying the third equation of (7.7) by
2R*+1/2 and using the result in the previous equation, we obtain

1 2 2 2 2 2 2
0= 5 (19— @+ [PE = ) (1 = )

from which we can conclude both (7.15) and (7.16). O
The SAV scheme also preserves the mass up to an error of order O(73), where the latter error
is introduced by the second-order extrapolation.

Theorem 47 (Conservation of the L? norm) The scheme (7.4) conserves the L? norm of
the solution up to an order O(73) i.e.

[U52 ]2 = [U*]ls + 0(), (7.17)
with UF = P +iQF.

Proof. Taking the inner product of first equation of (7.7) with 2P*+1/2, the second equation
with 2QFt1/2, and summing the two we get

(P42l = 1P~ [l + 1™ +115 — NIt 5)
— 9pk+1/2 (_ (é’2€+1/27Qk+1/2) n (éllc+1/2,Pk+1/2)> .

1
-

k+1/2

. ~k+1/2 . L .
Since GiJr /% is a second-order approximation of G| , We can write

L (et 2 = o2 = 2rteirz (= (G52, Q) 4 (G2 PR ) 4 02,

Then, we find that

s 1 o0&, (Pk+1/27Qk+1/2)
1 \/61 (Pk+1/27Qk+1/2) + &, OQk+1/2

‘Qk+1/2’2> QF+1/2

2
—V(@)QMV2 4 f (‘Pk+1/2‘
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and k+1/2 Hk+1/2
G 1 651(P+/,Q+/)
2

B \/51 (pk+1/2,Qk+1/2) + &, Opk+1/2

_ V(x)Pk+1/2 iy ('Pk+1/2’2 , ’Qk+1/2‘2> pr+1/2,
from which we easily obtain

(G572 QR o (G phsz)

Consequently, we obtain (7.17). =
To derive H?-bound for the solution of the SAV scheme, we use the following proposition. The
proof of this technical result can be found in Lemma 2.3 in [179].

Proposition 48 (Bound for HVG?HMH ) Assume that the functions g; (i=1,2) satisfy (7.5)
0
and let ||U||, < M for some constant M > 0. Then there exists 0 < o < 1 such that

Vet < oo (1 + HVAPW/?HEU + HVAQW/?HE”) . (7.18)

We have the following result on the H2-norm of P**1/2 and Q*+1/2,

Proposition 49 (H2-bound on the numerical solution) The solution {P**1 Q*+1} of (7.6)
satisfies

2 2 2 2
_max AP AQ P s or kAR 4 QYR (7a9)

Proof. First, we multiply the first equation of (7.6) by A%(Q**+1/2), the second equation by
A2(PF*1/2) and integrate over . Then, by summing the two, we obtain, after integration by
parts, that

HvAQk+1/2Hz n HvAPkH/zHZ _ <Tk+1/2véllﬂ+%7vAQk+l/2)) n <Tk+1/2vé§+%’vAPk+1/2> '

From the conservation of the modified Hamiltonian (7.15)—(7.16) and assuming a finite initial
Hamiltonian, we have

(rk+1/2Véf+%,VAQk+1/2) n (rk+1/2Vé§+%,VAPk+1/2)

<5 (Jvet

2 2 - 12 2
+ HVAQ’““/QH + ch";“ + HVAP’C“/?H ) .
0 0 0 0

Then, from the result of Proposition 48, for any € > 0, we have

2

Hvé’f*é Z+Hvé’;+% OgeHVAQk+1/2HZ+e VAPk+1/2’]z+C(e).

Therefore, combining the two previous inequalities, we obtain
2 2

HVAQ’““/QH + HVAP’““/ZH <c. (7.20)
0 0

Secondly, by multiplying the first equation of (7.6) with A%(P*+1/2) the second equation with
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A?(QF*1/2), integrating over , and summing the two, we obtain after integration by parts that
2 2 2 2
IAPPH = [[APH|g + lAQ™ ], = [|aQ
= rrkts (VC:'IIH%,VAQ’CHM) — rrkts (V@;H%,VAPkHﬂ) .
Then, combining the result of Proposition 48 and the inequality (7.20), we have
|APE g~ [|AP g+ [|AQ" g — [|AQ |y < 7C.
and summing from k = 0 — N, we obtain (7.19). O

Remark 50 From the fact that H*(2) C L>(Q) for d < 3, we can conclude from the previous
proposition that for k=1,... Np — 1,

1P o + Q| < € (7.21)

Next, we present the stability inequality that will be useful in the convergence analysis.

Proposition 51 (Stability inequality) The solution of (7.6) satisfies the stability inequality

Nr—1 || pkt1 k|2 k+1 k2
k+1(2 k+112 2 P -Pp Q -Q
B Ly A L R S e R e
< C(r,H° Nr).

