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Abstract ix

INCOMPRESSIBLE LIMIT AND WELL-POSEDNESS OF PDE MODELS OF TISSUE GROWTH
Abstract

Both compressible and incompressible porous medium models have been used in the literature to describe
the mechanical aspects of living tissues, and in particular of tumor growth. Using a stiff pressure law,
it is possible to build a link between these two different representations. In the incompressible limit,
compressible models generate free boundary problems of Hele-Shaw type where saturation holds in
the moving domain. Our work aims at investigating the stiff pressure limit of reaction-advection-porous
medium equations motivated by tumor development. Our first study concerns the analysis and numerical
simulation of a model including the effect of nutrients. Then, a coupled system of equations describes the
cell density and the nutrient concentration. For this reason, the derivation of the pressure equation in
the stiff limit was an open problem for which the strong compactness of the pressure gradient is needed.
To establish it, we use two new ideas: an L3-version of the celebrated Aronson-Bénilan estimate, also
recently applied to related problems, and a sharp uniform L*-bound on the pressure gradient. We further
investigate the sharpness of this bound through a finite difference upwind scheme, which we prove to
be stable and asymptotic preserving. Our second study is centered around porous medium equations
including convective effects. We are able to extend the techniques developed for the nutrient case, hence
finding the complementarity relation on the limit pressure. Moreover, we provide an estimate of the
convergence rate at the incompressible limit. Finally, we study a multi-species system. In particular,
we account for phenotypic heterogeneity, including a structured variable into the problem. In this case,
a cross-(degenerate)-diffusion system describes the evolution of the phenotypic distributions. Adapting
methods recently developed in the context of two-species systems, we prove existence of weak solutions
and we pass to the incompressible limit. Furthermore, we prove new regularity results on the total
pressure, which is related to the total density by a power law of state.

Keywords: porous medium equation, tumor growth, Aronson-Bénilan estimate, free boundary, Hele-
Shaw problem

Résumé

Les modéles de milieux poreux, en régime compressible ou incompressible, sont utilisés dans la littérature
pour décrire les propriétés mécaniques des tissus vivants et en particulier de la croissance tumorale. Il est
possible de construire un lien entre ces deux différentes représentations en utilisant une loi de pression
raide. Dans la limite incompressible, les modéles compressibles conduisent a des problémes de frontiéres
libres de type Hele-Shaw. Nos travaux visent a étudier la limite de pression raide des équations de
type milieu poreux motivées par le développement tumoral. Notre premiére étude concerne ’analyse et
la simulation numérique d’un modéle incluant l'effet des nutriments. Ensuite, un systéme d’équations,
dont le couplage est délicat, décrit la densité cellulaire et la concentration en nutriments. Pour cette
raison, la dérivation de 1’équation de pression dans la limite incompressible était un probléme ouvert
qui nécessite la compacité forte du gradient de pression. Pour I’établir, nous utilisons deux nouvelles
idées : une version L? de la célébre estimation d’Aronson-Bénilan, également utilisée récemment pour
des problémes connexes, et une estimation L* sur le gradient de pression (ou Vexposant 4 est optimal).
Nous étudions en outre 'optimalité de cette estimation par un schéma numérique upwind aux différences
finies, que nous montrons étre stable et asymptotic preserving. Notre deuxiéme étude est centrée sur
I’équation de milieux poreux avec effets convectifs. Nous étendons les techniques développées pour le
cas avec nutriments, trouvant ainsi la relation de complémentarité sur la pression limite. De plus, nous
fournissons une estimation du taux de convergence a la limite incompressible. Enfin, nous étudions un
systéme multi-espéces. En particulier, en tenant compte de 'hétérogénéité phénotypique, nous incluons
une variable structurée dans le probléme. Par conséquent, un systéme de diffusion croisée et dégénérée
décrit ’évolution des distributions phénotypiques. En adaptant des méthodes récemment développées
pour des systémes & deux équations, nous prouvons l’existence de solutions faibles et nous passons a la
limite incompressible. En outre, nous prouvons de nouveaux résultats de régularité sur la pression totale,
qui est liée & la densité totale par une loi de puissance.

Mots clés : équation des milieux poreux, croissance tumorale, estimation d’Aronson-Bénilan, frontiére
libre, probléme de Hele-Shaw

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

Tra i modelli matematici per la crescita dei tessuti, ed in particolare per la crescita tumorale,
sia modelli cosiddetti comprimibili sia modelli incomprimibili sono largamente utilizzati in let-
teratura. Passando al limite incomprimibile, i modelli comprimibili generano modelli a fron-
tiera libera del tipo Hele-Shaw, in cui si ha saturazione nel dominio. L’obiettivo di questa tesi
¢ quello di analizzare il limite stiff pressure (pressione rigida) di equazioni del tipo reazione-
convezione-diffusione degenere (dei mezzi porosi). Il primo lavoro riguarda l'analisi e la simu-
lazione numerica di un modello che include la presenza di nutrienti. Un sistema di equazioni
descrive ’evoluzione della densita cellulare e della concentrazione di nutrienti. In questo caso, la
derivazione dell’equazione della pressione nel limite incomprimibile rappresentava un problema
irrisolto, per il quale era necessario trovare la compattezza forte del gradiente della pressione.
Al fine di dimostrarla, sono state utilizzate due tecniche: una versione L2 della celebre stima di
Aronson e Bénilan, e una stima L* ottimale sul gradiente della pressione. Inoltre, si & investi-
gato numericamente 'ottimalita di questa stima utilizzando uno schema upwind alle differenze
finite, che si dimostra essere stabile e asymptotic preserving. Il secondo lavoro si concentra
sulle equazioni dei mezzi porosi che includono un termine di convezione. Sono state quindi es-
tese le tecniche sviluppate nel modello con nutrienti e ricavata la relazione di complementarieta
della pressione limite. Inoltre, viene fornita una stima della velocita di convergenza del limite
incomprimibile. Infine, si analizza un modello multi-specie. In particolare, & stata presa in con-
siderazione ’eterogeneita fenotipica, includendo una variabile strutturata nel modello. In questo
caso, un sistema del tipo diffusione (degenere) incrociata descrive I’evoluzione delle distribuzioni
fenotipiche. Adattando metodi recentemente sviluppati nel contesto di sistemi di due specie,
si prova l'esistenza di soluzioni deboli e si passa al limite stiff. Inoltre, vengono forniti nuovi
risultati di regolarita sulla pressione totale, la quale é legata alla densita totale tramite una legge
di potenza.

Parole chiave: equazione dei mezzi porosi, crescita tumorale, stima di Aronson-Bénilan, fron-
tiera libera, problema di Hele-Shaw
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Chapter 1

Introduction

Mathematical modelling of living tissue is one of the most fascinating and challenging problems
in mathematical biology. The description and understanding of the mechanisms driving cell
migration and proliferation can benefit remarkably from mathematical analysis and simulations.
While the former may lead to a more comprehensive view of the qualitative properties and
asymptotic behavior of the biological problem, the latter may provide useful parameters suitable
for comparison with biological observations. Moreover, mathematical models can provide new
insights on those aspects that are more difficult to access experimentally. On the other hand, the
modelling of biological phenomena is nowadays one of the most prolific sources of involved and
challenging mathematical questions, in particular regarding the analysis of partial differential
equations (PDEs). In the last decades, nonlinear and degenerate PDEs and systems motivated
by the description of living tissues have been widely investigated. In particular, in this thesis we
are interested in problems arising in the modelling of tumor growth.

One of the most crucial aspects to be taken into account in this context is the multiscale nature
of cancer development. Indeed, the phenomenon involves several processes occurring at different
spatial and temporal scales. This complexity is well represented in the extremely vast literature
available today. From individual-based models describing the process from a microscopic view-
point, to PDE systems representing the tissue as a continuum, the modelling of tumor growth
has been largely addressed during the last six decades. One of the most interesting mathematical
problems arising in this context concerns the question of bridging the gap between different scales
or representations. In particular, among models describing tumor growth from a macroscopic
viewpoint, it is possible to identify two main types of descriptions. On the one hand, the space-
time evolution of the cell population density can be naturally described by reaction-diffusion
equations. On the other hand, a more geometrical perspective is also frequently used, since the
tumor can be seen as a domain whose boundary evolves in time. This thesis is centered around
the question of how to link these two different representations, namely continuity equations and
free boundary problems, through asymptotic analysis.

1.1 Mechanical models of tissue growth

During the last decades, mathematical models of cancer growth have been increasingly applying
a mechanical perspective to the problem, adopting a fluid dynamic viewpoint. In fact, at the
macroscopic level living tissues can be seen as fluids moving through a porous medium, namely,
the extra-cellular matrix (ECM). Continuous models describing the development of tumors usu-
ally consist of nonlinear partial differential equations. The temporal and spatial evolution of



4 CHAPTER 1. Introduction

the cell population density can indeed be described through reaction-diffusion equations and
systems. In mechanical models of tumor growth the pressure generated by the birth of new
cells plays an essential role both in the dynamics that drive the cell movement, as well as in cell
proliferation and death. Besides systems of PDEs based on conservation laws, a second main
type of macroscopic models has been largely applied to the description of living tissues and, in
particular, tumors: free boundary problems. Indeed, a more "geometrical" perspective can be
assumed as the tumor is seen as a domain whose moving boundary evolves in time.

We now give a brief overview of these two types of macroscopic models. Let us stress the fact
that, as aforementioned, this thesis is centered around the analytical challenges arising from the
problem of bridging the gap between these two different representations. Although our focus
does not concern the biomedical applications of such problems, for the sake of completeness we
here provide a brief and simplified biological introduction on cancer growth.

1.1.1 Biological background on tumor development

The main feature characterizing cancer growth is certainly the acquired capacity of malignant
cells to replicate uncontrollably. Despite the complexity of the phenomenon, that leads to
an amount of about one hundred different types of cancer, it has been suggested that ma-
lignant growth is a manifestation of the combination of six essential functional capabilities:
self-sufficiency in growth signals, insensitivity to growth-inhibitory signals, evasion of apoptosis,
limitless replicative potential, sustained angiogenesis, and tissue invasion and metastasis [95].
Among the principal dynamics that drive the tumor cells movement there is space competition.
In fact, cells tend to avoid overcrowding, moving towards less congested regions and searching
for the space necessary in order to divide. Thus, before the occurrence of different movement
processes such as, for instance, chemotaxis, cell motion is mainly triggered by the gradient of the
pressure. Moreover, space availability plays a central role in cell proliferation as well. Indeed,
a bio-mechanical form of contact inhibition prevents cell multiplication in regions with a high
pressure/congestion. Sensing the level of mechanical stress around them, cells control their
proliferation in order not to overcome a critical threshold of packaging, which is determined by
the compression that cells experience, [37].

It is possible to identify two main phases during the development of solid tumors: the avascular
and vascular phases. Initially, neoplastic cells aggregate to form a quasi-spherical cluster. The
size of the mass is so small that these very early stages of cancer growth can be studied only in
laboratory experiments. Studying 3D cancer spheroids in vitro it is possible to recognize their
internal structure. They are usually formed by an outer rim of cells that reproduce fast and
without control, an intermediate layer of quiescent cells, and a core of dead cells. This internal
region contains cells that have died by necrosis. Unlike apoptosis, which is the natural end of
the cell cycle, necrosis is induced by the lack of nutrients in the surrounding environment. Since
avascular tumors do not have direct access to blood vessels, they receive the nutrient supply by
diffusion. For this reason, they tend to adopt a well-defined symmetrical shape with an outer
nutrient-rich rim and a dead core spaced out by a non-proliferating annulus, [40].

In order to provide themselves with blood vessels, tumor cells induce a mechanisms called angio-
genesis. Tumor cells lacking oxygen produce angiogenic factors that diffuse into the host tissue
and activate the endothelial cells lining into the blood vessels. After breaking the basement mem-
brane, endothelial cells migrate towards the tumor and generate a new network of blood supply.
During the vascular phase the cancer grows much faster and its structure and shape change sig-
nificantly compared to avascular tumors. The new vessels are usually formed very quickly, thus
they lack muscular tone and may easily collapse under the pressure generated by the surrounding
cells. This decreases the level of oxygen in certain regions which induces hypoxia. Consequently,
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angiogenic factors are secreted, neovascularization occurs and cells start proliferating again. For
this reason, the composition and spatial organization of the tumor changes dynamically during
the vascular phase. Later, tumor cells may enter the blood vessels and be transported to other
regions, creating metastasis which represent the most dangerous side of the disease.

1.1.2 Density-based models

Reaction-diffusion equations and systems are one of the most common mathematical models used
to describe tissue growth at the macroscopic level. The evolution in space and time of the cell
population density is classically described by the continuity equation of fluid mechanics

Z(z,t) =V - J = f(z,t), (1.1)

where J = j(g,Vg, ¥) is the flux which is usually related to the mass density o = o(x,t), its
gradient and/or to a vector field ¥ given by a constitutive law. On the right-hand side, f denotes
the growth/degradation of the tissue. The reaction term may depend on the space and time
variables, on the density itself, or on other quantities involved in tumor growth such as, for
instance, the pressure of the tissue or the concentration of nutrients. This class of macroscopic
models based on conservation equations are usually referred to as density-based models.

Early models were centered around the interaction between cancer cells and other chemical
species such as, for instance, nutrients (oxygen or glucose), lactate or carbon dioxide, which play
an important role in the evolution of tumors. In particular, the modelling of nutrient availability
and diffusion has attracted a lot of attention in the context of avascular tumors. As mentioned
above, until the tumor is able to provide itself with its own blood supply its evolution and size is
inherently related to nutrient diffusion, see [33, 139] and references therein. Later, mathematical
models started including also tumor cell movement rather than only nutrient diffusion and con-
sumption. The cells can move via convection [151], active motion (diffusion) [145], or chemotaxis
[122, 133], i.e. the directed movement of cells towards a chemical concentration. For a complete
review of mathematical models of avascular tumors we refer the reader to [139].

More recently, mathematical models have been directed more and more on the mechanical aspects
of tumor development rather than only environmental ones. One of the first examples in this
direction is the model introduced by Greenspan in 1975, which builds on the early models based
on nutrients availability by including a notion of pressure. In [92], the author relates the tumor
internal pressure p = p(x,t) to the cell velocity field, proposing a model that was later further
elaborated by Byrne and Chaplain [34]. The common feature of these models is that tumors can
be seen as fluids flowing through a porous medium represented by the ECM. As mentioned above,
cells have the tendency to avoid over-crowding. Therefore, they move down pressure gradients,
away from congested regions. For this reason, mechanical models of tumor growth usually link
the velocity field ¢ to the pressure by the Darcy law, i.e.

U= —krVp, (1.2)

where x represents the ratio between permeability and viscosity.

Another step towards a more mechanical description of living tissue is the influence that over-
crowding and congestion exert not only on cell motion but also on cell proliferation and death.
One of the earliest examples in this direction has been proposed by Byrne and Drasdo in [37].
The authors develop a mechanical model where the pressure plays a fundamental role not only
as the driving force of cells movement, but also as the main growth-limiting factor. As aforemen-
tioned, the competition for space is indeed crucial in the development of tumors since cells tend
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to multiply less in highly congested regions due to contact inhibition. Therefore, the authors
describe the evolution of the cell population density through a conservation law as (1.1), where
the flux is J = o with velocity field @ given by (1.2), and the stress-regulated proliferation is
represented by a pressure-penalised reaction term f

90 9 (o9) = Flo — ), (13)

ot

where py denotes the homeostatic pressure, i.e. the lowest level of pressure that prevents cell
division. Above this value cell division is inhibited due to the mechanical stress generated by the
pressure. For this reason, the authors assume f(py — p) = soH (py — p), where sg denotes the
local growth rate and H is the Heaviside step function. The model has to be closed by a law of
state of the pressure, i.e. p = P(p).

The model in [37] has later attracted vast interest, in particular for its asymptotic behavior as
the stiffness of the pressure increases. In fact, a properly chosen pressure law allows to build a
link between Eq. (1.3) and the incompressible (or "geometrical") models that will be introduced
in the following section. Two of the most common pressure laws in this context are the power
law and the singular pressure law. Power laws as the following

m—1
m 0
=Pn(o)=——(— , 1,
D (o) m—1<gc) m >

where g, represents the maximum packing density of cells, are also well known in applications to
fluid mechanics. Combining the power law with Darcy’s law (1.2), one can see that the continuity
equation (1.3) actually reduces to a porous medium equation (PME) that well represents the
behaviour of the tumor cells moving through the extra-cellular matrix.

The singular pressure law
Y

p:Pa(Q):gigv e>0,

is often specifically used to model tissue growth since the singularity at ¢ = 1 directly imposes
a constraint on the maximum cell-population density, i.e. 0 < 1. At the microscopic level,
this singularity is equivalent to forcing non-overlapping constraints on the cells (particles) that
compose the tissue.

Despite having very different forms, these two pressure laws actually exhibit a very similar
asymptotic behavior as v — oo and ¢ — 0. Assuming, without loss of generality, that o, = 1,
in both cases the tumor pressure tends to become more and more stiff around the value o = 1
and the model can be naturally represented through a more geometrical viewpoint. Both limits
generate free boundary problems where a saturation constraint holds. Before going into further
details regarding the asymptotic behavior of porous medium models, we briefly introduce the
most common features of tumor growth models based on a free boundary formulation.

1.1.3 Free boundary problems

Besides density-based models consisting of reaction-diffusion equations, among macroscopic mod-
els of tumor growth one can identify a second main category of models. Rather than describing
the evolution of the cell population density in space and time, free boundary problems represent
the tumor as a domain Q(¢) with a moving boundary. Therefore, the unknowns of the problem
are both the free boundary 9€(t) and the solution of the partial differential equation set in Q(t).
This kind of problems is widely used in the modelling of tumor growth, in particular when
dealing with avascular tumors or in vitro spheroids, which usually exhibit well-defined boundaries.
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Moreover, multi-species models are also largely adopted, since early stages tumors are often
formed by different layers of distinguished types of cells: an outer rim of proliferating cells, an
inner region of quiescent cells and a core of necrotic cells. Therefore, several tumor growth models
describe segregated populations through free boundary problems involving multiple interfaces,
see for instance [34, 35].

Let us give an example of a classical free boundary model of cancer growth which takes into
account only one species of cells (proliferating cells) and in which cell proliferation is only nutrient-
limited. Let «, 8 > 0 be positive given constants and let us denote by 0, p the outward normal
derivative of the pressure. The evolution of the pressure p = p(x, t) and the nutrient concentration
¢ = c¢(x,t) are described as follows

Oic = Ac—ac, in Q(t), p = Bk, on 90(t),
Ap = f(e), in Q(t), c =cpg, on 00(t),
V =-d,p, on 09(t), c(x,0) =co(x), in Q(0),

where Q(0) and ¢ are given, and cp is the level of nutrients outside of the spheroid, see [80].
The density of the population is assumed to be constant inside Q(¢). For this reason, these
problems are usually referred to as incompressible models. Unlike the classical condition of fluid
incompressibility (i.e. a divergence-free velocity field), due to the presence of a reaction term f
(i.e. cell multiplication) the divergence of the flow does not vanish.

The above system takes into account surface tension, i.e. the pressure on the boundary is pro-
portional to the mean curvature k. If one assumes p = 0 on the moving boundary, the problem
reduces to a Hele-Shaw type problem (HS in short), which is a well known free boundary problem
that will be presented more in detail in the following sections.

Let us notice that the velocity law of the free boundary coincides with Darcy’s law, which means
that cells are escaping regions with higher pressure. In fact, there is a close relation between
the HS problem and the conservation law (1.1). As already mentioned, through the so-called
incompressible limit it is possible to bridge the gap between these two different representations of
the same phenomenon, namely density-based models and free boundary problems. The analytical
(and numerical) study of this limit for different PDEs and systems is the main subject of this
manuscript.

1.2 Notation and preliminaries

For the sake of clarity, let us introduce some notation and preliminary results that will be used
throughout the thesis.
Notation. Given a function w : R? — R, we define its positive sign and negative sign

sign, (w) := 1,50y  and  sign_(w) := —l g0y

We also define its positive part and negative part as follows

w, for w > 0, —w, for w <0,
(w)s = (w)- =
0, forw <0, 0, for w > 0,

as well as its absolute value |w|:= (w)4+ + (w)-—.
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Given a general set A, we denote by 1 4 its characteristic function, namely

1, forxe A,
La(z) =
0, otherwise.

Let Q C R? be an open subset. We denote by LP(Q) and W™?(f2) the usual Lebesgue and
Sobolev spaces, respectively, where 1 < p < oo and m € N. As usual, we indicate H™(Q) :=
W™2(Q). Given a function f € LP(), we often use the abbreviated form || f||, := ||| 2+ (o)
We denote by < -,- > the standard duality pairing between (H'(Q)) and H'(f).

We denote by Cg5,,,,,(R? x (0,00)) the space of smooth functions with compact support in R? x
(0,00). We also use the notation D(R? x (0,00)) to indicate the same space, and we denote by
D' (R4 x (0,00)) the space of distributions.

Useful inequalities. Let us recall some important inequalities and embedding theorems that
we will frequently use in this thesis.

Proposition 1.2.1 (Kato inequality). Let @ C R? be a bounded open subset, and let w €
L} (RY) be a function such that Aw € L} (RY). Then A(w)_ is a Radon measure and the
following holds

A(w)_ > sign_(w)Aw, in D' (RY). (1.4)

Proposition 1.2.2 (Poincaré inequality). Let 1 < p < oo and let Q C R? be an open and
bounded subset. There exists C' depending on 0 and p such that for every u € Wol’p(Q), we have
[ullze(e) < ClIVullre ). (1.5)

Proposition 1.2.3 (Poincaré-Wirtinger inequality). Let 1 < p < oo and let Q C R? be an open
and bounded subset. There exists C depending on Q and p such that for every u € WP(Q), we
have

|lu — vl Lr) < ClVul Lr @), (1.6)

i),
ug = — [ udz.
€ Jo

Proposition 1.2.4 (Compact embeddings of Sobolev spaces). Let Q@ C RY be an open and
bounded subset with Lipschitz boundary. Let j = 0 and m > 1 be integers and let 1 < p < 0.
Then, the following embeddings are compact

where ugq is the mean of u on € i.e.

e if mp > d, we have

Witme(Q) — 9 (),
Wj+m,p(Q) N WJ?‘I(Q), 1<qg< oo,

so, in particular,
Wm™P(Q) — L), 1< g < oo,

e if mp =d, we have

WIT(Q) 5 WIUQ), 1< q< oo,
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e if mp < d, we have

WITmP(Q) — Wo9(Q), 1<g<p' =

d—mp’

Compactness theorems. We recall two classical results on compactness that will be used in
the following parts of the thesis.

Proposition 1.2.5 (Aubin-Lions lemma). Let Xo, X and X; be three Banach spaces with Xo C
X C X1. Suppose Xy is compactly embedded in X and that X is continuously embedded in X;.
For1<p,q< o0, let

W :={ue LP(0,T;Xo)| Oyu € LI(0,T; X1)}.
Then
e if p < 00, then the embedding of W into LP(0,T; X) is compact,
e if p=o00 and q > 1, then the embedding of W in C(0,T; X) is compact.

Proposition 1.2.6 (Fréchet-Kolmogorov theorem). Let S C LP(RY) be a bounded subset. As-
sume that

lim |f(x+h)— f(x)|Pdz =0,

|h|—0 JRd
uniformly in f € S. Then, for any Q C R?, the set {fiq| f € S} is relatively compact. If Ve > 0
there exists a bounded set Q. such that ||f||L»ma\o.y < € for any f € S, then S is relatively
compact.

1.3 Incompressible limit of porous medium models

Mathematical models based on porous medium type equations (or, more generally, filtration
equations) have been vastly applied to problems arising in biology and medicine, as well as to
the modelling of crowd motion and fluid dynamics.

One of the most interesting problems related to these equations is to understand their asymptotic
behavior as the pressure law becomes stiff. As aforementioned, this limit has recently attracted
particular interest in the context of tumor growth modelling. However, its study has a very long
history which originates in the seminal works on the classical porous medium equation (PME).
Before introducing the incompressible limit, its derivation and its recent applications, let us give
a brief overview of the PME and its main properties. For a complete picture on the theory of
the porous medium equation we refer the reader to the monograph of Vazquez, cf. [150].

1.3.1 The porous medium equation

The porous medium equation (PME) is a well known nonlinear, degenerate parabolic equation.
It represents the simplest example of a nonlinear parabolic equation and it reads as follows

0

au =Au™, zeRY t>0, (1.7)
ot

with exponent m > 1. At first sight it might appear as a simple variation of the heat equation
(HE), to which it is indeed equivalent when m = 1. However, the degeneracy of the PME
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induces several properties that drastically separate it from its linear and uniformly parabolic
counterpart. The most recognizable characteristic that sets apart the PME from the HE is the
property of finite speed of propagation. In fact, it is well known that solutions which are initially
compactly supported remain so at any finite time, see [127]. This property is in stark contrast
to the infinite speed of propagation of solutions of the HE, which is a direct consequence of the
strong maximum principle. As a consequence, a moving boundary appears, separating the two
sets {x; u(z,t) > 0} and {z; u(x,t) = 0}. The speed of this boundary is determined by the
gradient of the density-related pressure, defined as follows

m

= um™ 1.8
p=—— (1.8)
Indeed, let us notice that the PME can be written as a continuity equation with velocity field
given by Darcy’s law, namely

U= —Vp, (1.9)

ou

— 4+ V- (u?) =0. 1.10

LV (ud) (1.10)
The so-called pressure transformation (1.8) is frequently used in the analysis of porous medium
type equations. This change of variables is very useful in that it induces a self-contained equation
satisfied by the pressure, namely

0

ait) = (m — 1)pAp + |Vp|>. (1.11)
The above equation clearly shows that the PME behaves in very different ways around the value
p =~ 0. Indeed, when p is larger than zero, the parabolic part is dominant and thus the equation
is a nonlinear perturbation of the HE plus a lower order term. On the other hand, when p
approaches zero the equation is a perturbation of the eikonal equation

dp 2

which is highly hyperbolic. Therefore, around the value of degeneracy, the PME is of mized type,
and by consequence it exhibits mixed properties. From the last equation it is possible to notice
that the finite velocity of the free boundary, 0{x; u(x,t) = 0} = 9{x; p(z,t) = 0}, coincides with
the velocity field of the density, (1.9). For this reason, in the framework of diffusion equations,
the porous medium equation is also referred to as slow diffusion, while the same equation for
m < 1 is called fast diffusion.

Physical interpretation

Let us mention here the first notable application of the porous medium equation and its derivation
in the context of fluid mechanics, which is due to Leibenzon (1930) and Muskat (1933). They
describe the flow of a gas in a porous medium through the following system
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where o(z,t) indicates the gas density, which evolves under the usual continuity equation, and
p(x,t) denotes the density-related pressure. The positive constants v and i represent the viscosity
of the fluid and the permeability of the medium, respectively. The velocity field is linked to the
pressure through the second equation of the system. The closure relation between pressure and
density is given by the barotropic power law

p=P(o) =po0’,

where v = 1 for isothermal gases and v > 1 for adiabatic gas flows. Therefore, one can rewrite
the continuity equation of the density as follows

do

90 g (M _ o HPo. N o |
By v (y@Vp) poVV (eVa”) = po Ap".

vy+1

To recover the classical porous medium equation, we choose = v and pg = (y+1)/v. Therefore,
taking v+ 1 = m we get (1.7) and (1.8).

Regularity

The definition of a class of weak solutions for Eq. (1.7) was first given in the one dimensional
case in [127], where the authors prove existence and uniqueness of solutions in that class. We
here give the definition of weak solution to Eq. (1.7) which is the one we will always consider
throughout the subsequent chapters of the thesis.

Definition 1.3.1 (Weak solution of the PME). A locally integrable function u defined in R% x
(0,7) is said to be a weak solution of (1.7) with initial condition given by ug € L*(R?) if

(i) u™ € L2(0,T; H'(RY)),

T
/ / (Vum -V — ua@) dedt = / uo(x)e(x,0) dz,
o Jrd ot R

for any p € CL (R4 x [0,T)).

comp

(ii) u satisfies

It is well known that for compactly supported initial data ug, even if continuous, the porous
medium equation does not admit a global classical solution due to its degeneracy (i.e. due to
the appearance of a free boundary). In fact, for compactly supported initial data, it is not
possible to have a solution of the Cauchy problem whose gradient is continuous in space. The
discontinuity of u, was proven in [100], where for the one-dimensional problem, the author proves
that there always exists a point of discontinuity of u,(t) for each ¢ > 0, even for smooth initial
data, up € C*°(R). Nonetheless, in spatial neighborhoods of points in which u(x, ) takes positive
values, weak solutions satisfy the problem in the classical sense. In particular, if we lift the initial
data so that u.(-,0) > ¢, then there exists a unique classical solution, u. > €.

An explicit formula is available for source solutions of Eq. (1.7), i.e. u(x,t) such that u(x,t) —
Mé(z) as t — 0, where M := [wug(z)dz. The so-called Barenblatt solution is a self-similar
profile given by the following expression

Bla, ;M) =t F(a/i?),  F()=(C~slg)T T,

where
d 1 alm—1)

“ovdmo 0 PT v dm o "7 omd

“ 2+ dm—1) 2md
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and C' > 0 is a constant determined by the mass M. This profile gives the simplest example of
solution that does not satisfy the equation in the classical sense.

The regularity of solutions of the porous medium equation was extensively studied for decades,
originating from the works of Aronson, Caffarelli, Crandall, Friedman, and Pierre in the '70s. In
[7], Aronson investigates the problem in dimension one, analysing the free boundary of compactly
supported solutions. In order to give a more precise characterisation of the free boundary, i.e. the
curves that separate {(z,t);u(x,t) > 0} from {(z,¢);u(x,t) = 0}, the author proves a lower
bound on the second derivative of the pressure. Assuming that essinfiuppu, (Po)ze = —o for
some o > 0, then 92 p(z,t) > —a for all (z,t) such that u(z,t) > 0. This estimate was later
established in any spatial dimension by Aronson and Bénilan, [9], and is now named after the
two authors

m—1 kt’

Let us mention that this lower bound on the Laplacian of the pressure is used by the authors
to prove that there exists a unique strong and continuous solution to the Cauchy problem with
L'-bounded initial data. The Aronson-Bénilan estimate (AB in short) is usually referred to as
the fundamental estimate in the theory of the porous medium equation and it will be further
discussed in Section 1.4.

Let us come back to the regularity of solutions in dimension one. The free boundary of the set
Q(t) .= {z; u(z,t) > 0} consists of two monotone curves: there exist (;(t), ¢ = 1,2, such that

Q) = {z; Q1) <u(z,t) <)},

Ap—A(muml) > _L Withk:m—l—i-%. (1.12)

where both —(;(t) and (2(¢t) are monotone increasing, see [100], and Lipschitz continuous for
positive times, see [7]. In 1979, Caffarelli and Friedman proved that (; are actually continuously
differentiable after a certain time ¢ = ¢}, [41]. At this point, there can be a jump discontinuity
of the velocities ¢/(t), therefore the Lipschitz regularity of the interfaces is optimal in dimension
one.

A fundamental step forward in the quest for the regularity properties of the PME was made
in [42] where the authors prove Hoélder continuity of both the free boundary and w(z,t) in any
dimension. Later in 1987, Caffarelli, Vazquez and Wolanski show that the free boundary of
the solution is Lipschitz continuous after a certain waiting time, see [44]. For dimension d > 1
such condition is needed since the free boundary velocity |Vpl|, may blow up in finite time. This
occurs if the initial support contains empty patches that close after a certain finite time ¢t* usually
referred to as focusing time. This behavior has indeed attracted a lot of attention in relation
to the global regularity issue. The first study is due to Graveleau [90] after which the solution
is named. The Graveleau solution, also called focusing solution, is a radially symmetric self-
similar solution whose initial support is contained outside of a ball. Thanks to the finite speed of
propagation, the "hole" shrinks in finite time, ¢*. This solution represents the simplest example
that shows that global Lipschitz continuity cannot always be expected. Indeed, for d > 2, the
solution is smooth on its support only after the focusing time t*, after which the initial "hole"
has closed up (or focused), [8, 11]. For more insights on the regularity of PME’s solutions in
Sobolev spaces we refer the reader to [84].

Filtration equation

In 1982, Crandall and Pierre extend the Aronson-Bénilan inequality for a broader class of de-
generate and nonlinear equations. Investigating the regularity of the filtration equation, namely
us = Ap(u), where ¢ is a continuous, non-decreasing function with ¢(0) = 0. In [58] the authors
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prove an L*®-lower bound on u; = Agp(u).

In [18], Bénilan and Crandall establish the continuous dependence of the filtration equation on ¢
using nonlinear semi-group theory which enables them to allow for cases of ¢ being a monotone
graph. As a matter of fact, their paper also covers the first result on the incompressible limit,
which consists of letting m — oo, upon choosing ¢(z) = 2. The authors prove a convergence
result in the particular case of non-negative initial data such that ||ug|lc < 1.

1.3.2 From the PME to the Hele-Shaw problem

A question that has fascinated many researchers in the last few decades is to understand the
behavior of the porous medium equation as the exponent m becomes larger and larger. As it is
now well known, a compactly supported solution u,, develops sharp interfaces as m — oco. In
particular, the appearance of a saturated region occurs, i.e. a zone where uo, = 1, which is closely
related to the domain of a free boundary problem known as the Hele-Shaw problem. Despite being
quite different from a mathematical viewpoint, the PME and the Hele-Shaw problem share a
crucial common feature. In fact, in both cases the flow is induced by Darcy’s law.

Before introducing the underlying principles behind the incompressible limit m — oo and sum-
marizing the early results in the literature, let us give a short overview of the Hele-Shaw problem.

The Hele-Shaw problem

The Hele-Shaw problem is a free boundary problem which was first introduced to model the
injection of a fluid into a laminar cell, see [138]. The fluid surface expands in the small gap
between two parallel flat plates that form the cell, also called Hele-Shaw cell, named after Henry
Selby Hele-Shaw who studied the phenomenon in 1898. In 1972, Richardson analyses the Hele-
Shaw problem for a point source injected into an infinite cell. Originally the model was motivated
by applications to plastic industry, in particular to injection moulding, see [138].

The same problem was then approached from a variational point of view by Elliot and Janovsky.
In [74], they consider a finite cell and a finite source. Moreover, the injected fluid is assumed
to be incompressible and the pressure variations which are perpendicular to the cell surface are
neglected, since the space between the plates is infinitesimally small. This property is the main
characteristic of the Hele-Shaw flow. The fluid "blows" from the injection point with constant
rate Q. Hence, after a certain time ¢ the increment of the fluid blob is )t volume units.

As already mentioned the main feature of the Hele-Shaw flow is the fact that the movement of
the fluid is governed by Darcy’s law (1.2), where x is a positive constant that depends on the
fluid viscosity and the depth of the cell. From now on, without loss of generality we assume
k=1

Figure 1.1: Domain of the Hele-Shaw problem

The problem is set as displayed in Fig.1.1. The curve I'z is the curve through which the fluid
is blown into the cell at velocity (. At time t = 0, the fluid occupies the region between I'z
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and I'g denoted g, while Q(¢) is the area occupied at time ¢ > 0 included between I'z and I'(t).
We denote by 2 the entire domain, i.e. the region included between I'z and the exterior fixed
boundary I'.
Since the fluid is assumed to be incompressible the velocity field is divergence free in the region
it occupies, namely

Ap =0, in Q(1).

The pressure on I'(t) is assumed to be constantly equal to zero and the normal velocity of the
free boundary T'(t) is equal to the opposite of the normal derivative of the pressure V = —3d,p.
The flow is assumed to be tangential to the outer boundary of the cell, therefore d,p =0 on T.
Let us assume that for some function ! = [(x), the moving boundary and the fluid surface can
be defined as

L(t) = {z; ¢t —l(z) = S(z,t) = 0},
Q(t) = {z; l(x) < t}.
The Hele-Shaw problem in the sense of Elliot-Janovsky [74] can be stated as follows.

Problem 1.3.2 (Original Hele-Shaw problem). Find I(z) and p(z,t), x € Q and t € (0,T] such
that

p=0, on I'(t),
I(x) =0, for x € Qg, dyp=-V, on I['(t),
(z) 0 (t) (1.13)
Ap(z,t) =0, for x € Q(t), dup = Q, on I'z,

dyp =0, on T.

As observed in [74], the Hele-Shaw problem is actually a Stefan problem with zero specific heat.
Indeed, if we replace Ap = 0 by cdy;p — Ap = 0 where p represents the temperature of water and
¢ > 0 is the specific heat, Problem 1.13 describes the evolution of the surface of contact between
water and melting ice.

As shown in [107], cusp-like singularities may appear on the free boundary, therefore the Hele-
Shaw problem does not necessarily have a global classical solution. A weaker notion of solution
is then introduced. Using the Baiocchi’s transform it is possible to find an equivalent problem
which consists of an elliptic variational inequality. Let w be the transform of p, namely

0, for z € Q\ Qq, t €10,1(z)],

t
z,7)dr, for x € Q\Q, tell(x),T],
wie,y =) [ @) \ S, 1 € [i(x), 7]

¢
/ p(x, 7)dT, for € Qq, t€[0,T].
0

Let 1g, be the characteristic function of €. Then, w satisfies the following complementarity
problem

o,w = Qt on I'z,
d,w =10 on T (1.14)

{—Aw—(190—1)>0, w >0,
w=0, dw=0 on I'().

(—Aw — (1o, — 1)w =0,

This problem is equivalent to the following variational formulation for which existence and
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uniqueness results are proven in [74].

Problem 1.3.3 (Variational inequality formulation of the HS problem). LetH = {v € H*(Q); v >
0 almost everywhere in Q}. Find w(t) € H for each t € (0,T) such that for allv € H

/QVw-V(v—w)dx2/Q(]IQO(J:)—1)(v—w)dsc+/PQt(v—w)do. (1.15)

The Hele-Shaw problem in a bounded domain 2 with a point source is analogously studied in
[55], where the authors prove the well-posedness of the variational inequality formulation.

Incompressible limit of the Cauchy problem

Following the work of Bénilan and Crandall on the continuous dependence of the filtration
equation [18], the asymptotic behaviour of the following Cauchy problem attracted increasing
attention 5

—u:Aum, zeRY >0,

ot (1.16)

u(x,t) = ug(z) =0, wug € L'(RY) N L>®(RY).

Before briefly reviewing the seminal works on the incompressible limit achieved from the late ‘80s,
let us give a formal and intuitive explanation of the leading mechanisms behind this asymptotics.
The PME can be rewritten as a continuity equation as follows

ou _

37:1 = V- (D(um) V), D(uy,) = MUy, 1a
where we highlight the dependency upon the parameter m using subscripts. It is immediate to
see that when m — oo the non-linear density-dependent diffusivity coefficient D(u,,) behaves as
follows

0, when u < 1,
(1.17)

0, when u > 1.

As a consequence, there exists a region in which the limit solution u., is constantly equal to 1
and outside of which it coincides with the initial data. Indeed, since the diffusivity coefficient
blows up where the initial data is larger than 1, the solution instantaneously collapses to the
level 1 as m — oco. On the other hand, where ug < 1 the diffusivity coefficient vanishes and
thus the solution "stays still" as m — oo. This heuristic argument suggests that in the limit the
solution of the Cauchy problem (1.16) converges to a stationary limit uee = teo ().

In [73], Elliott et al. show the formation of a plateau-like region, which they refer to as mesa, of
nearly constant density u,,, for m = oo, using formal asymptotic expansions and working with
radial solutions. The authors conjecture that there exists a region where the limit profile of the
solution is nearly constant and outside of which it approximates the initial data ug, although they
do not provide a rigorous derivation. Moreover, they show that the mesa region is associated with
the variational inequality formulation of the Hele-Shaw problem. This will be proven rigorously
in [45] for star-shaped initial data, in [142] for radially symmetric initial data and in [17] in a
more general setting.

In [45], Caffarelli and Friedman consider the limit of the Cauchy problem (1.16) assuming weaker
conditions on the initial data with respect to the work on the filtration equation by Bénilan and
Crandall [18]. In fact, they are the first to include the case in which the L>°-norm of the initial
data is greater than 1. The "stationarity" of the limit density, i.e. uoo, = U (), is deduced upon
combining three tools: uniform bounds, the AB estimate, and the conservation of mass. First of
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all, as explained above, Prob. (1.16) admits a unique non-negative weak solution u,,. Using the
comparison principle, it is immediate to see that the solution satisfies

0 < U < ol co- (1.18)

As a consequence, u,, converges weakly* in L to some limit u.., up to a subsequence. Here,
the classical Aronson-Bénilan estimate (1.12) proven in [9] plays an essential role in that it gives

O, U,

ot~ (m—1+2)t

Therefore, for any ¥ € C§°(R? x (0,00)),% > 0, the above inequality implies

o
f//umadxdt // _1+ wdxdt—ﬂ)
—//uooa—wdxdt20
ot

It is then possible to conclude that for any ¢t > s > 0

and consequently

Uoo (-, 1) = Uso(-,5),  almost everywhere in R%. (1.19)

Finally, the mass conservation property of the PME and the convergence of u,,, in C((0, 00), L' (R%))
proven in [18] imply

/ U (2, t) dz :/ U (2, 8) dz,
R4 R4

! !
/uoo(x,t)dxz/ Uoo (T, 8) du,
Rd Rd
which combined with Eq. (1.19) leads to ueo(2,t) = uco(x), namely the limit us, is time-

independent.

In [45] the authors also show that 0 < ue < 1. In fact, if |Jug|leo < 1, they infer that us, = ug
in a different way and independently from the result in [18]. When |lug||cc = 1 they show that

1, for x € A,

Uso(T) = 1.20
(@) {uo(x)7 forxz ¢ A, (1.20)

where A is defined as the non-coincidence set of the solution to the following variational inequality
problem

we L'RY), Aw e LY(RY), —Aw — (ug—1) >0, w >0, (—Aw — (ug — 1))w = 0, a.e. in RY,
(1.21)

which means
Uoo = Aw + ug. (1.22)
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In fact, the authors prove that

wlan) = [ (u0(e) = e (@) Ty 1)

is the unique solution of Prob. (1.21), where I, is the fundamental solution of —A. Secondly,
they show that u satisfies (1.20) with A = {w > 0}, [45, Theorem 5.3| and therefore they infer
the uniqueness of the limit.

Let us mention that in [45] the authors impose strong geometric assumptions on the initial data,
such as ug continuously differentiable in its support and star shaped with respect to the origin.
These assumptions are weakened by Sacks in [142], where only radial symmetry is assumed, and
later by Bénilan et al. in [17], where taking ug € L'(R?) is sufficient.