Proof. Multiplying the first equation with 27 P**1  integrating over 2 and using 2(a — b)a =
a? — % + (a — b)?, we obtain

2

—[|PHls = =27 (VQUHI2, W PE) o1/ (G2 priL).
0

1P 4 2 Pt —pr
0 T

Using the Cauchy-Schwartz inequality and (7.15)—(7.16), we obtain
9y (VQk+1/2’VPk+1) < 27_HVQIC+1/2H HkaHHo < 47 HO.
0

Then, from the conservation of the Hamiltonian (7.15)—(7.16), and the conservation of the L2-
norm of the solution (7.17), we obtain using the Cauchy-Schwartz inequality

Fht1/2 (éllc+1/27pk+1> <C (Héllcﬂ/zHO HPkHHo) <C HG11c+1/2H0 I 0(7_2).

Since from Proposition 49 and (7.21), we have that HG?HMH < C with i = 1,2, for a large
0

number of nonlinearities. Therefore, combining the previous inequalities for the right-hand side

of (7.3), we obtain
2

<Cor+ || PHL.
0

||pk+1||2 472 M
0 T




184 CHAPTER 7. Longtime properties of SAV scheme for non-linear Schrédinger equation

The same can be found for the second equation by repeating the same calculations. Summing
for k=0 — Ny — 1, we find (7.22). O

7.4 Convergence analysis

7.4.1 Notations

To study the convergence of the scheme, we introduce the following notation: For k& =
0,...,Np — 1 we set

t— tk tk+1 —t
T T

Uk, te (tk,tk+1]7

and

oU Uk+1 _ Uk
o = te( ]
-

We also define
ut=UM, U =UF

and
U-U"=(t —t"f“)a—U, U-U" =(t— tk)a—U te (t* " k>o0.
ot ot
In addition, we take analogous definitions for P and @: For k =0,..., Kp — 1 we set
t— tk tk?“rl —t
P(t,z) = ——P"t 4 PF ¢ (¢ R,
T T
oOP Pk-i-l _ Pk’ e ok
= te (th !
ot T €, )
pt.=pHtt pT =Pk
and
oP oP .
P— Pt =(t— tk“)a, and P—P = (t— tk)a te (th " E>o.

7.4.2 Convergence theorem

Now we are in the position to establish time convergence for the semi discrete SAV scheme
(7.6).

Theorem 52 (Convergence) Let {p,q} be a pair of functions such that

!/

plt, ) € L* ([0, T); H'()) N H' ([0, T]; (H'(2))
q(t,x) € L* ([0, T); HY(Q)) N H* (0, T); (H*())

!
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Then for 7 — 0 we can extract a subsequence of solutions of (7.6), such that

P,PT = p strongly in L? ([0, T7; L2(Q)) , (7.23)
Q.QF —q strongly in L ([0,T); L*()), (7.24)
P,P* —~p weakly in L* ([0, 77 Hl(Q)) , (7.25)
Q,Q* — ¢ weakly in L? ([0, 77 Hl(Q)) , (7.26)
oP ap . 2 1 /
5 815 weakly in L ([o, TY; (HY( ) (7.27)
Q , 9 /
Bt 6‘t weakly in L ([ (HY(Q)) ) (7.28)
R~ (t) = VE + & weak-star in L™ (0,T). (7.29)

The limit {p, q} satisfies the nonlinear Schriodinger model (7.2) in the following weak sense

2 2
Jo (%.n)dt =fonQVan+(V(:v)q+ %q"q'))ndxdt

T T 2 2 (730)
Jo (GLmydt = [y Jo—VPVn— (V(x)p+ %ﬂ") ndz dt,

for alln e L?([0,T]; H*(2)).

Proof.

Step 1: Weak and strong convergences. First, the weak convergences (7.25), (7.26), (7.27)
and (7.28) follow from the assumption that the initial Hamiltonian energy is bounded and the
stability inequality (7.22).

Then, the weak-star convergence (7.29) also holds true by the conservation of the modified
Hamiltonian and the boundedness of the initial state.

From the compact embedding H!(Q) C L?(Q) = (L? (Q))/7 we can apply the Lions-Aubin
Lemma [135] to find both convergences (7.23) and (7.24).

Step 2: Limit system. Let us work on the first equation of the discrete system. We use a
test function n € L? ([0, T);H 1(Q)) and analyze the convergence of the terms separately. First,
from the weak convergence (7.26), we have

/ / (Q++Q >V77d:z:dt%/OT/QVandxdt.

~k+1/2 k41/2

Secondly, from the fact that G is a second-order approximation of Gy , we have

T T T
/ /rk+1/2élf+l/2ndxdt:/ /rk+1/2G’f+l/2ndxdt+/ /rk+1/20(7_2),,7dxdt'
o Jo o Jo o Ja

From the inequality
‘gl(Uk+1/2) —&(u) ’ <C HUk+1/2‘

Q)

and the fact that
P*.Qt —p,q weakstarin L (O,T; HI(Q)) ,

which follows from the conservation of both the Hamiltonian energy and the L? norm, we have

E(UF/2) ~ g(u) weak-star in L (0,T).
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sgkt1/2 sekt/2 | .. .
The same holds true for —L and —L using similar arguments. Then, using also the stron
5 op g g ) g g

convergences (7.23) and (7.24), together with the weak-star convergence (7.29), we obtain

T T 4
/ /Tk+1/2Gllq+1/2ndxdt+/ / ,rk+1/2o(7_2)ndx dt %/ /T(t)gl(t)ndxdt
o Q 0 Q 0 Q

Finally, for any € H*([0,T]; H(Q)), by integration by parts we have

/OT (%];’”)h dt = _/OT (P’ ?Z)h dt + (P(T),n(T))" — (P(0),n(0))" .

Hence, from the regularity of  and the convergence (7.23) , we obtain

n On

T h T
/ <P,) dt—>/ (p,> dt as 7—0 and Vne HY[0,T); H(Q)).
0 ot 0 ot

Gathering the previous convergences, we have
h n [T on ’ oF (I, la*)
)T ~eOn0)" =~ [ (5.5 ) at= [ [ Gavne (Vi + D) pasar
0 0

Since Vg+ (V(J:)q + %W) € L*(Q) which follow from the conservation of the Hamiltonian

energy, we know that p € H' ([0,T]; H~*(2)). Finally, we find the first equation of the limit
system (7.30) and the same arguments can be applied to the second equation. This yields the
result.

7.5 Error analysis

In this section we analyse the difference between the exact and modified Hamiltonian, and

establish a bound on R
Hip(t"),q(t")] = H[P*,Q"]|.

In addition we prove second-order convergence of the fully discrete SAV scheme (7.7) approx-
imating the solution of the nonlinear Schrodinger equation (7.1). We introduce the following
notation to study the error

ey = Oy + pu; (7.31)

where
9111 = Uk - (INu)(tkvx)a pﬁ = (INU)(tk“r) - u(tk,a?).

For our convergence result we assume that the solution u of (7.1) is sufficiently smooth satisfying

10etull oo 0,721 () F 1tll e (0,7 112 (02)) < C- (7.32)
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We define the different truncation errors by

k+1 k
41w —u
e

k+1 k
Toth ubth () = T i,
We commence with two important lemma that will be useful in the global error analysis.

Lemma 53 (Boundedness of nonlinear functions) If (p,q) is a solution of (7.4) satisfying
(7.32), we have fori=1,2

Jg;
dp

Jg;
dq

’ 32% ‘ ‘32%

<C.
"1 Opdq |’ | Op? =

5291'
0q?

l9:(p, q)]

Proof. This result is found by a combination of the fact that u € L>(0,T; H?(f2)), Re-
mark 7.21, and assumption (7.5).

Remark 54 From Lemma 53, and the hypothesis (7.32), we know that
9wl < C (1owpll3 + Novweall3) -

We have the following Lemma on the norm of the truncation errors (see Lemma 4.7 in [198] for
example).
Lemma 55 (Truncation errors) For a = —1,0,1,2, we have

tk+1

5 2
o) <r /tk [0ete (8) [ e () S

tk+1

= [ 109 d
t

H Ic+2

H—k+2

Theorem 56 (Error analysis) Assume that the solution of (7.2) satisfies (7.32) with initial
condition u® € H3(Q). Then the discrete solution { PT1, Q*+1} of the fully discrete SAV scheme
(7.7) satisfies the error estimate

SITEsT 4 2 Ve o+ bt < Cexp (11— 0n) 7 #50) (7* 4 N,
where the constant C depends on the smoothness of the solution (7.32).

Proof.
Step 1: Error equations. We begin by evaluating the model (7.4) at time tht1/2

atp(tk+l/2) :_Aq(tk+1/2)+r(tk+1/2) (tk+1/2)

atq(tk+1/2) — Ap(tk+1/2) (tk+1/2) (tk+1/2)
%(tk+l/2) — % [(g (tk+1/2) 8tq(tk+1/2)) ( (tk+1/2),8tp(tk+l/2))] )
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Subtracting the above equations from (7.7) yields

ek+1_ek . -
Al +TZ§<+1/2 — _A <e§+1/2 +Tl;+1/2) n Rk+1/2G’1€+1/2 . r(tk+1/2)gl(tk+l/2)’
e§+17 k

T

LT A (T LG g,

k+1_ _k k ~
o e (e, el | (g e

T ’ T

(gl(tk+1/2 a q(tk+1/2)) (92(tk+1/2)7 atp(tk+1/2)) ]

We introduce the error
elgc’—',-l/Q _ Gk+1/2 il

The rightmost terms of the two first equations of (7.33) can be replaced by

tk+1/2).