It is worth noting that the variational inequality problem (1.21) is the equivalent, in the whole
space R?, of the Hele-Shaw problem (1.14) studied by Elliot and Janovsky, in the case of initial
data given by a patch, i.e. ug = 1q,. However, there is a main difference between the Hele-Shaw
problem (1.13)-(1.15) and the limit problem generated by the PME in the asymptotic m — oc:
the "stationarity" of the solution. Indeed, while the solution of Eq. (1.15) depends on time and
the free boundary is a moving interface, the limit density oo = uco() is independent of time,
as is the solution w = w(x) of (1.21). It is interesting to notice that this is not in contrast with
the dynamics that drive the Hele-Shaw flow. As explained above, the Hele-Shaw flow is induced
by Darcy’s law, i.e. the velocity field has the same direction as the gradient of the pressure. In
Section 1.3.1 we analyzed the physical meaning of the PME, which is also induced by Darcy’s
law, cf. (1.10), with velocity field given by —Vp where the pressure is p = mu™"!/(m — 1). As
one can deduce from Eq. (1.11) set in the whole space R?, as m — oo the pressure vanishes
instantaneously, thus the limit pressure is equal to zero almost everywhere, as is its gradient.
Therefore, there is no evolution in the limit problem, which can be seen as a "stationary" Hele-
Shaw problem.

The picture drastically changes if we set the porous medium equation in a bounded domain with
non-trivial boundary conditions, as explained in the following paragraph.

The boundary valued problem

The limit m — oo of the PME set in a bounded domain with homogeneous Dirichlet or Neumann
boundary conditions was first studied in [17], where the authors prove w,, — ug + Aw, with

w a solution of corresponding variational inequalities. For both conditions, the limit solution

is stationary and the variational inequality system coincides with a "motionless" Hele-Shaw
problem.

The asymptotic behavior changes significantly for the Cauchy-Dirichlet problem with non-homogeneous

boundary conditions

Ot pyym. zEeQ, t>0,
at

U (2,0) = ug(z) >0, x € Q, (1.23)

U (2, 8)™ = g(z,t) 20, €09, t>0,

where 0 € R? is an open subset with non-empty boundary 9. In 2001, Gil and Quirés analysed
the incompressible limit for the above problem for time-independent boundary data g = g(z),
[87].

Let us point out that as m =~ oo, u]! ~ p,,. Hence, imposing the boundary condition in (1.23)
is equivalent to fixing the value of the pressure on the boundary. Usually the quantity v, = u™
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is referred to as the generalized pressure.

Let us notice that given a set ) large enough, the case g = 0 coincides with the problem studied
by Caffarelli and Friedman in [45] in the whole space R?. Indeed, in [87] Gil and Quirés are able to
recover the same result from a different perspective by focusing on the role of the pressure rather
than the density itself. This is indeed the main novelty introduced by the authors who center
the analysis around p,, rather than wu,,. For vanishing Dirichlet boundary data, ¢.e. ¢ = 0, the
"stationarity" of the limit Hele-Shaw problem can be seen by analyzing the asymptotic behavior
of p,,,. Indeed, in the limit, the pressure vanishes almost everywhere. This can be easily seen
by letting m — oo in the pressure equation (1.11). In conjunction with the uniform essential
bounds, this immediately yields ||Vpsol|/z2(0x(0,7)) = 0, by the following argument

T

1 m oo

/ / \Vpp|?dzdt = —— [ (%, — pm(T)) dz === 0. (1.24)
0o Ja m =2 Jg

Therefore, the boundary of the limit HS problem is actually motionless.

The central role of the pressure in [87] is motivated by the fact that for non-vanishing boundary
data the pressure p,, that solves (1.23) does not vanish as m — oo. Indeed, if g > 0 is non-trivial,
the pressure is "forced" to be positive somewhere near the outer boundary 9f2. Since the pressure
gradient is no longer zero, the motion of the free boundary 9{ps, > 0} is governed by Darcy’s
law V = —0,po. Let us also stress that the mass conservation property no longer holds since
there is a source term on the boundary of 2. Consequently, the proof of the "stationarity" of
Uoo, Which relies on the AB estimate reported above, fails. Similarly, the proof of ||Vpeo|/zz =0
by Eq. (1.24) no longer holds true due to the fact that the boundary term arising from the
integration by parts no longer vanishes.

As a consequence, the main effect induced by imposing non-vanishing boundary data is the
"nonstationarity" of the limit problem, which here turns out to be the standard Hele-Shaw
problem

<
|

Ap(z,t) =0, in {x; p(z,t) >0},
= —0,p, on d{x; p(z,t) > 0}.

As already mentioned, using the Baiocchi transform w(x,t) = fg p(x,7)dr the HS problem
can be rewritten as a variational inequality problem. Let 3 be the initial pressure support,
i.e. supp (po) = €, then w satisfies the variational inequality

—Aw—(1lg,—1)>0, w>0, (—Aw-—(1g,—1))w=0, (1.25)

with boundary data w = fot g(x,7)dr on 99Q.

In [87] the authors prove that for time-independent boundary data, i.e. ¢ = g(z), the pressure
Pm related to the solution of the PME (1.23) converges to the weak solution of the Hele-Shaw
problem in the sense of Elliot-Janovsky, namely

Pm — Doo,  strongly in L*(Q x (0,T)),

and ps is the solution of (1.25) with Qg = {z; p(x,0) > 0}.

In order to obtain this result, the authors introduce a new definition of weak solution of the
HS problem, and prove that the limit p., satisfies this weak formulation. It is our interest to
introduce this definition since, from now on, we will only deal with this notion of weak solution
rather than the original one by Elliot-Janovsky. In [87] it is proven that the two solutions coincide
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in the case of initial data given by a patch.

Definition 1.3.4 (Weak solution of the Hele-Shaw problem). Let ug € L?(Q2), up > 0 and
g € L2 ([0,T); HY(Q)), g > 0. The pair of non-negative and measurable functions (u,p) is a

loc
weak solution of the Hele-Shaw problem in ) with initial data uy and boundary data g, if

(i) w € Lj,([0,00); L*(Q)), p € Li, ([0, 00); H'()),

loc

(i) Vo € C%L (92 x [0,00)) vanishing on 9 x (0,00), u satisfies

comp
u— —Vp-Vy |dedt+ [ uop(x,0)dz =0, (1.26)
o Ja\ Ot Q

(iii)
0, 0<u<,

0.50), u—1 (1.27)

p € P(u) ::{

(iv) p =g € L7,e([0,00); Wy *(9)).
The authors prove that the solution (u, p) defined above is unique. Moreover, let p be the solution
of the Hele-Shaw problem (1.25) in the sense of Elliot-Janovsky with initial support Qg = {po >
0}. By [87, Corollary 4.5], p = p, where p is the solution in the sense of Definition 1.3.4 with
initial data given by up = 1q,.

Let us give a formal derivation of Eq. (1.26) as the limit of the porous medium equation, i.e. we
formally deduce that the limit (teo, Poo) 1S a solution in the sense of Definition 1.3.4. First of all,
we can write the PME as follows

Oup, m—1 =
— = A ———pm, . 1.2
ot ( m p ) (1.28)

Hence, by passing formally to the limit m — oo we find

O
— =A 1.29
ot Poo ( )
whose weak formulation is given by Eq. (1.26).

Moreover, the relation between p,, and u,, implies

m

m m—1 m m—1
Pm = Uy, = PmUm
m—1 m m ’

from which we can formally recover poo = Pootino, Namely
Doo(l — o) =0, (1.30)

which is equivalent to the graph relation ps € ®(us) in Eq. (1.27). This relation is fundamental
in the theory of the incompressible limit of the PME, and, as we will show in the following
chapters, different methods to derive it have been provided in the literature. We will be referring
to this relation as saturation relation, since it implies that in regions of positive pressure the
density is totally saturated, i.e. uoo = 1. This is consistent with the fact that (ueo,Poo) is a
solution of the Hele-Shaw problem, where an incompressible fluid moves under Darcy’s law.
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Moreover, combining formally Eq. (1.30) and Eq. (1.29) we have Aps(t) = 0in {z; poo(2,t) > 0},
i.e. we recover once again the standard equation of the Hele-Shaw problem. This can also be
inferred from

PocApec =0, (1.31)

which can be obtained by passing to the limit in the pressure equation (1.11).

The above equation on the limit pressure is usually referred to as complementarity relation.
To prove Eq. (1.31) rigorously for porous medium-reaction-advection equations is an involved
analytical challenge that has recently attracted great interest in the context of living tissue
models.

1.3.3 Recent developments: tumor growth models

Emanating from the early works on the mesa problem for the porous medium equation, research
began branching out in different directions. In this section, we aim at giving a brief overview of
different extensions of the porous medium equation, applications of the models obtained this way
to tumor growth description, as well as techniques used to study their respective incompressible
limits analytically.

The first generalisation concerns the inclusion of a pressure-dependent growth term, and was
proposed in [130]. As we presented in Section 1.3.2, the limit of the PME Cauchy problem is
stationary, unless we set the equation in a bounded domain and impose non-trivial boundary
conditions that act like a sort of "injection" of fluid, hence inducing a moving boundary with
speed related to the pressure gradient. If the Cauchy problem is set in the whole space, "nonsta-
tionarity" can be induced by a different mechanism, which is the source/sink effect obtained by
including a reaction term into the equation. As in the boundary valued problem, the "injection"
of new mass implies that the set {ps > 0} is non-empty and its dynamics is governed by a
Hele-Shaw-type flow.

Most recently, the inclusion of migratory processes, i.e. local and non-local drift terms, as a
model extension received a lot of attention. We also aim at shortly presenting the results on the
incompressible limit for models using different pressure laws, or different relations between ve-
locity field and pressure. We conclude the section by mentioning cross-reaction-diffusion models,
where a system of two or more interacting species is considered.

Models including cell proliferation

The first generalisation concerns the inclusion of a pressure-dependent growth term proposed
in [130] by Perthame, Quirés and Véazquez. The authors present a tumor growth model that
originates from the one by Byrne and Drasdo, [37]. The cells move according to Darcy’s law, and
the tissue pressure p = p(x,t) is generated by the cell population density n = n(zx,t) through the
compressible law of state p(n) = mn™~!/m — 1, m > 2. As shown in Sec. 1.3.1, in conjunction
with Darcy’s law this leads to a porous medium-type diffusion. In addition, they include a
proliferation term, nG(p), which models cells divisions with a pressure-penalised rate

ag—:@ V- (V) = 1 G (pym).- (1.32)

As mentioned in Section 1.1, cells are less "willing" to divide in packed regimes. Therefore, the
proliferation rate, G, is assumed to be a decreasing function of the pressure

G'(p) <0,  G(pu) =0, (1.33)
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where, as in [37], the homeostatic pressure pg represents the lowest level of pressure that prevents
cell multiplication due to contact inhibition.

Their paper is seminal in that the authors were the first to perform the rigorous stiff pressure
limit in the presence of growth terms. In this case, the pressure equation (1.11) reads

Opm

W = (m - 1)pm(Apm + G(pm)) + |vpm|2' (134)

Therefore, as for the boundary valued problem with non-trivial boundary conditions (1.23), the
proof of ||[Vpeo||z2 = 0 fails, due to the non-trivial reaction term, namely

T T
m2ddt:L//m mddti/ 0 o (T)d (L35
/o/wwp' vdt =" ) S P Glom) dedtd s | W = pm(T)) dar = 0.(1.35)

Therefore, the region Q(t) := {x; poo(z,t) > 0} is non-empty and evolves under a Hele-Shaw
flow. In fact, passing formally to the limit in the pressure equation, one can obtain the following
problem

poo(Apoo + G(poo)) = Oa (136)
Poo 20, 0< N <1, poo(l —ns)=0. (1.37)

Let us recall that Eq. (1.36) is known in the literature as complementarity relation, and it is
the equivalent of Eq. (1.31) for non-trivial reaction terms. Once again we find the saturation
relation (1.37), which implies that the positivity set of the pressure is contained in the saturation
region of the density, namely Q(t) C {z; noo(z,t) = 1}. In the presence of non-negative growth
rate G (which is the case here since it is possible to prove that 0 < p, < py uniformly) the
two sets actually coincide. Indeed, let us assume there exists (x,t) such that neo(z,t) = 1
and poo(z,t) = 0. Taking m — oo in Eq. (1.32) it is easy to see that ne(z,t) should growth
exponentially with rate G(0), which is a contradiction since 0 < ny < 1.

Let us point out that, in order to have a complete representation of the solution behavior in
the limit, Eq. (1.36) is not sufficient. In fact, the complementarity relation does not tell us
what is the behavior of the limit solution in the mushy regions, namely those regions in which
Poo = 0 and no < 1 and in which the density grows exponentially. Thus, in order to have a
full description of the limit problem, the equation on the limit density (which is the analogue of
(1.29)) is necessary

5t APoo = Moo G(Poo)- (1.38)

Indeed, in [130] the authors show that n., is a weak solution of a reaction-Hele-Shaw problem
in the sense of Definition 1.3.4.

Let us notice that passing to the limit in the pressure equation (1.34) is much more involved than
obtaining Eq. (1.38) from Eq. (1.32). Indeed, the weak compactness of Vp,, in L2(R¢ x (0,T))
can be easily inferred from Eq. (1.35). Therefore, the strong compactness of p,, and n,, is
absolutely sufficient for the Hele-Shaw limit of (1.32). On the other hand, this is not true
when attempting to infer the complementarity relation (1.36). In order to prove it rigorously,
the strong compactness of the pressure gradient is indispensable. To this purpose, obtaining
a certain control on Ap,, is one of most common strategies. Let us point out that since the
pressure has "corners" on the moving boundary, we cannot expect Ap,, to be more regular than
a measure. In [130] using the comparison principle, the authors show that the Laplacian of the
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pressure satisfies an Aronson-Bénilan type estimate, namely

C
App + G(pm) 2 D for t > 0. (1.39)

Combining this estimate with a time-regularising argument, the authors are able to prove the
complementarity relation (1.36).

To complete the description of (1.38) as a Hele-Shaw flow, one should include the velocity of the
moving boundary 9Q(t) = d{z; poo(x,t) > 0}. From Eq. (1.34), one can infer 9;poo = |Vpoo!?.
Hence, at least at a formal level, the speed should be V' = |Vpso|. This is indeed true if the initial
data is the characteristic function of a bounded set, as was proven in [130] and later in [123].
However, allowing for the presence of mushy regions introduces a novelty in the characterisation
of the limit problem. As conjectured in [130], the presence of regions where 0 < ny, < 1 influences
the velocity of the free boundary. Let us show with a formal argument how the velocity of the
moving boundary should be related to the pressure in the case of non-empty mushy regions,
see [102]. We denote by nl  and nZ the value of n., inside and outside of (t), respectively.
Integrating Eq. (1.38) and formally applying Reynold’s transport theorem, we obtain

d
NooG(Poo dx:—/ Neo AT
‘/]Rd ( ) dt Rd

d
= — / Noo A + / Neoo A
dt \ Jaw RAQ(L)

I B
:/ 8nooder/ V(néofnoEo)daqL/ an—mdx
o Ot 20(t) ri\Q) Of

:/ Apoodx+/ v(ngo_nfo)da+/ nooG(poc) da
Q(t) oQ(t) R4

:/ (Opoe + V(1 fnfo))da+/ 1o G(po) d,
o0(t) R

where V indicates the normal velocity of 0Q(t). This suggests that, in the presence of mushy
regions, the normal boundary velocity under which 9Q(t) evolves satisfies V(1 —nZ) = —0,ps0,
see (1.40). This result was rigorously proven in [102] through a viscosity solutions approach. The
authors pass to the limit in Eq. (1.32) and show locally uniform convergence of the density away
from the free boundary d{p-, > 0}. Moreover, they prove locally uniform convergence of the
pressure (as long as the limit is continuous) and that p, is the viscosity solution of the following

Hele-Shaw problem

—Apse = G(Po), in {psc > 0},

IVpoo| (1.40)

vV = on {pec > 0},

1 —min(1,nE)’
where the normal velocity law was only formally presumed in [130], but not rigorously proven.
As already mentioned, outside of () the density grows exponentially, thus the external density
is given by nZ (z,t) = ng(z)e¥@*. When the trace of n,, from the set {n,, < 1} vanishes,
i.e.nZ =0 on 9Q(t), we obtain once again the classical Hele-Shaw flow, namely, the boundary
moves under Darcy’s law.

Let us stress the fact that, as the velocity law suggests, the density shows jump discontinuities
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at the free boundary. Moreover, the velocity blows up when the density reaches value 1. As
a consequence, if at a certain time s > ¢ a new mesa of non-zero measure appears outside of
{Poo(t) > 0}, the pressure becomes instantaneously positive in the new nucleated region, hence
exhibiting time discontinuities.

The equivalence between Eq. (1.37)-(1.38) and the free boundary problem (1.40) was further
studied in [123], where Mellet et al. prove that the velocity law of the free boundary holds
both in a weak (distributional) and in a measure theoretical sense. In the same paper, they also
provide an L*-bound of the pressure gradient that relies on the Aronson-Bénilan estimate (1.39).

Non-monotone case

Let us point out that if 0 < p%, < py, then by the comparison principle the solution of (1.32)
is bounded by pgy for all times. Therefore, the reaction term n,,G(p,,) induces always a non-
negative source/growth and the total mass is non-decreasing. In fact, the monotonicity properties

D0 OPoo

o =0 o =0
can be deduced from the AB estimate (1.39), see [130] for the detailed proof. This no longer
holds true if the reaction term can be either a source or a sink. A major difference in this
case is given by the fact that when the reaction is not necessarily non-negative the inclusion
{Poo > 0} C {noo = 1} is strict. Let us mention that, if G can take negative values, the proof
that the two sets coincide given above does not apply.
Therefore, n., might be continuous on some regions of the free boundary d{p,, > 0}. In
particular, this happens when the pressure gradient is continuous as well, as shown in [131] for
travelling waves solutions in dimension 1. On the one hand, if [Vps| > 0 on 0{ne = 1} then
the boundary is expanding with a Hele-Shaw-type flow, with velocity given by (1.40). On the
other hand, if |Vps| = 0, the boundary might recede. In fact, since (1 — nZ)V = |Vpy|, if the
pressure gradient vanishes, either the velocity of the boundary is zero or nZ = 1, i.e. the limit
density is continuous across the free boundary. In the latter case, as proven in [93] through a
viscosity solution approach, a retraction of the saturated region might occur.
It is interesting to notice that in the case of non-monotone reaction terms, the movement of the
free boundary is not only determined by the Hele-Shaw flow, but it also depends on a completely
different dynamics generated by the loss of mass.

Models including local and non-local drifts

A different mechanism that may generate an alternation of forward and backward movements of
the free boundary, even in the absence of growth terms, is the presence of a force field.
In 2010, Kim and Lei introduced the notion of viscosity solution for the porous medium equation

with drift

ag—;” =An" 4+ V- (n, V®), with®:R? - R,

and they prove that it coincides with the weak solution in the distributional sense [106]. Using
the same viscosity approach, in [1] Alexander et al. study the link between the Hele-Shaw model
with drift

—Ap = Ad, in {p >0},
V ==(Vp+V®)-v, ond{p>0},
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and the congested crowd motion model

%—V-(nV(I)):O, where n < 1,
0<n<l,

where the latter constraint comes from the singular limit in the nonlinear diffusion term. To prove
the equivalence of the two models, they study the asymptotics of the porous medium equation
with drift as m — oo. They show that the viscosity solution converges locally uniformly to a
solution of the Hele-Shaw model. At the same time, using the metric setting of the 2-Wasserstein
space, they infer the convergence to the aforementioned congested crowd motion model. To this
purpose, they assume the potential ® to be sub-harmonic, i.e. A® > 0. While the convergence
in the 2-Wasserstein distance holds for general initial data 0 < ng < 1, the locally uniform limit
holds only for patches, i.e. n® = 1q,, with Qg a compact set in R%. Let us also mention that the
authors are able to estimate the convergence rate of the solutions as m — oo in the 2-Wasserstein
distance. In fact, they find

C

sup Wa(nm(t), neo(t)) < ml/24°

te[0,T)

(1.41)

The result in [1] was later extended in [57] by Craig et al. to a model with non-local interaction
potential A/ : R — R, i.e.

% =A™ + V- (VN * 7).

The main novelty they introduce is that they are able to study the incompressible limit despite
lack of convexity. In fact, unlike the congested drift equation studied in [1], the energy related to
the aggregation equation through the 2-Wasserstein gradient flow structure is not semi-convex,
see [57]. A different approach for the incompressible limit for Eq. (1.32) was taken in [53], where
a transport-growth distance is introduced so that Eq. (1.32) can be understood as a gradient
flow with respect to said metric.

The question of how to pass to the limit m — oo in the porous medium equation with a drift
and a non-trivial source term has been addressed in [103]. The authors propose a model with a

generic vector field b:RYx RT — R as drift term, namely

on -

8—:1 — A+ V- (b)) = npG, (1.42)
with growth rate G = G(x,t). Through viscosity solutions methods, they prove that as m —
oo the model converges to a free boundary problem of Hele-Shaw type. Their work improves
the results previously achieved in [1], extending the class of initial data from patches to any
continuous and compactly supported function bounded between zero and one.