Rk+1/2é11€+1/2 _ T(tk+1/2)gl(tk+l/2) _ éllc+1/2 ( k+1/2 4 Tk+ /2 ) (tk+1/2)€§j1/27 (7.34)

and

Rk+1/2é12€+1/2 _ T(tk+1/2)92(tk+1/2) _ é12c+1/2 (e’,f“/Q +Tl:+1/2) i r(tk+1/2)el;;1/2. (7.35)

Similarly, we have

% [(G’“rl/2 Q" - Qk) N (91(1%—&-1/2)’th(tk+1/2)):|

T

1 PP o i/ (7.36)
=3 <G1+ / ’% "’quH/Q) + ( ng / ﬁtQ(tkH/Q))] ;
e 1 Ak+1/2 R k+1/2 k+1/2
5 (G572 0 ) (a2, (/%))
(7.37)
1 12 Gt —ep k+1/2
=3 [<G2 B R el B (b2 (™)) |
Plugging (7.34), (7.35),(7.36), and (7.37) into (7.33), we thus obtain
ektl_gk —k ~ —k
oFH1_ gk
2 +Tk+1/2 _ A( k+1/2+Tk+1/2) G];H/Q( k+1/2+Tk+1/2) —r(tk“/Q)e];;l/Q,

k

ektl_e
[ G2 2l = +T§+1/2>+< kt1/2 aq(tk+1/2)>

k41 _ k

1
2
+< R e % +Tk+1/2> + (eh 2, aw(t172)) ).

k+1 k
Ey Tk+1/2
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Using the decomposition of the error (7.31), we furthermore obtain

k+1_ pk k+1 k k+1_ k — ~ J—
AN (eq 2+0q> _ e —A( k1/2 JrTl;+1/2> etk (elﬁ+1/2 JrTk+1/2>
+r (tk+1/2) k+1/2 Tk+1/2
AN (9§+§+9§> = pgﬂ_”" +A (AT ) S G (T
r(tk+1/2) k+1/2 _ T;H/Z’

—e, + Tf+1/2

k+1 k
[( ’““/27—6 5 +Tq’““/2> (b2, dra(tE1/2) )

1
2
ek+1 ek
+< k+1/2 p —% +T/c+1/2> +< k+1/2 3p(tk+1/2)>}

(7.38)

Step 2. Error estimate formula. We use the following notations to make the results more

compact
9k+1 _ 0k
D19k+1 — p p D16k+1 — ek—i-l _ ek
TP N

’
T p p p

Taking the inner product of the first equation of the system (7.38) with —D19§+1 and the
second with D19’];‘H7 and summing the results, we also have,

1

Dl ||V0k+1“ + Dl ||v9k¢+1“ Dl k+1 D 0k+1) _ (D71_p1;+1 D19§+1)

V) k+1/2 VD 9k+1> _ (V k+1/2 VD10§+1>

k+1/2 K+1/2

(

-

- (v, VDo)

( k+1/2 ( k+1/2 _|_Tk+1/2) ,Dlgéﬁ-l) (7.39)
- (¢

- (n

- (n

VDo) — (VT

+1/2 <€k+1/2 +T’<¢+1/2) ,D19§+1>

r( tk+1/2 kj1/2 _ T§+1/2,D1€§+1)

k+1/2 k+1/2 k+1/2 plpgk+1
PR 4 TR Dlgirt).

1
kt1/2 , we have

Multiplying the third equation of (7.38) by 27ey
Dl |e’:+1’2 " 27_T7{c+1/267lf+1/2 _ Tel;-',—l/Q[ (Gllc+1/27 Dlp};-‘,—l n T§+1/2>
+(GE DL 4 TR (57, 00 )+ (e o)

— k12 [(éllv+1/2’D19§+l) n (GSH/Q,DlG’;“” .
(7.40)
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Using (7.40) in (7.39), we have
L. k12, L k4112 1] k+1]2
§D Hvaq H0+§D HVQP H0+D ’er ‘
1 k+1 plpk+1 1 k+1 plpgk+l
= (DTper D 9q+ ) - (Dqu+ D 0p+ )
_ (V (pk+1/2 —&—T’;H/Q) ,VD19§+1) _ (V( kt1/2 +Tk+1/2> 7VD10§+1)
FR+1/2 [ [ Ak+1/2 ~k41/2
ST [(GRVR prektt) + (G52 prekt )]
— TR g k2] (GE, DLk 4 T2)
4 (GSH/Z,D#’;H JrT}fﬂ/z) n (el;jl/Z’atq(thrl/Q)) n (61;;1/2’atp(tk+1/2))]

_ (T(tkH/Q)e’;jl/Q . T§+1/2,D19§+1)

(7.41)

_ (T(tk+1/2)eszl/2 I Tf*l/Q,Dle’;“) _

Step 3. Inequalities for the terms on the right-hand side of (7.41).