Different pressure laws and relations

As indicated above, in certain contexts Darcy’s law may not be the appropriate relation that
links the velocity field to the mechanical pressure. Depending on the modelling context and
the model complexity, the pressure is incorporated in the fluid velocity through Stokes flow,
Brinkman’s law or Navier—Stokes’ law. We briefly present recent works on the incompressible
limit for different pressure laws and relations.
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Singular Pressure. As already mentioned, parallel to the advances in the context of incompress-
ible limits with power-law pressures, it has been observed that the singular pressure law of the
form

: (1.43)

can be used to model living tissue, see for instance [96]. Let us recall that (1.43) already
introduces an incompressibility condition in the sense that the pressure blows up when the cell
density reaches the saturated regime, n = 1. Thus, singular pressure laws of this kind are
encountered in scenarios when non-overlap conditions are enforced already at a population-level,
see for instance [69, 128] in the context of congestive collective crowd motion, and [21, 22] in
the context of traffic flow modelling. In [96] the authors are able to show that the pressure in
(1.43) is suitable to pass to the incompressible limit using a generalisation of the Aronson-Bénilan
argument by Crandall and Pierre, cf. [58].

Brinkman Law. Unlike Darcy’s law, using the Brinkman law
—VvAW 4+ W = p(n),

accounts for visco-elastic effects, [37]. Based on this observation, in [132] the authors propose a
modification of the above model, Eq. (1.32), incorporating the Brinkman law

on _ V- (nVW) = nG(p).

ot
Different from the Darcy law setting, the authors are forced to use a different set of techniques
since the problem is no longer degenerate parabolic but, instead, of transport nature. While, at
first glance, the Brinkman law has a regularising effect on the velocity field, it makes obtaining
compactness of the pressure a hard endeavour. Using a kinetic reformulation and controlling
oscillations in the pressure finally yields the required compactness to pass to the incompressible
limit and obtain a visco-elastic version of the complementarity relation, ¢f. [132, Theorem 1.1].
For pressure laws of the form p.(n) = €l,,>1 log(n), quite recently, explicit travelling wave profiles
were obtained by [114].

Navier-Stokes flow. It is important to stress that both Darcy’s law and Brinkman’s law are, at
least, formally related to the Navier-Stokes law which can therefore be seen as the most general
relation between the fluid velocity and the mechanical pressure. In [148] the authors prove the
incompressible limit for a proliferating species whose velocity is linked to the pressure through
the Navier-Stokes law thus generalising the case without birth and death processes of [110]. The
authors use the fact that the growth rate is linear in the pressure so that weak compactness of
the pressure suffices in order to pass to the limit, so long as the density itself is strongly compact.
While the weak compactness of the pressure follows from a renormalisation argument the strong
compactness of the density is based on a compactness propagation argument introduced (and
later refined) in [14, 30, 29].

Active Motion. In [129] the authors extend the model of [130] by an additional active motion term
in form of a linear diffusion term. They are able to rigorously perform the incompressible limit.
In fact, they obtain the same complementarity relation as in the absence of active motion without
relying on the Aronson-Bénilan by imposing certain conditions on the initial data. Nonetheless,
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the restriction on the initial data can be dropped by employing the argument of Crandall and
Pierre, in [58]. In [147] the authors propose a very similar model based on Brinkman’s law,
including a linear diffusion term. They observe that travelling waves exist and analyse their
profile.

Fractional Diffusion. In 2015, Vazquez opened another both fascinating and challenging research
direction by addressing the mesa problem in the fractional pressure case, cf. [150]. More precisely,
he studies the incompressible limit, m — oo, in the fractional porous medium equation,

on,

o + (=A) " (nm)™ =0,

for s € (0,1). Unlike the case of classical porous medium type diffusion, the limiting profile
exhibits tails and does not remain compactly supported. The analysis is of orders of magnitude
harder since the classical theory discussed in Section 1.3.2 relies on comparison principles and
the fact that it is known what happens to the Barenblatt profiles in the incompressible limit. In
the fractional setting the source solutions are not known explicitly. Nonetheless, they are the
starting point of the analysis of [150]. Many questions remain open, in particular the inclusion
of other processes such as reactions and drifts.

Multi-Species Systems

Recently, there has been a growing interest in multi-phase extensions of the models presented
above. Instead of merely modelling the evolution of a single species, say, cancer tissue, other
phases such as quiescent cells, healthy tissue, dead tissue, are incorporated into the model. The
extension to multiple interacting species not only leads to interesting behaviors, such as phase
separation, but also raises novel mathematical challenges such as the loss of regularity at internal
layers, i.e. regions where two or more phases get in contact.

In 2018, Carrillo et al. consider the following cross(-reaction)-diffusion system

ony 0 < ax'(n)
ni

ot Oz O

om0 (0w
ot or\ * or

) = mFi(p) + maGa(p),  zER, t >0,

) = n1Fy(p) + naGa(p),

where the single species ni,ns evolve under nonlinear diffusion represented by x’(n), which
indicates the opposition to the congestion generated by the total population density n = ny + ns.
Using methods from optimal transport, the authors prove the existence of solutions in the one
dimensional case, [47].

This result was later extended by Gwiazda et al. to higher dimensions in the case where X’ is
related to the total density by a power law, [94]. Therefore, since both species evolve under
Darcy’s law, the joint population n satisfies a porous medium-type equation with pressure given
by p(n) =x'(n) =n7, v > L.

Let us mention that in the following parts of the thesis we will use both this simple power law
without coefficients and (1.8). Indeed, the two respective equations are equivalent apart from a
re-scaling coefficient.

The existence result in [94] relies on applying a uniformly parabolic regularisation to the system
and then obtaining the compactness needed to pass to the limit. Certainly, to this end, the
nonlinearity of the cross-diffusion terms n;Vp,i = 1,2, represents the most involved challenge.
Unlike in [47], only weak compactness is known on the single species n; (since BV-estimates are
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not available for d > 1). Hence, the authors proceed by deducing the strong compactness of the
pressure gradient. To this end, they prove an L2?-version of the Aronson-Bénilan estimate which
provides a bound on the Laplacian of the pressure

(Ap)_ € L>=(0,T; L*(RY)),  Ape L'(R? x (0,T)).

However, in order to obtain the above regularity results on the pressure, the authors enforce
a technical condition on the reaction rates, namely Fy(0) + F»(0) = G1(0) + G2(0). Later, an
existence result for a cross-diffusion model of the same form was obtained by Price and Xu
avoiding this strong assumption, [135]. In fact, their argument does not rely on any control on
the second derivatives of p = n”, but it rather focuses on directly studying the compactness of
vnrtl,

The incompressible limit for this kind of two-species porous medium models has attracted a lot of
attention as well. Due to the hyperbolic flavour of the single species equations (in contrast with
the parabolic nature of the joint density equation) to infer the required compactness represents
a remarkably challenging problem. In [31], Bubba et al. have established the rigorous incom-
pressible limit for the same model as the one in [94] as ¥ — oo in the pressure law. However,
the lack of regularity is such that only a one-dimensional result could be obtained. Indeed, the
authors are not able to deduce the strong time-compactness of the pressure in dimension greater
than one. This is due to the fact that the proof relies on an L'-version of the Aronson-Bénilan
estimate which only holds in the one-dimensional case. As detailed in the following section, this
particular control requires the Sobolev embedding W!(R) C L*°(R).

Let us mention that, in a similar fashion, a one-dimensional result could be obtained, see [67],
when the pressure is given by the singular law (1.43) using the generalisation of the Aronson-
Bénilan estimate introduced in [58].

In 2020, [71] proposed a two-cell-type model coupled with nutrients to study the effect of au-
tophagy on tumour growth. In their work they, too, consider an incompressible limit, however
the results remains formal due to difficulties similar to that of the system without nutrients
treated by [31, 67]. The multi-dimensional case for a pressure generated in form of a power law
was later successfully addressed in [115] through a different argument that does not rely on high
order estimates on the pressure p = n”. On the contrary, the authors’ effort is focused on the
quantity v = n¥*! which is the power of the density that appears in the porous medium form of
the equation. In this way, they are able to directly show the strong compactness of the gradient,
Vv, avoiding the issue of the strong time-compactness on the pressure itself.

Thanks to the higher regularity of the pressure induced by Brinkman’s law, a more complete
picture on the two-species system was available earlier in this case, see [65, 66]. For early works
on (reaction)-cross-diffusion system we refer the reader to [23, 24, 97] and references therein.

1.4 Regularity a la Aronson-Bénilan: a short review

As briefly presented in the previous section, the Aronson-Bénilan estimate is a well known and
powerful tool which has been widely applied and adapted in the context of porous medium
equations. This estimate and its variations constitute very useful results in that they provide
a control on the second order derivatives of the pressure. Therefore, the AB estimate is often
used in order to show regularity as well as to obtain the compactness needed to pass to the
incompressible limit. Here we aim at giving a short overview of this bound, its origin and some
variations. For a complete review we refer the reader to [26].
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1.4.1 The original estimate: lower bound on Ap

The original AB estimate provides a lower bound on the Laplacian of the pressure and it has
been proven in 1979 by Aronson and Bénilan in [9]. The core of the proof is the application of
the comparison principle for quasi-linear parabolic operators. Here we present a formal proof.

Let m > 1 and w := Ap. Let us recall Eq. (1.11), i.e. the pressure equation

9p _

= (m — 1)pA 2,
ot (m — 1)pAp + |V

We compute

ow op
Ea A(m)

= A((m - 1)pw + |Vp|?)

#?p \’
2 _ . - .
(m —1w” +2(m — 1)Vp- Vw + (m — 1)pAw + 2Vp - VAp + 2 ; (810,-813)

2
> (m — Dw? +2mVp - Vw + (m — 1)pAw + E(Ap)Q7

and thus

0 2

8—1: > (m 1+ d>w2 +2mVp - Vw + (m — 1)pAw.

Assuming p is smooth and bounded away from zero, the above inequality implies that w is a
supersolution of a quasi-linear parabolic operator. Let 7 > 0. The function

1

2
- witha:=m—1+2,
alt+7)

W(t) = — pi

is a subsolution of the same operator, since

1
W'(t) = —— = aW(t)2.
(1) = s = W 0)
Let us assume that, for 7 small enough, w(z,0) = Ap(z,0) > —-1 = W(0). Therefore, by the
comparison principle for uniformly parabolic operators we find w(x,t) > L

7m for ¢ >0 and
for any 7 > 0. Letting 7 — 0 we finally find

1

w(z,t) 2 ———————,
(m -1+ %)t

(1.44)

namely, the classical AB estimate (1.12).

Let us notice that the above estimate is independent of any regularisation argument. Therefore,
it can be understood in the sense of distributions for any solution obtained as the limit of regular
solutions, see [9]. Let us report the gist of the argument for the sake of completeness. In order
to apply the comparison principle for quasi-linear parabolic operator we need to approximate
the solution of the PME taking wug.(r) = uo(z) + €. For such initial data, the PME is no
longer degenerate and there exists a unique solution that satisfies u. € C(R? x (0,00)) and
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ue(z,t) > . Consequently, the pressure p. = -“-u™~! € C°(R? x (0,00)) is bounded away

m—1"¢€
from zero as well. Then, we can apply the above argument and the AB estimate (1.44) holds for

pe uniformly in . One can show that p. — p in L{,(R? x (0,00)), cf. [149, Lemma 9.5]. Hence,
for any ¢ € C2°(R? x (0,00)), ¢ = 0, we have

/Ooo/Rd(ApE—F;t)godxdtZO,

and, thus

e 1
/ / (pEAga+—<p)dxdt>O,
0 Rd ot

1

o 1
/ / (pA<p+—<p)dxdt>o,
0 Rd ot

and this completes the proof, i.e. Eq. (1.12) holds in the sense of distributions.

1.4.2 Including reactions and drifts: L*°-estimates

Starting from the seminal paper by Perthame et al., several variations of the Aronson-Bénilan es-
timate have been proposed in the literature for reaction-advection equations with porous medium
diffusion, as well as for cross-diffusion systems.

AB estimate with reaction terms

The first generalisation of the AB estimate for an equation including a pressure-dependent reac-
tion term, Eq. (1.32), is due to [130]. Under conditions (1.33), and assuming 0 < p° < pg, one
can prove 0 < p < py in R? x (0,00). Let us define the non-negative quantity

reg:= min (G(p) — pG’'(p)) = 0. (1.45)

0<p<pH

Since the equation includes a reaction term, the functional on which it is possible to infer a lower
bound is different from the one considered in the classical AB estimate. Indeed, the authors
define w := Ap + G(p). Therefore, the pressure equation (1.34) now reads

0
—al; = (m — 1)pw + |Vp|*. (1.46)
Computing 0;w, we find

ow
ot

?p \° B
:(m—l)A(pw)—i-QVp-VAp—i-QZ( P ) + & (p) 2
4,J

8.%1'8.%]' ot
> (m— DpAw+ (m — 1)wAp+2(m — 1)Vp - Vw + 2Vp - V(w — G)
+G'(p)(m = L)pw + G' (p)|Vp/?

= (m — )pAw + (m — D)w? — (m — DwG + 2mVp - Vw + G’ (p)(m — 1)pw — G’ (p)|Vp|?
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> (m — 1)pAw + (m — D)w?® + 2mVp - Vw — (m — 1)(G(p) — pG’ (p))w

where in the last inequality we used the fact that —G’(p) > 0. Since (m — 1) > 0 and —(m —
1)(G(p) — pG'(p)) < 0 we can again apply the comparison principle. In fact, treating p as a
known function with enough regularity, w is a supersolution of a quasi-linear parabolic operator.

Let us define
e—(m—l)rct
Walt) = ~re 1~ et
Then, W(t) is a solution to W/, = (m — 1)Wg(t)> — (m — 1)r¢We(t). In particular, it is a
subsolution of the same parabolic operator. Therefore, we recover

e—(m,—l)rct

Ap+G(p) > —r (1.47)

G 1 — e~ (m=Drgt’
As for the case G = 0, the above estimate holds independently of any regularity. Consequently,
it is possible to prove that this lower bound holds in the sense of distributions for a larger class of
functions obtained as the limit of solutions with enough regularity. Let us notice that for ¢t ~ 0,

the above estimate turns out to be Ap + G(p) 2 —ﬁ.

AB estimate with drift terms

A similar lower bound on the Laplacian of the pressure was also provided in [105], for a model
including a general drift b : R? x (0,00) — R?. The equation of the model is given by taking
G =0 in Eq. (1.42). In this case, the pressure satisfies

% = (m—Dp(Ap+V -b) + |Vp|> + Vp - b. (1.48)
The authors assume the drift to have continuous space derivatives up to the third order, and to
be continuously differentiable in time, i.e. be Ci’tl . Under this assumption, following the idea
developed by Aronson and Bénilan, they are able to find a subsolution of a suitable parabolic
operator in order to estimate Ap on one side. Once again, since for any weak solution n of the
drift-PME equation there exists a sequence of strictly positive classical solutions n. > 0 that
converges to n in L'(R? x (0, 00)), it is sufficient to prove that the AB estimate holds for such
regular solutions.

Let w := Ap. Upon computing the time derivative, we obtain

E:(m—l)A(pw)—i—( DA(PV - b) + 2Vp - Vw-l—QZ( > + A(Vp-b)

l?

0x;0x;
= (m — 1)pAw +2mVp - Vw + (m — 1)w2 +(m—1DwV -b+2(m—1)Vp-V(V-b)

227 9%p Ot o
+ (m — 1)pA(V - b) +2§ 5 +vp Ab+2§ T 5 T VWb
i T J J

(1.49)
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Using Young’s inequality, we have

(m—1) V-E+QZ ’p o' <m—1 2+m—1(v.5>2+z 0°p 2+Z i\’
me e uida; 0wy | 2 v 2 2\ 90z 2\ 0z

where in the last inequality we used Y p7; =23 p;; — > p7; < 2> p;; — (Ap)?/d. Moreover,

Vp - Ab+2(m —1)Vp-V(V- 5)‘ < m|Vp|* +mC,

-,

(m —1)pA(V -b) < Cm.
Thus, Eq. (1.49) becomes

oo
ot

(m — D)pAw + 2mVp - Vw + (m — Dw? — m|Vp|? — (m2—1 - cli) w? 4+ Vuw - b+ Cm.

Here C' indicates a positive universal constant, and depends on the L*-norms of the space
derivatives of b. Assuming p to be a known smooth function, the above inequality can be written
as

L(w) =0,

where £ is a quasi-linear parabolic operator. As before, we look for a subsolution. In [105]
the authors suppose that Ap(z,0) > —% for some 7 > 0. Therefore, p is uniformly bounded,
i.e. there exists a positive constant Cy such that |p(x,t)| < Cp. Let

WE:: +p_027

where C;,i = 1,2 are positive constants, to be chosen later, such that C; > 1 and C5 > Cj. Then

1

w(z,0) = Ap(x,0) > —— > e +p(x,0) — Co = Wy(x,0).
T T

It is straightforward to see that W3 satisfies

C 0 m—-1 1 C 2 -
(t +17_)2 +ai;—(m—1)pAp—m\Vp\2— <2 + d)(_t +17_ +p— 02) —Vp-b+Cm.

L(W5) =

Substituting Eq. (1.48) into the above equation, and estimating |Vp - b| < C'm, we obtain

C -1 1 C? -1 1
L0V < o = = (P ) o - (P D) G- om

(t+7)2 2 d)(t+7)2 2
C m—1 1 C? m—1 1 2
< _ - _ - _
S (1) ( 2 +d> (t+71)? ( 2 +d>(02 Py Cm,

where in the last inequality we used m > 1. Choosing C; := d and C5 := Cy + v4dC we obtain
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L(W5) < 0. Therefore, by applying the comparison principle and taking 7 — 0, we have

Ap > 5 — Cs. (1.50)
Let us stress a main difference between the previous AB estimates Eq. (1.44), Eq. (1.47) and the
above estimate with drift proven in [105]: the lower bound (1.50) does not vanish as m — oo.
Although the bound provides a control from below of the Laplacian of the pressure, it is not
sufficient to pass to the incompressible limit in the pressure equation (1.48) by applying the
same argument used in the reaction case in [130]. Indeed, the fact that the lower side of the
inequality converges to zero in the limit plays an essential role in the proof by [130]. As explained
in the following sections, in this case another strategy is required in order to obtain the strong
compactness of the pressure gradient.

1.4.3 Variations in different norms: LP-estimates

For certain porous medium equations and systems it is not possible to find a lower bound on
Ap, i.e. a subsolution as in Eqs. (1.44, 1.47 1.50). Therefore, since it is not clear how to bound
the L°°-norm of the negative part of Ap, researchers have been searching for weaker estimates
on the same quantity. This idea was first developed in [94] where Gwiazda, Perthame, and
Swierczewska-Gwiazda prove the existence of solutions to the following cross-diffusion system

0

% — V- (n1Vp) = n1Fi(p) +n2G1(p),

0

% — V- (n2Vp) = n1 F5(p) + n2Ga(p), (1.51)

p=(n1+n2)?, ~v>1,

where n1,ny represent the densities of two different populations, F}, G2 the growth rates of each
population and F5, G the cross-growth rates. The pressure to which each species is subject is
given by a power law of the total population density, n = n; + no. Therefore, the equation on n
looks like a porous medium equation (up to a factor v/v + 1)

on ~y

— = _ApT! F G

o Sy tm (p) +n2G(p),
where ' := F} + F5 and G := G1 + G5. The fact that the reaction term in the equation is not
directly proportional to the density n is a crucial difference with respect to the one-species case.
Denoting o; := n;/n and R(o;,p) = 01F(p) + 02G(p), one can rewrite the density equation as
follows

Ony v +1
BTy Tl
and thus
Op~

9t = 'YPW(APW + Rv) + |VP7|27

where we pointed out the dependence on v. Although the equation looks similar to (1.34), the
term R, also depends on the density fractions. Hence, it is not possible to look for subsolutions,
i.e. finding an L*>°-bound on the negative part of Ap, + R,. Consequently, the Aronson-Bénilan
estimate was extended in weaker norms:

e in [94] the authors prove ((Ap, + R,)(t))— € L*(R?). Although this estimate is not sufficient
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in order to pass to the incompressible limit, (since time-compactness of the pressure is missing
for Sys. (1.51)) let us point out that this estimate can be obtained uniformly with respect to
~v. In [94], the authors use it to apply the Aubin-Lions lemma and prove the existence of weak
solutions of Sys. (1.51) for any fixed v > 1.

e the same approach was later used in [31] for dimension d = 1. The authors prove ((Ap, +
R,)(t))- € L'(R) uniformly in v and successively they recover the complementarity relation in
the incompressible limit. Indeed, in the one dimensional case time-compactness of the pressure
is available.

Now we briefly presents the gist of the proofs, starting from the one-dimensional case.

L'-Aronson-Bénilan estimate
The proof relies on the following a priori estimates

0 0o

P 2 801 c Lglv .
z ;
Moreover, let us assume that the initial pressure is compactly supported. Then, thanks to the
finite speed of propagation property of porous medium equations, the pressure remains compactly
supported for all finite times, i.e. for all T > 0 there exists 2 C R independent of v > 1 such
that

fori=1,2. (1.52)

supp (p(t)) C Q, Vte[0,T], Vy > 1.

As usual we define w := Ap + R and compute the time derivative

ow__ o) & (|, oR
ot~ 022 " 922\ |ox ot
(1.53)
P (pw)  ,0pOd(w— R) p|®> OR
= e ar i T
Since we aim at estimating the negative part of w, we multiply by sign_(w) to obtain
Aw)- _ Ppw)-) opdw)- _IpdR 2.
< 2— —2———sign_ 2w — sign_
ot T B2 oxr Ox oz oz 8" (w) +2jw — Rl sign_ (w) (1.54)
+sien_(w) |
sign_(w) -,
where we used Kato’s inequality. Let us notice that
OR 0 0
sign_(w) 5~ < p(w)-Ry + sign_(w)|Vp|* + '(F -0 < \(F -0 W)

since R, < 0. As explained above, the main novelty of this approach is to integrate the inequality
and using a priori estimates in order to achieve a control on (w)_ in a weaker norm. Let us
notice that, by integrating (1.54) in space, the first term on the right-hand side vanishes. As will
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be explained below, this term will instead play a crucial role in the L?-AB estimate. We obtain

d Op O(w) - Opl||OR 9 /

— < — —

¥ (w)_dz <2 e dx+2/ 32| 5 dz 2/9(w)7dat+4 Q(w),Rdm
dz.

oo
2 1
+2/|R| dx+/'F G@t

Using the boundedness of R,, F, and G, one can see

),

where we used the a priori estimates (1.52). Moreover, computing d;01, it is possible to prove

op
oxr
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)
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8 80’1
/Q F- G) H Iz | 12 33: L= C+CH6m Lo
Therefore, we have
d Op O(w) - 9 Op
—_ < £ _
gy (w)_dz <2 e dz 2/Q(w)7da?+0/ﬂ( _dz+C+C e
0%p
=2 ——(w)_dz—2 [ (w)?dzx+C ( Jodz+C+C
o Ox? Q
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Let us mention that this only works since we are in dimension one. In fact, for any dimension d
greater than one, the factor multiplying [(w)? would be 2(1 — 1/d) > 0. Therefore, due to the

positivity of the coefficient, we would not be able to apply Gronwall’s lemma or to absorb this
higher order term.

Before applying Gronwall’s lemma, we have to estimate the L°°-norm of the pressure gradient.
Let us recall that for the classical porous medium equation the pressure is always Lipschitz in
dimension one. We now show that this holds (uniformly in «) also for Sys. (1.51); however, due
to a different argument. Thanks to Sobolev’s embedding theorem in dimension one, we have

’ Op p B /
ox 0x? L) Q

p
02

dz < /Q(w —2(w)- + |R|)dz

]
g/(Ap+2(w),+2|R|)dx
Q

<C+C | (w)_dz.
Q
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%/ﬂ(w),dxéC—i—C/Q(w),

and, provided (w(z,0))_ € L'(R), by Gronwall’s lemma we have (uniformly in )

Hence, we finally have

(g: ; R> € L=(0,T; L' (R)). (L56)

L?-Aronson-Bénilan estimate

As aforementioned, the above L!-estimate can only work for d = 1. In fact, the first LP-extension
of the Aronson-Bénilan estimate was developed for any dimension and p = 2, see [94]. The
argument is similar to the one-dimensional case, but the inequality on w is multiplied by —(w)_
instead by simply sign_ (w). Hence, from

ow 8p OR
B~ Abw ”A( e ) awn
=vA(pw) +2Vp-V(w — R) + QZ‘(% B aa—f
> vA(pw) +2Vp - V(w — R) + |A | + %]:
we obtain
LI < Apw) ) (w)— + 2w)-Vp- F(w)— + 2(u)Vp- VR - 2w)_ uw— R ~ 2 (w)_
Developing the last term in a similar fashion as in Eq. (1.55), gives
2 w)- =~ LRy ()~ (F(p) ~ Go) ot (w)-
= ()2 Ry~ [VpPRy ()~ (F(p) ~ Glp)) ot ()
PP Ry ) — (F(p) ~ ) 2 )
and hence
LR < Ap(w) )w) + V- V) + () [Vo*R, +2(u)_Vp- Voi(F(p) ~ G(p)
D N0 By
= 22+ O+ Clw) ~ (Flp) ~ Glp) ot (w)-
B2

(1.57)

where C' > 0 is independent of 7. The core of the proof is still the same. After integrating
in space over (), we aim at using Gronwall’s lemma. However, the treatment of some terms is
different with respect to the L'-estimate. For instance, the terms including the gradient of o
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cannot be bounded in the same way, since for d > 2 the BV-bounds of the density fractions
and the L°°-bound on the pressure gradient no longer hold. Let us mention that for a certain
bounded and continuous function F = F(o1,02,p), the equation on oy reads

oo
a—;:Vo*l-VzH—]:.

As shown in [94], the "bad" terms, By and Bs, can be treated using integration by parts as
follows

/ By + By dz = / (F(p) — G(p))Vor - Vp(w)_ dz — / (F(p) — G(p))F(w)_ da

Q

c/ M—/m@@—G@MMMJUiﬂF@—@@MWWWLM

Q

_ /Q o1 (F(p) — G(p))Vp- V(w)_ dz.

Let us focus the attention on the last term on the right-hand side. Indeed, the other terms can
be bounded using Ap = w — R, integration by parts, and Vp € L{°L2. Using Young’s inequality,
we have

F(p 1
—/ o1(F(p) — G(p))Vp - V(w / () = Go)F Vp|? + / pIV(w)_[2.  (1.58)
Q
Here is where the technical condition assumed in [94] is used. In fact, the authors impose
F(0) = G(0). (1.59)

Therefore, the first integral on the right-hand side is uniformly bounded. It remains to treat one
"bad term" which is the integral including |V (w)_|? in Eq. (1.58). In order to absorb it, we use
the dissipation term D in Eq. (1.57). Indeed, as we mentioned before, unlike for the L!-estimate
this term does not disappear. Using again integration by parts and Ap = w — R, we have

[o<(1=3) [w?+(-3) [ Rew? =5 [ n90)-F
g@—%)&@ﬁ+%LRmﬁ774MVWLR

where in the last inequality we used the fact that R is always non-negative. Therefore, the last
integral on the right-hand side helps absorbing the last one in Eq. (1.58).

(1.60)

Finally, combining these estimates with Eq. (1.57), we find

i/ﬂ(wjg(l_;_>/ +c/ +C/Q(w),+c. (1.61)

Assuming v > max(1,2 — 4/d), we can apply Gronwall’s lemma to obtain

(Ap+ R)_ € L™(0,T; L*(RY)), (1.62)

which is uniform in -, since the constant C' is independent of ~.
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1.5 Contents of the thesis

In this thesis we develop further the theory on the incompressible limit of porous medium models
motivated by tumor growth. This section is devoted to presenting the novelties introduced in
this work, which is structured in three parts:

e Part I concerns the analysis of the stiff limit of a mechanical tumor growth model and
its numerical simulation. In Chapter 2 we analyse the incompressible limit of a model
including the presence of nutrients (for instance, oxygen or glucose). As explained above,
during the development of cancers the lack of nutrients in the center of the tumoral mass
induces cell death by necrosis, generating a necrotic core. As a consequence, models that
account for nutrient availability allow for non-positive reaction terms. From an analytical
viewpoint, this turns out to be a crucial difference with respect to models without nutrients,
such as the purely mechanical model studied in [130]. In this chapter, we consider a
system of reaction-diffusion equations whose bad coupling makes the comparison principle,
used in [130] to recover the AB estimate in L, fail. Therefore, in order to recover the
complementarity relation in the stiff limit, we rely on two new techniques: an L3-version
of the AB estimate, and a sharp uniform L*-bound on the pressure gradient which allows
us to recover the required regularity in order to pass to the limit. Chapter 3 concerns the
numerical simulation of this kind of porous medium models of tumor growth. We present an
upwind finite difference scheme of the purely mechanical model for which we prove stability
results and the asymptotic preserving property as v — oco. We also test our scheme for
models including a nutrient, both in the in vitro and in vivo cases, and including necrotic
cells in the system. Finally, we numerically verify the sharpness of the L*-bound of the
pressure gradient, computing the norms of the focusing solution in dimension 2.

e Part IT is focused on the incompressible limit of a reaction-porous medium equation includ-
ing convective effects. As mentioned in Introduction, the asymptotic behavior of this kind
of equations has already been addressed in the literature. However, the complementarity
relation that allows to recover the limit pressure as the solution of an elliptic equation was
still an open problem. In Chapter 4, we present a proof which is based on extending and
blending the two techniques presented in Chapter 2: the L*-bound of the pressure gradient
and the L3-version of the Aronson-Bénilan estimate. We are able to extend these results
to the case including convective effects, as well as to substantially reduce the conditions
on the drift term imposed in the previous literature. To this end, we apply the L*-control
in order to recover the AB estimate. We also prove uniqueness of the weak solution of
the limit Hele-Shaw problem. Chapter 5 deals with estimating the convergence rate of
the incompressible limit analysed in Chapter 4. This question has been rarely addressed
in the literature. In this chapter we present a simple and flexible proof of how to obtain
an estimate for the convergence rate in the L H_ l-norm for nonlinear and degenerate
diffusion equations including convection, in both the power law and the singular pressure
law cases.

e Part III concerns the analysis of a tumor growth model structured by phenotypic trait. We
consider a cross-diffusion model where each phenotypic density evolves under Darcy’s law,
and the pressure is related to the total population density. We prove the existence of weak
solutions as well as the incompressible limit as the pressure becomes stiff. Moreover, we
recover regularity results that, to the best of our knowledge, are novel in the multi-species
case.

Now we summarize the main contributions of this thesis in some greater detail.
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1.5.1 Incompressible limit of tumor growth models including nutrients:
analysis and simulations

Free boundary limit of a model with nutrient

As mentioned in the previous section, the behavior of the free boundary of PME’s solutions
changes drastically if we allow for non-monotonicity, namely if the growth rate can assume
negative values. In the context of cancer growth modelling this happens, for instance, if the
presence of nutrients is taken into account. The nutrients (for instance glucose or oxygen) are
brought by the blood vessels and diffuse into the tumor where they are consumed by cancer cells.
However, if the level of nutrients is not high enough, cells may die by necrosis, as it happens in the
center of avascular tumors after they have reached a certain size. Therefore, modelling nutrient
presence means allowing for cell death, i.e. assuming that the growth rate G depends both on
the pressure p and on the nutrient concentration ¢, and that G(p,c) < 0 for ¢ small enough.
This type of models implicitly distinguishes proliferating cells from necrotic cells. Although
several multi-species models describing proliferating, necrotic or quiescent cells are available in
the literature, we focus on a model that only considers the first type of cells. Consequently, the
cell population density may vanish in regions contained in its initial support.

The incompressible limit for a model including nutrients was already addressed in the seminal
work [130], where the authors consider a system of PDEs including a nutrient concentration
which satisfies a reaction-diffusion equation. As for the purely mechanical model (1.32), they
pass to the stiff limit in the density equation obtaining (1.38). However, they leave open the
question of how to recover the complementarity relation, namely

poo(Apoo + G(poo; COO)) =0 (163)

In fact, the method the authors developed for the purely mechanical model does not apply in
this case. The reason lies in the fact that the fundamental Aronson-Bénilan estimate (1.39) fails.
In fact, since G may now take negative values, we can no longer apply the comparison principle
in order to bound the quantity w := Ap + G(p,c) by a subsolution that vanishes as m — oo.
Indeed, after a certain time, a region may appear where the pressure is constantly equal to zero
and the reaction rate is negative. Therefore Ap + G(p,¢) = —1/mt cannot hold.

~

Our work aims at solving this open problem. We consider the following model including nutrients

O (nVp) = nCi(p.) zeR’, 120,

p=n", v>1,

Orc — Ac+nH(c) = (cg — ¢)K(p),

c(z,t) = cp for z — co.

Unlike [130], we consider nutrient consumption (with given rate H) as well as nutrient release
from the vasculature (with given rate K).

In order to prove the complementarity relation (1.63) we derive a weaker version of the Aronson-
Bénilan estimate, in the spirit of the L?-estimate proven in [94], whose derivation was explained
in Section 1.4.3. In this case, we are able to obtain an equation which is analogous to (1.61).
However, there is an essential difference in the case including nutrients. Since the reaction rate
G(p, c¢) does not have a sign, we are not able to bound the corresponding integral as in (1.60).
Therefore, the positive constant C in front of [(w)Z in (1.61) is no longer independent of 7. As a
consequence, we are not able to use Gronwall’s lemma to infer (Ap+G(p,c))_ € L>=(0,T; L2(R%))
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uniformly in . However, we are still able to prove the following result.

Proposition 1.5.1 (L3-version of the AB estimate). The following control holds uniformly with

respect to vy
(Ap + G(p,c))- € L*(R? x (0,T)).

This bound allows us to deduce Ap € L'(R? x (0,T)) which, together with the L'-control of
O¢p, is enough to infer the strong compactness of Vp in LI, for 1 < ¢ < d/(d —2). Since we aim
at proving the complementarity relation, we know that the strong compactness of the pressure
gradient in L?Lt is needed. Therefore, we need to prove a higher uniform control.

Proposition 1.5.2 (Sharp L*-bound of the gradient). The following estimate holds uniformly

with respect to ~y
|Vp| € L*(R? x (0,7)).

Moreover, this estimate is sharp, namely, there exists a solution such that ||Vpl|lL« blows up as
v — oo for every q > 4.

This control on the gradient was already achieved in [123], where the authors consider the purely
mechanical model. However, their argument deeply relies on the L°°-AB control, which fails in
our case. We develop a new proof which does not rely on any control on Ap. Moreover, we are
the first to show that this uniform estimate is sharp. Indeed, a counterexample is given by the
focusing solution discussed in Sec. 1.3.1. We analyze this property using an asymptotic argument
and we later investigated it numerically, as presented below.

Numerical simulation of a mechanical model of tumor growth

We propose a simple finite difference scheme to analyze the purely mechanical model introduced
in [130]
on

e — V- (nVp) =nG(p), p=n"’, ~v>1.

The numerical simulation of tissue growth models of porous medium type has attracted a lot of
interest in recent years, see, for instance, [114, 112, 113, 25| and references therein. The main
challenges are represented by the lack of regularity near the free boundary and the stiffness of
solutions that occurs when v — oo.

We propose the following upwind scheme in dimension one

d Nit1/249i+1/2 — Ni—1/24i—1/2 .
= / / / / +n:G(ps), with  giy1/2 =

dt Ax

Az

(1.64)

where we define
ni, if git12<0
Nit1/2 = ‘ . b1/ ’
nit1, if 172 > 0.
The simplicity of the scheme allows us to prove several stability estimates. In particular, we
prove BV-controls on both the semi-discrete scheme and the fully discrete scheme, obtained

using Euler implicit discretization in time. Moreover, we prove the asymptotic preserving (AP)
property of the scheme as v — oo.

Proposition 1.5.3 (Asymptotic preserving property). Given n;,p; a solution of scheme (1.64)
with v > 1. Then, for all i, we have

n; 1222 Noo,is in LP(0,T), for all 1 < p < oo,
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pi 25 Do in LP(0,T), for all 1 <p < oo,
y—00

Gyt = Qoo,is 1, weakly in L*(0, 7).

and the limit satisfies

i+1 — 2pi + Pi—
0= Poo,i (p 1 pi + P 1poo,i + G(poo,z)>a

|Az|?

in  Moo,it1/2900,i+1/2 ~ Moo,i—1/2G00,i—1/2
dt " Az

+ noo,iG(poo,i)-

We then derive a discrete version of the Aronson-Bénilan estimate. As frequently illustrated
before, this estimate is fundamental in the analysis of both the classical PME and the related
tissue growth models. Therefore, it is our interest to analyze whether such estimate is also
discretely satisfied by our upwind scheme. This purpose was addressed by Monsaingeon in [124]
for a tracking front scheme of the classical PME, i.e. Eq. (1.7). We manage to infer the same
estimate in the case of a fixed grid, for v = 1 and v ~ co. Our main contribution in this direction
is the proof of the AB estimate in the case of non-trivial pressure-dependent reaction terms.

Proposition 1.5.4 (Discrete Aronson-Bénilan estimate). Let a > 0, G(p) = a(pg — p) and

Dit1 — 2p; + pi-
w; == 62p; + G(p;) = =2 (sz)z =

Then, for v =1 and v = oo, scheme (1.64) satisfies the Aronson-Bénilan estimate, namely

1

-, V4.
vt

w; 2
We perform several numerical simulations to test the accuracy of our scheme. We test it both
for the classical PME and for tumor growth models including nutrients and/or necrotic cells.
At last, we perform numerical simulations to investigate the sharpness of the L*-estimate on the
pressure gradient mentioned before, c¢f. Lemma 1.5.2. We consider a radial focusing solution,
i.e. a solution of the Hele-Shaw problem whose initial data is a spherical shell. By computing
the L?-norm of Vp we verify the worsening of the blow up at the focusing time as ¢ > 4.

1.5.2 Incompressible limit of a tumor growth model including convec-
tive effects: regularity and convergence rate

Stiff limit of a model with drift: regularity and complementarity relation

Besides the passive movement generated by the pressure gradient, tumor cells can undergo active
forces as, for instance, the attraction due to the concentration of a certain chemical, or as a result
of self-propulsion as in the Keller-Segel model. In the latter case the velocity field is given by
the convolution of the density with the Newtonian potential, A «n. In this part of the thesis, we
analyse the regularity properties and the incompressible limit of the following nonlinear diffusion-
advection equation

%;L — V- (n(Vp+VV)) =nG, (1.65)

where V : R? x (0,00) — R is given.
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Figure 1.2: Focusing solution: density (left) and pressure (right). Numerical solution of the
focusing problem with v = 10, Az = 0.02, initial internal radius 1.

Several works on the free boundary limit of porous medium equations incorporating advection
terms can be found in the literature, see for instance [1, 57, 103]. However, to find the comple-
mentarity relation, i.e. the elliptic equation satisfied by p.. in its positivity set, was still an open
question. As in the case including nutrients, the main difficulty consists in proving the L?-strong
compactness of the pressure gradient. We address this problem for Eq. (1.65) with p = n? and
a pressure-dependent growth rate G = G(p).

Under suitable assumptions on V', we prove that as v — oo the solution to Eq. (1.65) converges
to a limit (neo, Poo) that satisfies the following statement.

Proposition 1.5.5 (Complementarity relation with drift). The limit (noo, Poo) solves
Doo(Apos + AV + G(pss)) = 0, Poo(l —ns) = 0.

To this end, we extend the techniques that we developed in the case with nutrients: the L3-version
of the Aronson-Bénilan estimate and the L*-bound on the pressure gradient. In particular, the
latter is a novelty in the context of porous medium-advection equations.

We also aim at weakening the assumptions on the drift V' with respect to the existing literature.
To this end, we use Vp € L* to deduce the AB estimate, although the two arguments could be
made one independent of the other. Moreover, let us stress that an L°°-version of the Aronson-
Bénilan estimate was already obtained by [103] in the drift case, Eq. (1.50), as illustrated in
Section 1.4. However, to obtain this lower bound, the authors require a Ci’% -control on VV. In
order to achieve the much weaker L3-bound we considerably reduce this assumption, asking only
for D2V € L, and AVV € L27/°.

Finally, we give a proof of the uniqueness of the limit solution adapting Hilbert’s duality method.

Proposition 1.5.6 (Uniqueness of the limit solution). There exists at most one distributional
solution such that for all T > 0 the couple (oo, Poo) € L¥(R? x (0,T)) x L2(0,T; HX(R?)) is a
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solution to the following system

on
—= - A o T ' [eS) = No ) D’ Rd 7T ;

5t Poo — V(N VV) = N G(pes) (R % (0,77)) (1.6)
Poo(l —ne) =0, a.e. in R4 x (0,7).

Stiff limit of a model with drift: convergence rate

Despite the vast literature on the incompressible limit of porous medium models including ad-
vection, the question of how to estimate the convergence rate of the solutions has been rarely
addressed. A first result is provided by Alexander, Kim and Yao in [1], where the authors find
a polynomial rate of 1/24 in the 2-Wasserstein distance, Eq. (1.41). Our aim is to estimate the
convergence rate in the L,?OH ~Lmorm. In particular, for both the power and the singular laws

FY ~y—1 Ne
—_— or =¢
y—17 pe 1—mn.

Dy = )
we study the convergence of solutions n. (respectively n.) of Eq. (1.65) as v — oo (respectively
e — 0) and we find the following polynomial rate.

Proposition 1.5.7 (Convergence rate in H~'). Under suitable assumptions on V =V (z,t) and
G = G(x,t), for all T > 0, there exists a unique function ne € C([0,T); L*(R?)) such that the
sequence n., (resp. n.) converges as y — 0o (resp. € — 0) to noo strongly in L>(0,T; H—1(R?))
with the following rate

c(T)

: - 1y e O —n2 |l g1 gay-
tebg(l),pT] 7 () = oo ()| 17— Rd) S N172 +Hn'y Mool - (R)

Moreover, thanks to this result we are able to provide a new proof of the saturation relation in
Eq. (1.66) which does not require the strong convergence of the density or the pressure.

We here present the gist of the methods that we apply in Chapter 5 to estimate the convergence
rate. Our strategy relies on considering ¢~ := K % n,, where K is the fundamental solution of
the Laplace equation. Then, we have

—Apy =n,.
For 7/ > v > 1, we consider the following equation

ANy — )
% =A(Ay = Ay) + V- ((ny = ny)VV) + (ny — ny)G,
where A, is chosen appropriately depending on the law of state of the pressure. Multiplying the

above equation by ¢ — ¢,/, we obtain

1d

2dt Rd |V(<,07 B QOVI)F dr = / (n7, - nW)(AW(nV) - A”Y’ (n"/’)) dz

Rd

_ /R (1 = 1)V = o) - WV it | Gty =)oy = o)
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Under suitable assumptions on G and V', we are able to find

1d

2
2dt Jga V(oy =)l de +/

[ =) (A0) = A ) da < C [ 90, = ) o

Manipulating the second term on the left-hand side in a proper way (depending on the pressure
law under consideration) and applying the Gronwall inequality, we can deduce

1 1
sup [[V(py = ¢y (0)ll22 <C(+>+v — ) (0)| 12 ) 1.67
tE[O,T]” (QO’Y Py )( )”L (R4) ﬁ \/’7 || (90’)/ P )( )HL (R4) ( )

Passing to the limit 4/ — oo we infer the result in Proposition 1.5.7.