Now, we bound the right-hand side of (7.41). Using Lemma 42, Lemma 55 and Young’s
inequality we have

(DL, DYOE) < 4[| DL+ 50 [ DH05 7 < ON® + o Dk,

(D, D) < 4| DL o DM < OO 4 Dk

Then, from Theorem (46), we have
- (Vp§+1/2,VD19§+1) - (vp’;+1/2,VD19’;+1)
S (R N s WA
<CN™Y,

and

k+1/2 K+1/2

(VT VDlek“) (VT VDle’f“)

(HVT’““/QH |vD? 9’f+1HO+HVTK“/2H vale;f“y]i)

<crt,

For the rest of the terms on the right-hand side of (7.41), we use Lemma 55, and Proposition 51
together with Lemma 53, and Remark 54, to obtain

Tk+1/2 Kéka’DlogH) n (é/§+1/27D101]f+1>:|

~ 2 = 2
<afrf (Jer e et + 5 (Il Iesi) - a

<ort+ (D s+ D)
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2
9 TIH2H2 < o (HT’%H/QHO i |€1:+1’2 n |€ﬂ2) < O +T\ef+1|2 Yy |e,;’2,
b2 (GE Lt £ i)

~ 2 2
< 2er)f (it [o+letsi et

<Cr (N4t ekt 4 Jeb ),
TeﬁJrl/Q (Gk+1/2 Dip/’;+l + Tk+1/2)

2 2 2
2 HGk+1/2H (‘Dl k+1H0 Ho+|e7’f+1’ +|61:‘ )

<Cr (N_6+T4+|€5+1’2+’e7]f‘2>’

Tef.“/Q [( 1/2 tk+1/2) (k+1/2’ (tk+1/2))}

< 7 ||oate=172)| ( ’”WH + |er ]+ fek] )
7' Hap tk+1/2 H ( k+1/2 | k+1| |e,’f’2>
scT( b2 4| ’“*1/2\] ekt yeff),

and

T(tk+1/2)€§j1/2 _ T:+1/2’D19k+1) _ (r(t’““/z)e’g“E” + T§+1/2’D191;+1)

< 4}r(tk+1/2‘2 (H k+1/2H n H k+1/2H n HT’I’CHQHE—F HT5+1/2H2>
(7.43)
+35 (1P 15+ 1D )

<c (H k+1/2H n H k+1/2H Jr274) (HD 9k+1H i ||D 0k+1” )

Step 4. Estimating the terms in the inequalities (7.42)—(7.43). First, we aim to emiminate the
terms HD19§+1 HE and HD19§+1 Hi in the above inequalities. Taking the inner product of the first

equation of (7.38) with 27651, we obtain
1pk+1 k1Y _ k+1/2 pk+l 1 k+1 gk+1 k+1/2 | mk+1/2 k+1
(Do, 270541) = 27 (VOLT1/2, W5+ ) — 27 (DLpht! 054) 427 ( (b2 4+ T 17wt

+ 27 ( k1/2 4 TkH/Q) (é}fﬂ/z, Qlﬁ'l) + 27 (r(tk+1/2)e’;jl/2 - T;H/Q, 9’;“) )

Knowing that

(Do 2705 t1) > |
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we have
1D 051 |o < 27 (V052,965 ) — 20 (DL, 01) 420 (V (o2 4+ T, wapt)

w2 (T (G0 o (G ).
(7.44)
Let us bound the terms on the right-hand side of (7.44). Using Lemma 42 we find that

2r (Vo2 wostt) < (|[Vet o+ [[Ves] + Ves L)

—2r (DR o) <7 (D2

2 _ 2
ey IVETG) <7 (N (19 g)

20 (V (s + T, %) vostt) <7 (ONTt e ort | VestR),
2
k+1/2 k+1/2 2
27 (r(t’““/z)%1 2 _ T,’f“/"’,o’;“) <7 (C’ Hegyl / HO +riyC ||va’;+1||0> ,

where we have used the Poincaré inequality to obtain the last inequality. Plugging the previous
inequalities into (7.44), we obtain

D65 < 7 (19051 + 190+ ov -+ crt ek )+ cwes ;).
(7.45)

Similarly, taking the inner product of the second equation of (7.38) with 27’95“‘1 and repeating
the same steps as before, we obtain

ID o2 < 7 (||vo;;+1||§ +||VeE| + N+ ort 40 He’;gl/z\(z +C |¢vo5;+1||§) .
(7.46)

k+

2 2
Step 5. Estimating Heg 11/2H and Hel;'gl/zH . Using the notations
' 0 ’ 0

S(paQ) = gl(paQ)+Ca

and

5 P
Ni(p,q) = 57151(19, q), Na(p,q) = %Sl(py q)
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we have that
(:’]gCJ;l/Q Gl(Pk+1/2,Qk+1/2) (p(tk+1/2) (tk+1/2))
Nl(PkJrl/Q’QkJrl/?) Nl(p(tk+1/2),q(tk+l/2))