1.5.3 A multi-species model structured by phenotype

As discussed in Section 1.3.3, multi-species models of cross-reaction-diffusion equations have
been widely studied during the last decade. The different natures of the single species equations
and the total population equation introduce involved challenges to the analysis. Existence and
regularity results for these models have been provided recently by [47, 94, 101] and the incom-
pressible limit has been addressed in one spatial dimension in [31] and then extended in multiple
dimensions by [115].

We aim at extending these recent results for a model structured by a phenotypic trait. Phe-
notypic heterogeneity plays a central role in the development of tumors. Cells with different
gene expressions can develop higher aggressivity that lead to faster invasion. An interesting
phenomenon called "growth or go" has been observed in certain tumors. It consists in the fact
that cells with higher mobility are less aggressive and have a diminished growth rate with respect
to cells with a lower mobility. This dichotomy has been analysed through a structured model
by Lorenzi et al. in [118], where the authors perform a formal asymptotic analysis to show the
appearance of accelerating fronts.

In this part of the thesis we consider a similar structured system

on

ot

ola, 1) = / n(y,z,t)dy, plat) = olz, 1),

(y,2,t) = V- (n(y,z,0)Vp(a,t)) = nR(y,p),  (y,2,t) € [0,1] x R? x (0,00),
(1.68)

which in some way extends the two-species system (1.51) to an infinitely-many-species problem.
We only analyse the case of constant mobility rates which, unlike in [118], do not depend on the
structured variable y.

The main contribution of our work consists in three results: the existence of weak solutions n., p,
of (1.68), the incompressible limit of such solutions as v — oo, and additional regularity results
on p~. The first two results are obtained as an extension of the methods developed in [135] and
[115], respectively. The main difference with respect to the works by [94] and [31] is the fact that
the focus is no longer centered around the pressure itself, but rather on the quantity v := o7 *!.
Working with Vv rather than Vp, it is possible to infer strong compactness in Liﬁt without any
control on the Laplacian Ap which was the case in [31, 94]. Following this approach and adapting
it to the structured case, we are able to prove both existence of weak solutions and pass to the
stiff limit v — oo. Unlike [115], where the authors assume the reaction terms to depend only on
a certain nutrient concentration, we consider pressure-penalised reaction terms. Therefore, we
also need to prove strong compactness of the pressure itself in order to pass to the limit in this
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nonlinear term. This issue was left open in [115] since to control d¢p uniformly in + is still an open
question. However, assuming to have compactly supported solutions, i.e. supp(o(t)) € Q C R¢
for 0 < t < T, we are able to prove strong compactness of p simply using Poincaré inequality
and the strong compactness of Vp.

Proposition 1.5.8 (Existence of solutions and incompressible limit). Given ng € L*°(]0,1] x
RN LL([0,1] x RY), ng = 0, there exists n € L>([0,1] x R% x (0,00)) N L([0,1] x R? x (0, 0)),
n >0, such that Vp € L*(R? x (0,00)), that satisfies Sys. (1.68) in the sense of distributions.
Moreover, assuming oo is compactly supported in R?, after extraction of a subsequence, the triple
(N, 04, D) converges weakly* in L>(R% x (0,00)) to (Moo, Ocos Poc) Which satisfies the following
Hele-Shaw problem

1
AT Apoo —|—/ Noo R(Y, Poo) dy, in D'(R? x (0,00)),
0

1
Poo (Apoo +/ nooR(y,poo)dy> =0, in D'(R?x (0,00)),
0
Doo(000 — 1) =0, a.e. in R x (0,00).

Although no control on Ap is needed neither to prove existence nor to pass to the incompressible
limit, it still represents a challenging and interesting question by itself. Therefore, we also aim
at understanding if an L2-version of the AB estimate holds for this structured model as well. As
illustrated in Section 1.4.3, this control was proven in [94] for the two-species counterpart, (1.62).
However, the authors had to impose a restrictive condition on the reaction terms, i.e. (1.59). We
manage to remove this assumption by performing a different treatment of the "bad term", i.e. the
first integral in Eq. (1.58). In fact, we first prove the following control on the pressure gradient.

Proposition 1.5.9 (L*-estimate). There exists a constant C(T) such that for any 0 < a < %

the following estimate holds true

with k(o) := G (1 — ay).

By using this result, we are able to find an L2-AB estimate which is the analogue of (1.62).
Indeed, applying Young’s inequality, the integral in (1.58), for which the technical assumption
F(0) = G(0) was needed, now can be treated as follows

4
IRl [ 198l

1
/ /oR(y,p)Vp'V(w)_d:cdy T :17+7/p17a|V(w)_|4/3d1:, (1.69)
o Jo 4 Jopime 4 Ja

where
n(y, ,t)
o(z,t)

Thanks to the previous proposition the first term on the right-hand side of (1.69) is bounded,
while the second one can be absorbed in the term —v [, p|V(w)_|* which will appear analogously
as in (1.60). Therefore, we recover the following Aronson-Bénilan estimate for the structured
system (1.68) without imposing any special conditions on the reaction term (which we always
consider monotonically decreasing with respect to the pressure).

1
Rz:/ o(y)R(y,p)dy, and o(y,z,t):=
0



1.6. Discussions and perspectives 45

Proposition 1.5.10 (L?-Aronson-Bénilan estimate). For all T > 0, there exists a constant
C(T) independent of ~y, such that for all t € [0,T] we have

T
/ (Ap(t) + R)® < C(T), / / (Ap+R)S dt < C(T).
Q 0 Q

1.6 Discussions and perspectives

Mathematical models motivated by tissue growth and movement represent one of the most stim-
ulating sources of challenging mathematical questions, in particular, in the context of analysis of
PDEs. In this thesis we contribute to the study of the asymptotic behavior and well-posedness
theory of porous medium equations and systems motivated by tumor development. This topic
has been largely addressed by many researchers and, in recent years, remarkable results have been
achieved in the understanding of these problems. Nevertheless, this field presents several chal-
lenging questions that remain open, in particular regarding the well-posedness of cross-diffusion
systems and the Hele-Shaw limit with surface tension.

1.6.1 Existence results on cross-diffusion systems

As we already mentioned, degenerate cross-diffusion systems are particularly involved to treat
due to the difficulty of proving strong compactness on at least one of the quantities involved.
Many variations of System (1.51) have been investigated in the literature, and some of these
problems represent long-standing open questions.

Different drifts

In Chapter 4, we study the incompressible limit of a porous medium model including convective
effects, i.e. Eq. (1.65). Neglecting reaction processes and coupling Eq. (1.65) with an analogous
equation for a second species that moves accordingly to Darcy’s law and a different drift, we
obtain the following system

o
% — V- (ni(Vp+ VW) =0,
ang

p:(nl +n2)’7, 7>1a

where the pressure depends on the joint population density. Despite major efforts applied by
different research groups, this problem remains the simplest example of a nonlinear cross-diffusion
system for which the existence of solutions has not been established yet. Although both the
densities and the pressure gradient are weakly compact, passing to the limit would require strong
convergence of one of the two terms involved. The strategies based on the Aronson-Bénilan
estimate used for systems like (1.51) do not seem to hold in this case. Only one result has been
obtained in the one-dimensional case, see [101]. However, the authors need to impose a restrictive
condition, namely that the two species stay segregated for all times, i.e. —0,V; > —0, Vs and
x> x9 for x; € {nf > 0},i=1,2.
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Different mobilities

Including different mobility coefficients, 111 # ua, into System (1.51) increments even more the
complexity of proving the existence of weak solutions

0
% — 1V - (11Vp) = n1 F1(p) + n2Gi(p),
8712

o — 12V (12VD) = n1 Fa(p) +1aGi(p),

p= (nl +n2)7, Y > 1.

Nowadays, no well-posedness results on the above system are available in the literature. Indeed,
the whole set of methods developed for the previously presented models built upon the fact that
the sum of the two equations generates a porous medium type equation. Due to the asymmetry
of the degenerate diffusion terms, those techniques cannot be applied in this case. In fact, it is
not clear how to find uniform a priori estimates on the pressure gradient, which are essential to
the analysis of the system. Moreover, instabilities may occur under certain conditions, as noticed
in [104, 117].

In [104], Kim and Tong considered a similar model in dimension d = 2, and showed local-in-
time well-posedness of the related free boundary problem imposing specific assumptions to avoid
instabilities. They assume that G; = F;, = Gy = 0, and n; + no < 1, and analyse the free
boundary problem

=V - ((pn1 +vn2)Vp) =n1 Fi(p), ifng+ng =1,
p=0, if ny +np < 1.

They assume that at the initial time, both the tumor, n; = 1, and the surrounding healthy
tissue, no = ]lQ\Q, are given by patches, with Q cC Q. Numerical results in [117] show that if
11 < pe a certain radially symmetric solution is stable, while for p; > po instabilities may occur.
Therefore, Kim and Tong assume pu; < ps. However, they notice that instabilities may still
occur at the contact interface between the two species, and thus they impose specific geometrical
assumptions on 2 and .

1.6.2 Relation to Mean-Field Games

As mentioned above, in order to pass to the incompressible limit in Eq. (1.65) we manage to
weaken the assumptions imposed on the drift term, see Chapter 4. However, further improve-
ments in this direction are expected. In particular, it is of interest to find optimal conditions on
V under which to obtain the sharp estimate Vp € Lit and the strong compactness of the pres-
sure. This would be important in view of applications to the following mean field game, where a
Hamilton-Jacobi equation and a continuity equation are coupled, and the system with unknowns
o(z,t) (value function), n(z,t) (density), and p(z,t) (pressure), is closed with incompressibility
conditions on n and p

0 V|2

% VL _vp =, P20, p(l—n)=0,

; and (1.70)
n

— 4+ V- (n(Ve—Vp)) =0, o(x,T) = ®(z), n(x,0) =n"(z).
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The model was first proposed in [143]. Due to the nonvariational formulation of the problem,
proving the existence of solutions remains open and remarkably obstinate to solve. A possible
approach could be to apply Schauder’s fixed point theorem on the pressure p, but it requires
strong stability and uniqueness results. For this reason, extending the new regularity results that
we obtained in Chapter 4 represents a possible strategy in order to address the problem.

1.6.3 Cahn-Hilliard model and surface tension

In mathematical modelling of living tissues dynamics a crucial aspect to consider is the surface
tension between different phases. Indeed, experimental measurements have shown that surface
tension plays an important role in cell-segregation and cluster formation, [78]. For this reason,
mechanical models of tumor growth that include this effect are more relevant from a biological
viewpoint with respect to the models we presented, in which the pressure is always vanishing on
the moving boundary. On the other hand, accounting for jump discontinuities of the pressure on
the interface also induces several challenging mathematical questions.

One of the most used models that accounts for surface tension is the well known Cahn-Hilliard
equation (CH in short). Models of CH type have been widely used in tumor growth modelling;
we refer the reader to [51, 79, 152] and references therein.

The model describes the interaction between two phases (tissues, or more broadly fluids) whose
densities are denoted by n1,ns. In the context of living tissues, we assume that cells constituting
the phase 7 = 1 are tumor cells, while the second phase represents the surrounding environment.
Therefore, we denote n = nq/(ny + ng) the relative cell density of interest. The degenerate CH
model reads as follows

O _ g (nVp) = nG(),

ot (1.71)
w=mnY—0An.

By definition, the so-called effective pressure, u, is formed by two potentials that represent,
respectively, the repulsion between cells, n?, and the surface tension, 6An, where V¢ is the
width of the interface in which partial mixing of the two components n1,ny occurs.

The relation between the Cahn-Hilliard equation and the Hele-Shaw model with surface tension
has attracted vast interest. In [2], the authors prove that, in the sharp interface limit, level
surfaces of solutions to the Cahn-Hilliard equation with constant mobility tend to solutions of
the Hele-Shaw problem with surface tension, provided that classical solutions of the latter exist,
which was proven in [75]. A similar result was recently obtained by Kroemer and Laux in [108§]
where the authors prove convergence of weak solutions of the CH equation to the HS model. Let
us mention that in these two works no reaction term is taken into account in the equation. A
step forward in this direction has been achieved in [72], where the authors consider a relaxed
version of the CH model (1.71), and prove convergence of solutions as v — oco. However, it is
still an open question how to directly pass to the stiff limit in the degenerate CH equation (1.71)
and to obtain the following HS model

{ —Ap =Gp), inQF):={z; p(,t) >0}, { p(1—n) =0,

i = —086An, on 90(t), p—0An = pu.

In particular, it is of interest to find a rigorous way to link the jump of the pressure on the
moving boundary to its mean curvature for the model including reaction terms.
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Incompressible limit of tumor
growth models including nutrients:
analysis and simulations






Chapter 2

Free boundary limit of a tumor
growth model with nutrients

Abstract

Both compressible and incompressible porous medium models are used in the literature to de-
scribe the mechanical properties of living tissues. These two classes of models can be related
using a stiff pressure law. In the incompressible limit, the compressible model generates a free
boundary problem of Hele-Shaw type where incompressibility holds in the saturated phase.

Here we consider the case with a nutrient. Then, a badly coupled system of equations describes
the cell density number and the nutrient concentration. For that reason, the derivation of the free
boundary (incompressible) limit was an open problem, in particular a difficulty is to establish
the so-called complementarity relation which allows to recover the pressure using an elliptic
equation. To establish the limit, we use two new ideas. The first idea, also used recently for
related problems, is to extend the usual Aronson-Bénilan estimate in L™ to an L?-setting. The
second idea is to derive a sharp uniform L*-estimate on the pressure gradient, independently of
the space dimension.

This chapter is taken from N.D. and B. Perthame. Free boundary limit of a tumor growth model
with nutrient, Journal de Mathématiques Pures et Appliquées, (2021).

2.1 Introduction

We consider a compressible mechanical model of tumor growth, where the cell motion is driven
by the pressure gradient according to Darcy’s law. The cell proliferation is governed by a bio-
mechanical form of contact inhibition that prevents cell division when the total cell density
exceeds a critical threshold. The evolution of the cell population density n(x,t) > 0 and the

51
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concentration of nutrients ¢(z,t) > 0 are described by the following type of system

Z—?—V-(an)znG(p,c), zeRY >0,
% — Ac+nH(c) = (cp — ¢)K(p), @1)

c(z,t) = cg  for x — oc.

The pressure within the tissue is denoted by p(z,t), and, in the compressible setting, we use for
simplicity the following law of state

p=n", 7> 1 (2.2)

The reaction term G(p, c¢) is the cell division rate, and the lowest value of pressure that prevents
cell division is called homeostatic pressure, and we denote it by py. The concentration cg > 0
is the level of nutrients in the source, namely the network of blood vessels. Here, we consider
the vascular phase of tumor growth, after angiogenesis has occurred, therefore the vasculature
is present both outside and inside the tumor. The term K > 0 is the rate of nutrient release,
which decreases with respect to the pressure. As clinical observations have shown, the mechanical
stress generated by the cells shrinks the vessels inside the tumor and affects the blood flow; by
consequence, the nutrient delivery decreases, see [121] for further details. Finally, the term H > 0
is an increasing function of ¢ and represents the nutrient consumption rate.

The specific form of the reaction term in the equation on c¢ is not fully relevant for our analysis,
and we only need the possibility to derive some generic a priori estimates, mostly in L. Our
study covers, for example, the terms in [130] where the authors take H = H(p,c¢), K = 0 and
those in [131] where K = 1,_0;}, since the authors are considering the avascular phase of tumor
growth. For our study, only some general conditions are needed, which are detailed in the next
sections.

Motivations and previous works. Models of tumor growth, including (2.1), possibly with
more biological relevance, have been widely used recently. Several surveys are available, as [139].
Numerical schemes for the model at hand, with AP property (asymptotic preserving), have been
proposed in [112].

Mechanical models of tumor growth are focused on the effect of the internal pressure which
governs the dynamics of the cell population density. This kind of description was initiated in [92]
by Greenspan and further developed by Byrne and Chaplain, [36], Friedman, [81], and Lowengrub
et al., [119], among the others. The leading assumption is that the birth of a cell generates a
mechanical stress on the surrounding cells which start to move under a gradient of pressure. By
consequence, the motion of the cells is usually described by Darcy’s law v = —Vp. This type
of models have been extensively used to describe the early stage of tumor growth, the so-called
avascular phase, see for example [28, 34, 146]. Models of tumor growth that include the effect of
viscosity, [132, 65, 136], or more than one species of tissue cells, [47, 117], are also well-developed.
For a comprehensive overview of this topic we refer the reader to [81, 119, 134, 137].

The equation for the density in system (2.1) is based on the continuous mechanical model pre-
sented in [37], in which the dynamics of tumor growth are governed by competition for space
and contact inhibition. The homeostatic pressure is determined by the maximum level of stress
that the cells can tolerate; we refer the reader to [37] for further details on the individual-based
model that leads to the continuous one.

As explained above, this type of models are usually referred to as compressible, since they relate



2.1. Introduction 53

the density and the pressure through a compressible constitutive law, in a fluid mechanical
view. A second class of models commonly used to describe cancer growth are free boundary
problems, [80]. They are also called geometric or incompressible models and describe the tumor
as a moving domain where the density is constant. Free boundary problems arise also from the
theory of mixture applied to tumor growth, [38, 39].

Building a link between these two classes of models has attracted the attention of many re-
searchers in recent years. This result has first been achieved in [130] for a purely mechanical
model, passing to the so-called incompressible limit, as the pressure becomes stiff. Later, it has
been studied for a lot of models, which included viscosity, [132, 65], different laws of state, [67]
and more than one species of cells, [31]. In each case the limit model turns out to be a free
boundary model of Hele-Shaw type.

Our goal is to study the limit v — oo in the law of state (2.2), and prove that the limit solution
satisfies a free boundary problem. It has been proved in [130] that (the norms are specified in the
next section and we now use the notation n, p,, ¢, in place of n, p, c to indicate the dependency
upon )

Ny — Moo, Py = Peos Cy =7 Coos
and the limits satisfy the system

0N

W -V (noovpoo) = nooG(pooycoo)a HAS Rd7 t>0,
8;7:0 — Acoo + nooH(Coo) = (CB - Coo)K(poo)a (23)
Cool(z,t) = e for x — oo,
with a graph relation between p., and n., given by
0 <ne <1, Poo(Neo — 1) = 0. (2.4)

A remarkable result is the uniqueness of the weak solutions of this system.

However, it was left open in [130] to establish the so-called complementarity condition, which
reads (in the sense of distributions)

Poo (APoc + G(Pocs c0)) =0 in D'(R? x (0,00)), (2.5)
which follows formally from the equation on n written for the pressure, namely

81‘/107 = YD~ (Apv + G(pw Cv)) + |VPW‘2' (2'6)

The complementarity condition is fundamental because it relates the weak solutions defined
by equations (2.3) and (2.4) to the geometric form of the Hele-Shaw problem, where the set
Q(t) := {z; p(z,t) > 0} evolves with the speed determined by the normal component of Vpu.
The limit pressure is a solution to the elliptic equation with Dirichlet boundary conditions

—Apso = G(Poos Coo) in Q(t) = {x; poo(z,t) > 0}.

The Hele-Shaw model is a widely studied free boundary problem. Although we are only interested
in the weak formulation, the regularity of the boundary is also a challenging issue, see [43, 77,
123].
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Difficulties and strategies. To handle this problem, we make use of two new estimates which
hold because the cell population density satisfies the following equation of porous medium type
on. y

5 ﬁmﬁyﬂ = nyG(py, ¢y). (2.7)

e The first estimate results from the famous Aronson-Bénilan (AB in short) inequalities for
the porous media, [9, 58], which have been extended in various contexts (see [120] for another
example). It was adapted to a purely mechanical tumor growth model, [130], and it gives the
lower bound Ap,(t) + G(p,(t)) = —C/~t, with C positive constant. Here, unlike in the case
without nutrients, it cannot hold. In fact, as shown in [131], where a semi-explicit travelling wave
solution was found, there exists a region where p, is constantly equal to zero and G is negative.
Therefore, we show a weaker, but still sufficient, condition

T
/ / | min(0, Ap,,)[* dz dt < C(T).
0 Jre

This is proved by working in L? rather than with a sub-solution, as it has been recently initiated
in [31, 94]. This method has the advantage to be compatible with the L2-estimates on ¢, and
its derivatives. We recall that Aps, is a bounded measure due to the free boundary of the set
Q(t) where the pressure is positive.

e The second new estimate is an L*-bound on Vp,, independent of the dimension d. In the
simple case, where G depends only on p, it results from the kinetic energy relation combined to
the AB inequality in L°°, which is wrong here. We have a new and more general way to derive
it, independently of the AB estimate.

Plan of the paper. The paper is organized as follows. The next section is devoted to ex-
plain the notation and assumptions and to state the main result of the paper, namely that the
complementarity condition holds. The rest of the paper is dedicated to prove this result. We
begin in Section 2.3 presenting standard bounds which are useful for deriving the main new
estimates that are stated and proved in Section 2.4. Finally, in Section 2.5 we give the proof of
the complementarity relation.