CS(PEFI2QMR) T S(p(th1/2), g(£51/2))
Nl(PkJrl/Z,QkJrl/Z)i Nl(Pk+1/27Qk+1/2) N Nl(pk+1/2’Qk+1/2)
CS(PREY2,QMY2) S(p(thtL/2), q(tRF1/2)) T S(p(th L), g(thF1/2))
Ny (p(tRT2), g(#R11/2))
S(p(tkt1/2), q(tk+1/2))
Ni(PFH2 QFF2) [& (p(tFH1/2), q(tH172)) — & (PHH1/2, QF1/2)]
= S(P’“H/Q,Qk+1/2)5(p(tk+1/2)7q(tk+1/2)) [S(Pk+l/2’Q/€+1/2) + S(p(tk+1/2),q(tk+1/2))]
Ny (PRHI/2, QR4LI2) — Ny (p(##+1/2), g(#441/2))
S(p(th+1/2), q(tk+1/2)) '

From the smoothness assumption (7.32), Lemma 53, and Remark 50, we have
2 2
k+1/2
H +1/ H <C [HPkH/Q (tk+1/2)HO n HQk+1/2 _ q(tk+1/2)H0] .
Then, using the notation (7.31) and Lemma 55, we obtain
105 1l + 1195 1o + 1195+l + 11y +

2 2 2 5 -
< C[I905 1y + 1955 + 905+ ] + w05+ + 5],

Similarly, we have

e < 0 9+ [l 1wk + 9ok 7+ 4]

Step 6. Discrete Gronwall Lemma. The above two estimates together with (7.45) and (7.46)
imply

LD VB[4 D Ve 4 DY ek

< TC[|Ivos g+ (V6

2+ V02 4 [V + (o412 4 eb?] + O [t N1,

Therefore, by the use of Gronwall’s Lemma, we can conclude that

LIOaE 2 O 4 b < Cexp (1= 0 1) (4 ).

7.6 Numerical experiments

In this section we numerically confirm our theoretical convergence result given in Theorem
56 and illustrate the long time energy conservation of the SAV method. In the following, the
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—SAV
—Strang]
Lie

-

Figure 7.1 — Error e, (left) and ey (right) versus step size 7 at time T = 10.

numerical results have been obtained from Algorithm 2. However, we want to emphasize that
Algorithm 1 leads to the same results and has a comparable computational cost for d = 1.

Our numerical findings suggest the favorable energy preservation of the SAV method com-
pared to classical splitting methods in certain applications such as for non-linearities with non-
integer exponents which arise for instance in context of optical dark and power law solitons with
surface plasmonic interactions [65]. For the comparison we use the classical first order Lie and
second order Strang splitting which are known for their near energy preservation over long times,
see, €.g., [83].

In the numerical examples we plot the deviation of the exact Hamiltonian and the modified

Hamiltonian E[, ie, eg = ‘H(tk) — ﬁk‘7 the error between the exact Hamiltonian and the

discrete non-modified Hamiltonian ey = |H(u(t*)) — H(U")|, as well as the L* error e, =
H }Uk| — |u(tk)}||L2(Q). We choose the potential V' = 0 in the Schrodinger equation (7.1).

7.6.1 First test case: cubic nonlinearity

In a first example we consider the nonlinear Schrodinger equation (7.1) with a cubic nonlin-
earity i.e.

F(lul*) = B fuf*

on the spatial domain Q = [-32,32]. In Figure 7.1 we choose a mesh size h = 1/32 and
approximate the soliton solution [26, 18]

a
u(z,t) = ——=sech (a(z — vt)) exp (ive — 0.5(v* — a?)t),
VP ( )
with the parameters ¢ = 1, § = —1 and v = 1 up to 7' = 10. Figure 7.1 numerically confirms
the second-order convergence of the SAV method. The numerical findings also suggest that the
error constant of the Strang splitting method is slightly better than the one of the SAV method
in this example. In Figure 7.2 we simulate the solitary wave

\/ieit
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on the domain [—577, 557) With N = 256 collocation points and time step size 7 = 0.01. We
illustrate the evolution of the errors ey, e, and ez over long times, i.e., up to 7' = 1000. Our
numerical findings confirm the conservation of the modified Hamiltonian by the SAV method,
see Figure 7.2. We also observe that the SAV method preserves well the exact energy and L?
norm over long times. Even though, the error ey of the Strang splitting seems favorable in
this example, we have to stress that the modified Hamiltonian is closer to the value of the real
Hamiltonian (see error ey on Figure 7.2).

i
A
(NS
it

‘ [
T it 1097

WW M

1010}
10°%H ] 1

A

—SAV
——Strang| 160
Lie 1077

1012F

1014

—SsAvV
Strang

0 100 200 300 400 500 600 700 800 900 1000
t

Figure 7.2 — Left Figure: error e, (left) through time. Right Figure: ey (blue, red, yellow) and
e (purple) through time.

7.6.2 Second test case: cubic nonlinearity with non-smooth initial con-
dition

In this example we analyse the error behaviour of the SAV scheme in case of non-smooth
initial data. For this purpose we solve the NLS equation with cubic nonlinearity with initial
data of various regularity. More precisely, we choose f (|u|2) =p |u\2 with f = 1 and consider
u® € H* with o = 3/2,2,3,5 on the spatial domain Q = [—m, ] with N = 1024 gridpoints. The
discrete initial data of various regularity is generated as proposed in [159].

Figure 7.3 shows the convergence behaviour of the SAV scheme, and the two splitting methods
for the initial data of different regularity. We find that if o < 3, the SAV method does not
maintain its second order convergence rate and for o = 2, the SAV scheme reduces to first order.
Decreasing the regularity of the initial condition even more, the convergence worsens and becomes
less than order 1. A similar order reduction is observed for the splitting schemes, however, for
the latter the error starts to oscillate for a < 3. Again, the error ey is favorable for the Strang
splitting for all «. However, the modified Hamiltonian is closer to the real Hamiltonian (see
Figure 7.4 for oo = 2).

7.6.3 Third test case: non-integer exponent

In this example we consider the periodic nonlinear Schrédinger equation (7.1) with nonlin-
earities with non-integer exponents ([65])

F(lul?) = Blul*™, >0
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10 107 107 10! 10 107 107 10!

10710
10”

Figure 7.3 — Error ey versus step size 7 for the nonlinear Schrodinger equation starting from

different initial conditions in H® (o = % top-left, a = 2 top-right, & = 3 bottom left and o = 5

bottom-right). The dotted lines represent order 7 (green) and 72 (purple), respectively.

where the Hamiltonian takes the form

1 2 Y 449
Hu)= [ = |5 da.
(u) /Q 5 |[Vul” + ﬂ(4+ ) |l dx

We carry out simulations for various exponents v = 2,8/3,4,8 up to time 7' = 10 with smooth

initial value
u(0,x) = sin(x) € C°([—m, 7]).

The error ey for different exponents v is plotted in Figure 7.5. Our numerical findings suggest
that as = increases the splitting methods suffer from sever order reduction. This loss of con-
vergence of splitting methods was also observed in [159]. The SAV method, on the other hand,
retains its second order energy convergence for non-integer exponents.
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Figure 7.4 — Error ey (blue, red, yellow) through time and ey (purple) through time for initial
condition in H3.

7.6.4 Computing ground states

We use the SAV scheme to simulate ground states of Bose-Einstein condensates, however,
unlike the work of Antoine et al. [18], we propose here to use a different strategy. Indeed, in [15],
the authors use the SAV scheme presented in Section 7.2 and observe the capacity of the scheme
to preserve the initial mass and Hamiltonian for various strengths of the nonlinearity. In the
present work, we propose to use a different method and compare the numerical results with
reference methods that are designed to simulate the stationary states of the NLS equation for
large nonlinearities.

To do so, we reformulate the problem into the solving of a gradient flow equation to compute
these stationary states: this method is known has the gradient flow with discrete normalization
method [20, 23].

The SAV scheme is well adapted to this formulation since its original purpose was the sim-
ulation of the gradient flow equations. Details of the reformulation and the adaptation of the
SAV scheme to the case can be found in Appendix 7.A.

We here present numerical results obtained choosing d = 1, V(z) = 22/2, 8 = 400, and

ul(x) = e’(psrj# /||u®]|,- We validate our results with the Backward Euler PseudoSpectral
(BEPS in short) scheme implemented in the GPELab code [16, 17].

We denote by £(u) the energy associated to the renormalized system and £(u) its modified
SAV energy (see Appendix 7.A for details).

Figure 7.6 (left) compares the stationary states obtained with the two schemes for h = 1/8
in space. We clearly see that they both reach the same steady state. Figure 7.6 (right) depicts
the evolution of the energy during the simulation. We observe that the SAV scheme preserves
the monotonic decay of the energy. The steady state reached at the end of the simulation has
an energy & (¢) =~ 22.90. However, using the solution ¢, obtained for the SAV scheme and
computing the "real" energy, we obtain £(¢) & 21.36 which is the value obtained with the BEPS
scheme.

We numerically evaluate the order of convergence in space of the SAV scheme for the simu-
lation of ground states. We choose our reference solution to be the result of a simulation with
h =1/32. Then, we vary h from 1/2 to 1/16. Figure 7.7 shows that the scheme remains second
order convergent in space as predicted by our error analysis.
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7.A Gradient flow with discrete normalization for comput-
ing ground state

A common method to compute stationary states of the NLS equation (7.1) with a cubic

nonlinearity is to write
u(t,z) = ¢(x) exp(—iut),

where g is defined as the chemical potential of the condensate

o) = [ (519614 8161 + V@) 167 a.
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Figure 7.6 — (Left) Comparison of stationary solutions of the NLS equation with a large cubic
nonlinearity obtained with the SAV scheme (blue) and the BEPS scheme from GPELab (red).
(Right) Evolution of the energy £(u) for the SAV scheme during the simulation.

Therefore, using the previous reformulation in Equation (7.1), we obtain

po(a) = 5 A0(2) + 8 16(2) 6(2) + V()6 z).

Denoting by S = {¢| ||| ;2() = 1} the unit sphere, the ground state ¢, € S of the Bose-Einstein
condensate is then defined by the solution minimizing the energy functional

E(p) = /Q (; Vol + %B lo* + V() |¢>|2> dz < +oo.