2.2 Notation, assumptions and main result

Notation. We denote Q = R? x (0,00), and for T > 0 we set Qr = R% x (0,T). Given a
bounded subset Q C R%, we denote Q7 := R? x (0,7). We frequently use the abbreviated form

n(t) = n(a:,t), p(t) = p(x,t), C(t) = C(xat)'

Assumptions. Considering the growth /reaction terms, the functions G, H and K are assumed
to be smooth and we make the following assumption. There exist positive constants 5, py, pg
(reference pressure of blood vessels) such that

0p,G < =5, 0.G >0, G(p,cp) <0, for p > ppy, (2.8)
H'(c) >0, 0< Hfe), H(0)=0 (2.10)

Furthermore, for a given pressure p, G(p,c) < 0 for ¢ small enough. This assumption indicates
that tumor cells die by necrosis when the concentration of nutrients is below a survival threshold.
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Some standard choices for the reaction terms are

Gp,c) = g(p)(c+ 1) — oa, Hie) =, K(p) ‘1 -z

Jr
where ¢, ¢co are positive constants and g is a decreasing function of p, see [52, 121, 130].

Initial data. System (2.1) is endowed with initial data n9{, cg. We assume that for some n?, 9,
the initial data nj, ¢ satisfy

1
0<nd <ng=py, 175 = n°[| L ey 5 O n® € LY (RY), (2.11)
0< c?, < ¢p, ||09/ — |l gay o= 0, & —cp e LL(RY). (2.12)

We also assume that there is a positive constant C such that

VP 2y + AP || 2 (ray < C (2.13)

1) s sty + 10yl sy < € (2.14)

VS|l 2 ey < C. (2.15)

Set these conditions on the initial data, we give the definition of weak solution of system (2.1)

as follows.

Definition 2.2.1. Given T > 0, a weak solution of system (2.1) is a triple (n., p,, ¢y) such that,
Ny Pys Gy € L2((0,T), LF(RY) ¥p>1,  Vey, Vpy € (R x (0,7)),

and for all ¢ € CL(RY x [0,T)),

comp

T
| [ ot 90,96 =0 Gl e o) dadt = [ o) da,

T
| [ et Ve Vot mHe o - (e - oK e dedt = [ S0)de.
0

From standard methods, see [94, 135, 149], we know that a weak solution exists for all T > 0.

Compact support. Because our arguments rely on technical calculations, we first simplify
the setting assuming that there exists a smooth bounded open domain ¢ C R¢, independent
of ~, such that for all v > 1

supp(ng) C Q.

Unlike the solutions of the heat equation, the PME’s solutions have a finite speed of propagation,
see [149]. This means that, for all T > 0, there exists a smooth bounded open domain 2
independent of «y such that

supp(n~(t)) C Q, vt € (0,17,

see Appendix 2.A for the proof. From now on, we consider a solution (n.,p,) with compact
support for all v > 1. In the Appendix 2.B, we show how to extend the result to more general
solutions.
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Main result. We now state the main result of the paper, namely the weak formulation of the
complementarity relation.

Theorem 2.2.2 (Estimates and complementarity relation). With all the previous assumptions,
the limit pressure poo satisfies the relation (2.5), that means, for all test functions ( € D(Q), we
have

//Q (= 1VDPso|*¢ = Poo VDoo VE + Poo G(Poc; € )¢) daz dt = 0.

Furthermore the following estimates hold uniformly in

[ @0+ 60,02 drar < e, [ 1wptasar<ca,
QT QT

2.3 Preliminary Estimates

Let (n+, py, ¢y) be a weak solution to system (2.1). We recall some standard preliminary bounds
on 7.y, Py, ¢y and their derivatives, gathered in the following Proposition.

Proposition 2.3.1 (Direct estimates). Let (n.,py,cy) be a weak solution of system (2.1). For
all T > 0, the following holds independently of ~

0<ny <ng, 0<py <py, 0< ¢y < e, (2.16)
Ny Py (1) — e € L(0, T, L*(R)), (2.17)
¢, € L0, T, H'(RY)) N L*(0, T, H*(R%)), (2.18)
diny, Bipy € LY(Qr), iy € L*(Qr) (2.19)
¢y € L*Qr), p, € L*(0,T, H'(RY)). (2.20)

Proof. L*°-bounds for n.,p,,c,. The L>°-bounds follow from the comparison principle and
our assumptions on GG. For the sake of completeness, we recall the argument. From equation
(2.7) we have

v+l

+1
5 u )

——A(n
v+1

O (ny —nm) — n = (ny = nm)G(py; ¢y) + G (P4, ).

Multiplying by sign, {n, — ny} we obtain

g 1
01l — ) = A} = 1)) <Gl )
+nu(G(py, cy) — G(pu, cy))sign, (ny — np).
since, thanks to the assumptions on G, we have G(pg,cy) < 0.
Integrating in space yields

%/}Rd(nw(t) —ng)yde < ||G\|00/Rd(n.y(t) —ng)y dz,

because (G(p,cy) —G(pu, cy))sign, (ny —ngy) < 0, since G is decreasing with respect to p,. By
the assumption (2.11) and thanks to Gronwall’s lemma, we find n, < ng and therefore p, < pg.
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Using the same argument with the sign_(n,) we obtain

d

G L mo-ar<c [ ) dn

By Gronwall’s lemma we deduce

[ o< [ @) an

Rd

and, since the initial data is non-negative by assumption (2.11), this yields n, > 0 and p, > 0.
The same argument applies to ¢, and then we have ¢, > 0. From the equation for ¢, it holds

O(cy —cp)y — Alc —cp)y < —nyH(cy)signy (¢y —cp) — K(p)(cy — B+
Since H, K and n, are always non-negative, we get
9¢(cy — cp)+ — Alc —cp)+ <0,

which gives

d
— c—c dx <0.
m Rd( B)+
Since cg < ¢, by assumption (2.12), we conclude that ¢, < ¢p.

L'-bounds on Ny, P~,Cy. These are also standard estimates, noting that

b1 a1
P2 @y = @) 7 1@ <Py’ [0 @e)-

L?-bounds for the derivatives of c,. We now prove the L%-bounds for Vc,, Ac, and d;c,.

We multiply the equation for ¢, by —Ac, and we integrate in space and time

t t t
—/ OrcyAcy dz ds —|—/ / |Ac,|*drds = / / (nyH(cy) — (cB — ¢y)K(py))Acy da ds.
0 JRrd 0o Jre 0 Jre

Integrating by parts and using Young’s inequality we obtain

t 2 t
// 8t<w>dxds+// |Ac, |2 dz ds
0 JR4 2 0 JRd

t _ . 2 t 2
g/ / In,H(cy) — (cB — c¢y)K(p,)| dxd8—|—/ / |Ac, | da ds.
0 Rd 2 0 Rd 2

Hence, we have

1 1 [t
7/ |Vc7(t)|2dx+f// Ac, | de ds
2 Rd 2 0 Rd

t
1
< C/O (H”v(8)||2Ll(Rd) + [ley(s) = CB||2Ll(Rd)) ds + 5”ch||%2(]1@)7

where C' is a positive constant depending on ng,cp and the L°°-norms of H and K.
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Finally, using the L'-bounds (2.17), we obtain

t
[ we®F+ [ [ 18P < 0@ + 1V B

for 0 <t < T, and thanks to (2.15) we conclude the proof of the first and second estimates in
(2.18).
At last, considering the equation for ¢,

Oy = Acy —nyH(cy) + (cB — ¢y) K (D),
and using the previous bounds on n., ¢, and Ac., we conclude that d;c, € L?(Qr).
L'-bounds for the time derivatives of n, and p,. We differentiate the equation for n., and
we multiply it by sign(d;n)
0|0y | — YA |0y |) < |01y |G + 14,0, GOips | + 1y OGOy ey sign(9ymy ). (2.21)
We integrate in space using the monotonicity of G

d
19 Ol ey S NGllzoe @) 10emy (D)l] 1 ety + 10cGl Lo (@ry 11y ($)] 22 () 95 ()] 2 ety -

Thanks to (2.17) and (2.18), Gronwall’s lemma gives
1970 ()] 2 ey < C(T)[[(Bm4)° | 21 ey < C(T),

where in the last inequality we used (2.14).
By integrating in Q; := R? x (0,t), we obtain

001 (1)) + min 2,61 [ /Q |04y | dz ds < C(T),

thanks to (2.14) and the L' bounds proved above. Then, for the time derivative of the pressure,
it holds

o lan < [ o, |avac+2 e 0up,) d dt < C(T).
Qrn{n,<1/2} Qrn{n,>1/2}

We differentiate the equation for ¢, and multiply it by sign(9;cy)
|0y | — A(10icy|) < =0y Hsign(diey) — nyH'|0pey| — |0rey | K + (cp — ¢) K Oypysign(dicy).
Integrating in space we obtain
d !
g 19y Ol ) <IH Lo @) 10eny (D)l 1.ty + 1 [ H || e (@1 1024 () | 22 o)

+ el (|1 (@) 10 (D) L1z,

and thanks to the previous bounds and Gronwall’s lemma we have

18scy () L1 ety < C(D)[[(Deey)ll L1 gy < C(T),
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and this concludes the proof of (2.19).

L*-bound for the gradient of c,. Now, we prove that the gradient of ¢, is bounded in L*.
Integration by parts gives

/ Ve, |*de = —/ C,YAC,Y|VC,Y|2dl‘—/ ey Ve, - V(IVey ) da.
R Rd R

We use Young’s inequality on the first term of the right-hand side and we get

1 1
5/ Ve, |*do < 5/ 0,2Y|Acv|2dx—/ ey Ve, - V(|Vey|?) da.
Ra Rd Rd

We write the last term as

—/ C,YVC,Y~V(|VC,Y\2)d9::—2Z/ c,yaic,yajc,yaizjc,ydx
R4 i R4 ?
1 4 2 2 32
< 1\/]Rd |Vey|* do + 4ep /Rd ;(Bi,jc,y) dz
1
:1/ |Vc,y|4dac—|—4623/ |Ac,|? da.
Ra Rd

1 1
1/ Ve, |*dz < <2 +4) 023/ |Ac, | dx.
R R

and the L*-estimate is proven.

Thus, we have

L?-bound for the pressure gradient. Since the pressure satisfies equation (2.6), integrating
it in space we get

d

5 Lmwar=—y [ 19p 0P [ poom0.ema s [ 9 0F

Then, we integrate in time
T T
=0 [ 195, dedt = oo Oy = s (Dl +9 [ [ 9,600y, dact,

T
(7—1)/ / |Vp7|2dmdt<00+70(T),
0o Jrd

and this gives, since v > 1,

T
/ / \Vp, |2 dz dt < O(T).
0 R4

2.4 Stronger a priori estimates on p,

To establish the complementarity condition (2.5) is equivalent to prove the strong compactness
of |Vp7|2. One step towards this goal is to prove compactness in space using the classical AB
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estimate, [9, 58]. Here, major difficulties arise. As explained in the Introduction, since the
reaction term can change sign the usual Aronson-Bénilan lower bound cannot hold true, see
[130, 131]. Moreover, we cannot apply the comparison principle because of the bad coupling in
system (2.1). Since the L bound from below in the AB estimate is missing, we prove an L3
version, adapting the method presented in [94]. Then, we show that the gradient of the pressure
is bounded in L*(Q7), which gives the compactness needed to pass to the limit.

Our first goal is to prove the AB estimate on the functional

w = Apy + G(py,¢y), (2.22)

which is a variation of the Laplacian in order to take into account the source term, at the same
order of Ap.,, in equation (2.6).

Theorem 2.4.1 (Aronson-Bénilan estimate in L3). With the assumptions of Section 2.2 and
with v > max(1,2 — %), for all T > 0 there is a constant C(T) depending on T and the previous
bounds and independent of v such that

//Q (w)? dedt < C(T), //Q |Ap, | dz dt < C(T). (2.23)

Let us point out that because the free boundary is where p,, vanishes, it is important that w
itself is controlled and not merely pw as in the next estimate.

Theorem 2.4.2 (L*-estimate on the pressure gradient). With the same assumptions as before,
giwen T > 0, it holds

(7_1)// p7|Ap7+G|2dxdt+// Py S(02,p7)? dadt < C(T), (2.24)
QT QT

2]

// Vp,|* dz dt < C(T), (2.25)
Qr
where C(T') depends on T and previous bounds and is independent of .

We recall that in the model independent of ¢, [130], the AB estimate is much stronger and
gives Ap, (t) + G(p4(t)) = —%, and the major difficulty is the control of Ap, which is provided
by Theorem 2.4.1. As proved in [123], the L*-estimate follows from the total energy control
when G = G(p), but this uses the strong form of the AB estimate. Therefore, we use another
argument, which is reminiscent of the energy control, but treats differently of the "dissipation"
terms.

Proof of Theorem 2.4.1. For the sake of simplicity we forget the index « and dx dt¢ in the
integration. We compute the time derivative of w and obtain

ow = A(|Vp?) +vA(pw) + 9,G(|Vp|* + ypw) + 9.G Ose.
The first term is

g(A;D)2 +2Vp - V(Ap).

S

A(|Vp?) =2 (92,p)* +2Vp- V(Ap) >
%,
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By definition of w we have
2Vp - V(Ap) =2Vp - V(w — G) = 2Vp - Vw — 20,G|Vp|* — 20.GVp - Ve.

Hence, the time derivative satisfies

2
Oyw >g(w —G)? +2Vp - Vuw — 9,G|Vp|* - 20.GVp - Ve (2.26)
+vA(pw) + ypw 0,G + 0.G Osc.
Multiplying (2.26) by —(w)_, we obtain

0w (w)- <~ 2(w)®. ~ SClwl ~ 262 (w)_ + Vp- V()2 + 0,V (w)-

+20.GVp - Ve(w)— +yA(p(w)_ ) (w) - + vp 3G (w): — 9.G dpe(w) .

2

Hence, using the fact that 9,G < —f from (2.8), we integrate in space to obtain

G o (u;)’ <- §/Q<w>‘°i - E/QGQ(“’)* ‘ﬁ/g Vple-
_3/9(;(10)2_4_/9 [Vp - V(w)2 +yA(p(w)-)(w)_]
A
_/ acGatc(w)f+2/ 9.GVp - Ve(w)- .
Q Q
B

C

Now, we proceed integrating by parts the first term,
A== [ 1) 4599 V(w)-(w)- + 1pIV(w)-F]
Q
— [ [ Gw? + 7 [ apw? — [ V0w
Q Q Q Q
gl 3 g 2 2
—(1-2 1- 7 - _J2.
(1-3) [+ (1=3) [ 62 =5 [ sV
Next, using (2.18) and the Cauchy-Schwarz inequality, we obtain
B< C [ (w)?+C.

Q

Thanks to Young’s inequality and (2.20), we compute

C < g/ﬂ|Vp|2(w) +C/Q\Vc\4+C/Q(w)2_

B 2 2
< 2/Q|Vp| (- +C [ w2 +c.
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2
We may now come back to the control of C% fQ % Gathering all the previous bounds, we get
the following estimate

(i/ﬂ(“;)z‘ <= (3-1e]) [we -5 [wkw-+ct+n |2+

Hence integrating in time we have

(3-1+1) J[ wr<carn [[ w | W o)
<C(y+1) (//QT(w)S_>g +C(T),

where we used assumption (2.13) and C represents different constants depending on T', |Q(T)|
and previous bounds. This is the place where we strongly use the compact support assumption.

At last, with our assumption that ~ is large enough, we obtain

//QT<w>i <c (//Qw)) o),

and hence we have proved our main result, that is the first estimate of (2.23),

//QT(w)i < O(T).

To prove the second estimate, we argue as follows. Since

//QT<Ap+G> <o),

we can also control the positive part of w

[, 0 <em+ [ w-<eme ( / /QT<w>3_)é .
//QT |Ap+ G| < C(T).

Hence, we finally obtain the L!'-estimate for the Laplacian of the pressure

/ /QT |Ap| < C(T),

that concludes the proof of Theorem 2.4.1.

Thus it holds

Proof of Theorem 2.4.2. We consider the equation for the pressure (2.6), we multiply it by
—(Apy + G(py, ¢y)) and integrate in space. We find successively

—/0tp7Ap7—/8tp7G:—7/p7|Ap7+G\2—/ |VPW‘2AP’Y_/ |VP7|2G7
Q O Q O Q
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Vp,|?
G LR [ ow,Goan [ p1an, + 61+ [ 190,280, < 1612=190, 01

We integrate by parts the last term of the left-hand side and obtain

[ vm s, = [ 5a0vm )

_2/p7VpA, V(Apy) +2/pyz ’jpv

2,

=2 [ l8p =2 [ (Va2 [ 300
Q Q Q ij

Hence, we conclude that

9 2
2 _ 2 2 2
/Q\prl Ap, = —gfﬂprpw +3/pr;(5¢,%)

Thus, we have

Vp~|?
a | 7' /(%MGH/MAPWGF /pv\APWIQ /pvz 7ipy)? < O(T).

Iy I

(2.27)
We can define the function G = G(p,, ¢y) fo (g, ¢y)dg and then

01Dy G(py, ¢y) = 0:G(py, ¢y) — Bicy 0.G(py, cy).

Using this relation the term I; can be written as

/OtG—i—/(’)G&gCW /@G C,

thanks to the L2-bound on d;c., in (2.18) and because |9.G| < Cp,. We can estimate the term
I from below as follows

I > <v—1>/QpW|Ap7+G\2 —C/QmGF.

Thus, we find
L4l (y—1) / p|Dp, + G2 — / 0,G — C(T). (2.98)
Q Q

Combining (2.27) and (2.28), we have

Vp, 2 — 2, 2 2 2
7l M el ENCEE NIV +3 [ Tt <o

Finally, integrating in time, we obtain estimate (2.24), and this proves the first step of Theo-
rem 2.4.2.
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Furthermore, this bound also implies

J[ pidn e <cm) (2.20)

We compute the L*-norm of the gradient of D, as we did for the gradient of ¢,

//Q |Vp7|4 = _//Q pn,Apv|Vp7|2 - //Q PyVpy - V(|va\2).

Applying Young’s inequality to the first term, we obtain

1 1
5 // Vo [* < 5// P?y‘Ap’yF - 22// Py 0ipy 0Py ('“)szﬂ{.
Qr Qr ig 0 er

The last term can be bounded from above as follows

1
22// 2 aip’y ajp'y azz,jp’y < Z // ‘VP'y|4 + 4// p% Z(az’z,jp’y)z'
ig 79T Qr Qr

Therefore, we obtain

1// 4 1 2 2 2 2 2
- IV, |* < 5 Pa|Ap, |~ 44 Py ) (07 ;p)"
4 ) Ja, K 2/ Ja, " K Qr A/ZZJ: s

Since py < pa, by (2.24) and (2.29) we conclude

//Q 1V, < C(T),

and this completes the proof of Theorem 2.4.2.

2.5 Complementarity relation

Thanks to the bounds provided by Theorem 2.4.1 and Theorem 2.4.2, we may obtain the desired
compactness on the pressure gradient. This allows us to pass to the incompressible limit and
prove the complementarity relation as we state it now.

Theorem 2.5.1 (Complementarity relation). With the assumptions of Theorem 2.4.1, the com-
plementarity condition (2.5) holds. More precisely, for all test functions ¢ € D(Q), the limit
Pressure Poo Satisfies

//Q (~1VPoo |2¢ = Poo Voo - VE + PooG(Doo, €0 )C) dardt = 0.

This result is related to the geometric form of the Hele-Shaw free boundary problem (while (2.3)
is the weak form). It tells us that the limit solution satisfies

—Apoo = G(Poo,s Coo) 0 Q1) 1= {75 poc(z,t) > 0},
Doo =0 on 08(t),
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where, for every t > 0, the set Q(¢) represents the region occupied by the tumor. Moreover, in
the limit, the pressure and the cell population density satisfy the relation

Poo(l —moo) = 0.

Therefore, Q(t) C {z;n0(x,t) = 1}, hence the classification of incompressible model. In the
purely mechanical case the two sets actually coincide almost everywhere, see [123].

Proof of Theorem 2.5.1. Thanks to the bounds in (2.18), (2.19) and (2.20), p, and ¢, are
locally compact. Thus, after the extraction of subsequences, we have

Dy = Doo Strongly in LY(Qr), Cy — Coo strongly in LYQr),

when v — oo, for all T' > 0. From Theorem 2.4.2, we also recover the weak convergence of the
gradient of the pressure, up to a subsequence, i.e.

Vp, — Vpoo weakly in L*(Qr).

From Theorem 2.4.1, we know that Ap, is bounded in L'. Then, we have local compactness in
space for the pressure gradient. To gain compactness in time we use the Aubin-Lions lemma.
From equation (2.6), we have

9:(Vpy) = Vv, (Apy + G) + |V, |2,

where the right-hand side is a sum of space derivatives of functions bounded in L'. In fact,
since by (2.19) and (2.20), d;p, and |Vp,|* are in L', from (2.6) the term yp,(Ap, + G) is also
bounded in L'. Thus, we can extract a subsequence such that

d
Vpy = Vpoo strongly in L(Qr), for 1 < ¢ < 1

After the extraction of a subsequence, we obtain convergence almost everywhere for Vp,. Then,
using the L*bound of Theorem 2.4.2, we have

Vpy = Vpoo strongly in LY(Qr), for 1 < g < 4,

hence, in particular, also for ¢ = 2.

Let ¢ € D(Q) be a test function. We consider the equation for p.,

Opy

ot = 7p7(pr + G(pw Cv)) + |Vp7‘2,

we multiply it by ¢ and we integrate in )

1
- //Q (P'yatC + |Vp'y\2() dxdt = //Q (*|VP»Y\2C —pyVpy - V( er'yG(p'yva)C) dx dt.

Hence, passing to the limit for v — oo we obtain the complementarity relation

//Q (~1VPoo 2¢ = Poo Voo - VE + PooG(Poo, €o0)C) dardt = 0.
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This is equivalent to

//ono (Apoo 4 G(Poos €oo)) Cdadt = 0,

which means
Poo (Apoo + G(pOO7 Coo)) =0, in D/(Q)v

and the proof of Theorem 2.5.1 is complete.