For the proof of the existence of such state and other mathematical properties we refer the reader
to [22].
In the following, we adapt the Scalar Auxiliary Variable method to compute the stationary

solutions of Equation (7.1). Therefore, endowing the equation with the normalization constraint,
and using the projected gradient method [20], the complete system reads

0p = LAG — V(2)u — Blul’ ult,z),
Ill720) = 1.

Our SAV scheme can be easily adapted to this case, leading to the discrete system

ot —¢* _ %D(2)¢k+1/2 _ Tk+1/2ék+1/2’

S N % (ék+1/2,¢+ _ ¢k)

k+1 ot
¢ T lletlL@)’

K~ k+1/2
with ¢F*1/2 = w%‘ﬁ, GF+1/2 4 second order approximation of 25 )

ria=vent We precise that the
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Figure 7.7 — Error e, versus grid size h for the simulation of ground states with a large cubic
nonlinearity.

associated modified SAV energy is
~ 1
£6) = [ 5199l do+ 1t < 4.
Q
Both Algorithm 1 and Algorithm 2 from Section 7.2 can be applied to compute the solution

of the SAV system. Furthermore, using the same calculation as in Section 7.3, we can easily
prove that the scheme dissipates the energy and preserves the normalization constraint.
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Abstract

Nous étudions deux types de modéles couramment utilisés pour la représentation en temps et en es-
pace des tumeurs : I’équation de Cahn-Hilliard pour les tissus vivants et le modéle de Keller-Segel. Les
méthodes numériques que nous développons cherchent & représenter de maniére précise et efficace ces
équations tout en préservant leurs propriétés. Pour ’équation de Cahn-Hilliard, notre étude s’appuie sur
une méthode de relaxation dont nous prouvons la convergence vers le modéle initial. Méme si elles repré-
sentent mathématiquement des phénoménes physiques proches de ceux étudiés en dynamique des fluides,
les équations utilisées pour les tissus vivants sont souvent différentes pour rendre compte du caractére
actif des cellules. Les équations résultantes contiennent de nombreuses singularités et dégénérescences
qui sont difficiles & analyser théoriquement et simuler numériquement de maniére efficace. La méthode
de relaxation a été introduite pour faciliter I'implémentation de nos schémas numeériques ; nous propo-
sons ainsi des schémas numériques éléments finis simples a4 adapter dans les codes pré-existants. Afin
de préserver les propriétés des équations continues lors des simulations numériques, nous proposons des
schémas numériques basés sur la Méthode de Variable Auxiliaire. L’adaptation de cette méthode pour
les équations des tissus vivants n’ayant pas été réalisée, nous proposons dans cette thése d’y remédier et
d’étudier les propriétés analytiques de ces schémas numériques. Sur la base de ces travaux numériques,
nous présentons l’étude de deux phénomeénes biologiques. En collaboration avec des biologistes de 1’Uni-
versité de Nantes, nous étudions la compactification des sphéroides de glioblastome in-vitro en réponse
a4 un médicament utilisé en chimiothérapie. Notre deuxiéme application s’intéresse a I’étude des effets
physiques jouant un role dans I’émergence d’instabilités a la surface de certaines tumeurs invasives.

Keywords: Living tissues models, Numerical analysis, Degenerate Cahn-Hilliard equation, Keller-Segel
model

Abstract

We study two classes of mathematical models currently used for the modeling in time and space of tumors:
the Cahn-Hilliard equation for living tissues and the Keller-Segel model. The numerical methods we
propose aim to represent these equations efficiently and accurately while preserving their properties. For
the Cahn-Hilliard equation, our study is based on a relaxation method for which we prove the convergence
to the original model. Even though the physical effects modeled by these equations are close to the ones
studied in fluid dynamics, the equations used to model living tissues are different in order to represent
the active behavior of cells. The resulting equations contain numerous singularities and degeneracies,
which result in technical difficulties to analyze and simulate them efficiently. Our relaxation method
has been introduced to facilitate the implementation of our numerical schemes. Hence, we propose
numerical schemes that are easy to implement in already existing finite element software. In order
to preserve the properties of the equations during numerical simulations, we design numerical schemes
based on the Scalar Auxiliary Variable method. However, since this method has never been used in the
context of models of living tissues, we study the analytical properties of our schemes. Based on these
numerical works, we present two studies of biological phenomena. In collaboration with biologists from
the Université de Nantes, we study the shrinking of in-vitro tumor aggregates of glioblastoma due to
a certain chemotherapeutic drug. Our second study focuses on understanding the physical effects that
play a role in the emergence of instabilities at the borders of certain invasive tumors. Therefore, this
work aims at providing mathematical tools to biologists that give insights into underlying biological
phenomena based on the Physics of cells and living matter.

Keywords: Living tissues models, Numerical analysis, Degenerate Cahn-Hilliard equation, Keller-Segel
model
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