2.A Compact support property
We give the proof of the finite speed of propagation property of solutions of system (2.1). Our
goal is to show that, if the initial data satisfy

supp(ng) Cc Qo, Vy>1,

with Qg independent of 7, then the solutions n.(t), p,(t) are compactly supported, uniformly
in v and t € [0,7], for all T > 0. This means that there exists a bounded open domain
independent of 7y such that

supp(n,(t)) C Q, Vy>1,Vte[0,T].
For every v > 1, the pressure p, is a sub-solution to equation
atp’y < |vp’y|2 + ’Yp'y(Ap'y + G(07 CB))~

Thus, by finding a supersolution with compact support, we can control the supports of p, and
Ty

We consider the function

2
II(z,t) = G(0,cp) (S(t) — |2> ,
+

where we choose the function S such that it satisfies
S'(t) = 2G(0,cp)S(t).
We compute the derivatives of Il and we find
OIl(z,t) = G(0,cp)S’ ()1
VII(z,t) = =G(0,cp)xl

{s(==2y
{s)==Ly

ATI(z,t) = II (—d G(0,cp) , +G(0,cp)[xlo = —dG(0, cp)IL

Liswyslzp2 {ﬂt)z#})

Therefore II satisfies

OII — |VII|? — AII(AII + G(0,c)) = (G(0,cp)S’ (t) — G(0, 03)21:2)11{S(t)> HEN

( FATIG(0, e5)(d + 1)
(2G(0,¢5)2S(t) — G(0, c5)?22)1
0

>
2

WV
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Hence, we have proved that for all 7' > 0
supp(p4(t)) C supp(Il(t)) C Br, ¥y > 1,vi € [0,T],

where By is the open ball with radius 1/25(T).

2.B Removing the compact support assumption

The proof of the main result of the paper is built on the compact support assumption stated
in Section 2.2. Our goal is to generalize the result removing this condition. Let us note that
it is sufficient to extend Theorem 2.4.1, since it is the only one for which we used the compact
support assumption. Moreover, let us notice that Proposition 2.3.1 holds true in this framework.
We define the functional w as in (2.22) and we state the following result.

Proposition 2.B.1 (Aronson-Bénilan generalized estimate in L3). Let ® be a test function in
C2,p(RY). With the assumptions from (2.8) to (2.15), and with v > max(1,2— %), for all T > 0

comp
there exists a constant C(T') depending on previous bounds and independent of v such that

/OT /Rd(w)icb < C(T), /OT [ |asle < O().

Proof. Computing the time derivative of the negative part of w, we have

—y ((w; ) <= S = 261l — 263 (w)- + V() - Vp+ 0,1V (w)-

+20.GVp - Ve(w) - + yA(p(w) - ) (w) - — 0.G dpe(w) -,

as in the proof of Theorem 2.4.1. We multiply the inequality by ® and integrate in space

s [ “ec2 [wre-2 [ @w o5 [ viPw-o (2:30)
4

fg/QG(w)z_qﬂr/Q [Vp -V (w)2) @ +vA(p(w)_)(w)_2]

A

- 8CG3tc(w)_<I>—|—2/ 0.GVp - Ve(w)_d.
Q Q

B c
Now we proceed computing each term,
A= [ Vo9 (@)= [ V() Vw)-e - [ @) Vw)-)- o
Rd R4 R4

__ Ap(w)%cb—/ (w)z,Vp-VCI)—v/ (w)_Vp- V(w)_®

Rd Rd Rd

o [ v Pe s [ s aess [ pv(45) . ve

= Ap(w)%é—/ (w)2Vp- V& + L Ap(w)2,<1>+1/ (w)2Vp - Vd
R4 R4 2 R4 2 Rd
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—W/Rd p|V(w)_*® + % /Rd p(w)2 AP — %/Rd(w)%Vp-Vq)
~(1-3) [Lwre+(1-3) [ Gwre—y [ dvw-Fo+ i,

with
Ay :1/ p(w)2_A<1>—/ ()2 Vp - V.
Rd

2 R

By the Cauchy-Schwarz inequality we have

B < / (w)2_<I>+C/ |Opc|* @ g/ (w)2® + C.
R R4 R
Using Young’s inequality and (2.20), we find
C< é/ \vp\Z(w),¢+c/ Vel (w)_®

2 Rd Rd

< é/ \vp\Q(w),cwc/ Ve[*'d +C [ (w)2d
2 Rd Rd Rd

< é/ Vpl2(w)_ @ +C [ (w)2®+C.
2 Jra

Rd

It remains to treat the term containing the derivatives of ®

A = —/ (w)%Vp~V(I>+1/ p(w)? Ad.
R 2 Jpa

We choose a positive function ® with exponential decay, such that |V®| < C® and |A®| < CO.
Now, we integrate by parts and use Young’s inequality

Ay :2/ plw)_V(w)_ -V + (1 + 1) / p(w)2 AP
Rd 2 Rd
1
<3 [ ave-Percin [ wpe.
2 R4 Rd
Finally, inequality (2.30) can be written as follows

d

dt Rd<w)2_q) + <2 + JT_ 1> /Rd(w)B_(I) + g s ‘VP‘Q(U)),(I) <Clv+ 1)/ (w)Q_(I) +C,

d 2 -

4

then, for v > 2 — 3, integrating in time we have

/OT/Rd<w>i<1> < (/OT/WW@)% o),

and then we have proved
T
/ / (w)2® < O(T).
0o Jrd



2.C. Sharpness of the bound Vp € L* 69

/OT /Rd(U))2_<I> < O(T), /OT /Rd(w),cb < O(T).

Since @ is a smooth function with compact support

T
/ / (Ap+G)P < C,
0 R4

By consequence

and then also
/ D|Ap+ G|+ :/ (I)(Ap+G)+/ O(Ap+G)- < C(D).
Rd Rd Rd

Therefore we recover the local L'-estimate for the Laplacian of the pressure

T
/ / |Ap|® < C.
0 Jre

2.C Sharpness of the bound Vp € L*

In Theorem 2.4.2, we have established the uniform bound Vp, € Lfg’t, see (2.25). Here, we aim
at showing that the exponent 4 cannot be increased. We use the so-called focusing solution of
the porous medium equation, see for instance [11], which consists in a spherical hole filling which
generates a stronger singularity than the Barenblatt solution, see [149]. We consider the limit
v — 00, i.e. the Hele-Shaw problem, that was already studied in detail in [10] for a larger class
of operators.
Consider @ > 0 such that Vp € L*(Qr), where p is a solution of the Hele-Shaw problem with
homogeneous Dirichlet boundary conditions in a spherical shell {R(t) < |z| < Ry}, for a fixed
R; > 0 and R(0) small enough. Then, to simplify the problem, we fix the external radius R;
and let p satisfy

—Ap =1, for R(t) < |z| < Ry,

p(z) =0, for |z| = R(t) or |z| = Ry, (2.31)

R'(t)y=-Vp-v, for |z|=R().

Here, v denotes the inner normal to the ball Bg(0). As in [11], R(t) diminishes and vanishes
in finite time, generating a singularity |Vp| — oo. The power 4 turns out to be the highest
possible integrability in time at this singular time. We treat the case of dimension 2. In higher
dimension, the radial solutions are more regular and the worst singularity would be obtained for
a cylinder with a 2 dimensional basis.

Case d = 2. With spherical symmetry, we set p = p(r), r := |z|, and the first equation in
(2.31) reads
1

AV
_—— :1‘
~(r7)
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Integrating once, we get, for some a(t)

and the second integration yields

2
pP=-7 +a(t) Inr + b(t).

Imposing p(R;) = p(R(t)) = 0, we find

2
b(t) = % —a()n By,
2
Rgf) —a®mRE) = o) R,
Hence, for R(t) ~ 0, we have
R? , 1

Therefore, there is T > 0 when R(T~) = 0 and as t ~ T, we compute

Rl Rl |a
/ / |Vp(z)|*dadt = / / r)|“rdrdt ~ / / o 1 d dt.
Br, (0) Rty T

The singularity at T is thus driven by

T o T R(0)
la(2) dt%/ ! dt%/ S T
R(t)*? o |ImR(t)|* R(t)*? o  |ImR[*TIRATS

by the change of variable R = R(t) and using equation (2.32). We recall that we have chosen
R(0) small enough.
This integral is finite for 1 < a < 4 and infinite for o > 4.




Chapter 3

An asymptotic preserving scheme
for a tumor growth model of porous
medium type

Abstract

Mechanical models of tumor growth based on a porous medium approach have been attracting a
lot of interest both analytically and numerically. In this paper, we study the stability properties
of a finite difference scheme for a model where the density evolves down pressure gradients and
the growth rate depends on the pressure and possibly nutrients. Based on the stability results,
we prove the scheme to be asymptotic preserving (AP) in the incompressible limit. Numerical
simulations are performed in order to investigate the regularity of the pressure. We study the
sharpness of the L*-uniform bound of the gradient, the limiting case being a solution whose
support contains a bubble which closes-up in finite time generating a singularity, the so-called
focusing solution.

This chapter is taken from N. D. and X. Ruan. An asymptotic preserving scheme for a tumor
growth model of porous medium type, ESAIM: M2AN, (2021).

3.1 Introduction

We consider a model of tumor growth describing the evolution of the cell population density
n(z,t) through a porous medium equation with a source,

88—7; — V(nVp) = nG(p), zeRt>0, (3.1)

where p is the internal pressure of the tumor, defined by the law of state
p=n", v > 1. (3.2)

71
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The non-linearity and degeneracy of the diffusion term bring several difficulties to the numerical
analysis of the model, and many numerical schemes have been proposed in the literature, cf. [112,
25, 113, 124]. In this paper, we investigate the properties of solutions of Eq. (3.1), which for
simplicity we consider in one dimension, using the following upwind scheme

d Nit1/24i+1/2 — Ni—1/24i—1/2 . Pi+1 — Di
Pl bh1/2% /Axl 2Rl +n:G(pi), with Qi+1/2=Z+T$I,

and where we define n;, 1 in the upwind manner

. _ ) if git1/2 <0,
iz nit1, if gip172 > 0.

Extension to higher dimensions is straightforward for tensor product grids and thus omitted here.
On the one hand, the simplicity of the scheme allows us to prove analytical properties which
do not apply to more complex ones. We prove stability results and the asymptotics preserving
(AP) property of the scheme as ¥ — oo. On the other hand, despite its simplicity, we perform
numerical tests that show the good efficiency of the scheme for different reaction terms G as well
as for v > 1.

We are also interested in analysing numerically the regularity of the so-called focusing solution of
Eq. (3.1), whose support is initially contained outside of a compact set, see for instance [11]. Due
to the degeneracy of the diffusion, the inner hole closes up in finite time and singularities occur
due to this topological change. In particular, we perform numerical tests to study the blow-up
of the LP-norms of the pressure gradient, which are uniformly (with respect to 7) bounded for
p < 4, as recently proved in [61]. This regularity is actually sharp, and the focusing solution
represents the limiting case since the LP-norms of its gradient blow up for p > 4 as v — co. Our
aim is to obtain a numerical verification of the study of the optimal exponent from [61].

Motivations. Models as Eq. (3.1), possibly including advection terms or coupled with a second
equation, have been largely applied to the description of tissue and tumor growth. They are based
on the mechanical aspects that drive cell motion and proliferation. Describing the fact that cells
move down pressure gradients, the flow velocity in Eq. (3.1) is given by Darcy’s law, namely
U= —Vp.
Besides driving the cells movement, the pressure also controls the cell proliferation through an
inhibitory effect, since the division rate is lower at higher pressure values. Therefore, we make
the following assumption on the growth rate G: there exist positive constants o and py such
that

G'(p) < —o,  Glpu) =0, (33)

where py represents the so-called homeostatic pressure, namely the lowest level of pressure that
prevents cell multiplication due to contact inhibition.

Later in the paper, we also consider an extension of the model where G depends both on the
pressure and the concentration of a nutrient (for instance, oxygen or glucose), denoted by ¢(z, t).
In this case, Eq. (3.1) would be coupled with an equation on ¢ that depends both on the envi-
ronmental conditions (in vitro or in vivo) and on the stage of the tumor development (avascular
or vascular). We refer the reader to [131] for the formulation of the Hele-Shaw problem with
nutrient and its traveling wave solutions.

As mentioned above, the density actually satisfies a porous medium type equation, which can be
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directly recovered combining the pressure law, Eq. (3.2), and Eq. (3.1), namely

%Z = %An“‘1 + nG(p).
As the solution of the classical porous medium equation (PME), n evolves with finite speed of
propagation, since the diffusion term degenerates when n = 0. Thus, if the initial data has
compact support, the solution remains compactly supported at any time and exhibits a moving
front, which is the interface that separates {n > 0} and {n = 0}.
As shown in [130], as v — oo, the pressure p, of Eq. (3.1) converges strongly in L' to a
function p. which is a solution of a Hele-Shaw free boundary problem defined on the set £2(¢) :=
{z, poo(z,t) > 0}, in which p, satisfies an elliptic equation. The so-called incompressible limit
of Eq. (3.1) has attracted a lot of interest in the last decades and a vast literature on the topic is
now available, cf. [130, 67, 102]. The Hele-Shaw limit has also been studied for several extensions
of the model at hand, we refer the reader to [61, 60, 63, 129, 132, 31, 66] for models including
nutrients, viscosity, active motion, convective effects or a second species of cells.
The complete proof can be found in [130, 102], while here we present a formal argument to explain
the link between the compressible model and the free boundary formulation. Upon multiplying
Eq. (3.1) by yn7~1, we recover the equation satisfied by the pressure, which reads

% =yp(Ap+ G(p)) + |Vp|*. (3.4)

Then passing formally to the limit v — oo we find the complementarity relation

Poo(Apos + G(pos)) = 0.

This implies that the limit pressure has to satisfy the elliptic equation —Ap., = G(poo) in the
tumor region Q(t).

Our contribution.

o Asymptotic preserving property. In this paper, we show that, as v — oo, the aforementioned
scheme is asymptotic preserving and the solution converges to a solution of the following finite
difference equation

pi(62pi + G(p;)) = 0,
where we denote §2p; := (piy1 — 2p; + pi_1)/|Ax|2.

o Aronson-Bénilan estimate. The derivation of the complementarity relation in the continuous
case is deeply related to a lower bound on the quantity w := Ap + G(p), namely w > —%,
cf. [130]. This bound is an adaptation of the Aronson-Bénilan (AB in short) estimate, which is
a well-known and powerful tool in the theory of porous medium equations.

It is our aim to recover a discrete version of this lower bound for our scheme. This purpose has
been already addressed in the literature, in particular we refer the reader to [124] for a tracking
front scheme for which the author proves the Aronson-Bénilan estimate for the classical porous
medium equation (namely, with no reaction terms), and for any v > 1. Unlike [124], we keep a
fixed grid and show that the AB estimate holds also for a restricted class of pressure-penalized
growth rates G = G(p), only in the cases v = 1 and v &~ oo which is our interest for the Hele-
Shaw limit. To the best of our knowledge, we are the first to prove the discrete version of the AB
estimate for a nontrivial pressure-dependent reaction term in the porous medium equation. It is
not the main goal of this paper to prove the convergence of the scheme as Az — 0, nevertheless,
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we want to point out that this estimate could be useful in this direction.

o Focusing solution. The solutions of Eq. (3.1) exhibit different kind of singularities in the
incompressible limit v — oo. For instance, the limit density n., shows jump discontinuities
across the boundary of the tumor region 92(t), while the pressure ps, can develop singularities
in time. In fact, when a new saturated region is generated outside Q(t), i.e. when ns(-, s)
becomes 1 in a set of positive measure contained outside the original tumor region, for some
s > t, the pressure instantaneously becomes positive in the same set, according to the relation
Poo(l — Nso) = 0. Moreover, time discontinuities can also appear when the set (¢) undergoes
certain topological changes, for instance when the support contains a hole which closes up at
time ¢ = T™, which is called focusing time. This particular solution is referred to as focusing
solution. The hole filling problem has attracted a lot of attention since it represents the limiting
case for several regularity results. For instance, in [11], Aronson and Graveleau use the focusing
solution to show that the Holder continuity of the pressure gradient is optimal, for dimension
d > 2. In fact, the pressure gradient blows up at the focusing time 7.

In [61], the authors prove that the L*-norm of Vp, is uniformly bounded with respect to 7.
Then, they show that this uniform estimate is optimal using the focusing solution as a counter-
example. Through an asymptotic argument on a radial solution, they compute that 4 is the
highest possible order of integrability for the gradient of the pressure of the Hele-Shaw problem.
One of the main interests of this paper is to numerically investigate and confirm this property of
the focusing solution. To this end, we perform 2-dimensional simulations with initial data given
by the characteristic function of a spherical shell. The results obtained by computing the LP-
norms of the pressure gradient clearly show its singularity at the focusing time and confirm the
worsening of the blow-up as the exponents become greater than 4. At the best of our knowledge,
there are no numerical inspections of this sharpness result in the literature, although the focusing
solution has been deeply studied both analytically and numerically [11, 10, §].

Previous works. The numerical simulation of the tumor growth model (3.1) is challenging
in two aspects, the lack of regularity of solutions near the free boundary, which is a common
difficulty of porous medium equations, and the stiffness appearing in the Hele-Shaw limit v — oo.
The numerical study of porous medium equations lasts for decades and a variety of algorithms
have been proposed. An early study of the finite difference method can be found in [91]|. Further
studies on the finite difference method include the interface tracking algorithm, [15, 124], which
works perfectly in 1D by separating the computation of the free boundaries and the solutions
inside the support, a WENO scheme, [116], which eliminates the oscillations around the free
boundaries, and so on. There is also an extensive study on the finite volume method, [25, 76] and
various finite element methods, including an early study of the convergence analysis, [140], the
locally discontinuous Galerkin method, [153], and the adaptive mesh, [13, 12, 126]. The relaxation
scheme, which is originally designed for conservation laws, [99], can be extended to porous
medium equations successfully as well, [50, 125]. Besides the methods on Euler coordinates,
there is an increasing interest in designing Lagrangian methods, see for example [32, 49, 46, 48,
111]. Despite the extensive study of the numerical methods for porous medium equations, the
algorithm preserving the free boundary limit is rarely studied. A fully implicit solver is generally
needed. A recent work shows that one way to avoid a fully implicit scheme is to construct a semi-
implicit scheme by combining the relaxation scheme with the prediction-correction formulation,
[112].

Contents of the paper. The semi-discrete scheme and the analysis of its properties are
presented in Section 3.2. We prove stability providing a priori estimates on the main quantities
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and their derivatives, Subsec. 3.2.1. Let us point out that these estimates are uniform with
respect to 7y, and therefore stability holds for any v > 1. Then, we prove the asymptotic
preserving property of the scheme, Subsec. 3.2.2 and recover a discrete version of the Aronson-
Bénilan estimate for a nontrivial reaction term, Subsec. 3.2.3. We introduce the implicit scheme
in Section 3.3, and we extend the uniform a priori estimates previously derived on the semi-
discrete scheme. The solvability of the scheme is proven in detail in Appendix 3.A. We report
the results of several numerical simulations in Section 3.4. We test the accuracy of the scheme
using the explicit Barenblatt profile, and we compare the numerical solutions with ~ large to the
exact solutions of the in vitro and in vivo model with nutrients. Moreover, we apply our scheme
to a two-species model of tumor growth, where both populations evolve under a porous medium
mechanics. Finally, we report the results of the 2-dimensional simulations on the focusing solution
which confirm the sharpness of the L*-uniform bound of Vp.

3.2 The semi-discrete scheme

To better focus on the analysis of the upwind discretization in space, we start from the semi-
discrete scheme. For simplicity, only the one dimensional problem is considered. The scheme for
the multi-dimensional problem with tensor product grids can be analyzed similarly.

We suppose the domain is a closed interval Q = [-X, X]. We choose a uniform mesh with mesh
size Ax = Mim, where 2M,, is the number of sub-intervals. Denote n;(t) and p;(t) to be the

numerical approximations of n(t, z;) and p(t, z;), where x; = iAx for i € I = {—M,,—M, +
1,...,M,}. Then the semi-discrete finite difference scheme for Eq. (3.1) is

d Nit1/2Gi+1/2 — Mi—1/2Gi—1/2 .
i = i, I, .
dt'" Az TG, i€ (3:5)
with
Pi+1 — Pi
Qi+1/2 = JFZT, G; = G(ps). (3.6)

The Neumann boundary condition is applied so that n_,;, 1 =n_p, 1 and nar 1 = nar, 1. We
define n; 1 in the upwind manner

) if g <0,
ni+1/2 _ ng, l ql+l/2 (37)
nit1, if gip1/2 > 0.

Multiplying Eq. (3.5) by vn;f*l we recover the finite difference equation on the pressure

d 1 [ Miy12 — Ny N — Ni_1/2
2P = n) ! (gxz%—klﬂ + ZA:c/%_l/2> +pi (02pi + Gi) (3.8)
where
4; — qi—
52p; = +1/2 /2

Ax

Assumptions. In order to prove stability results such as L control and discrete BV -estimates,
we need to make the following assumptions: we assume that there exists positive constants C



76 CHAPTER 3. An asymptotic preserving scheme

and py (homeostatic pressure) such that

0<p)<pm, Az) [nf|<C AlepE’l <C,

S R0, —nfl < G, ( z)
7

In the following section we will prove that thanks to Gronwall’s lemma the above regularity of
the initial data propagates along time.

(3.9)
<C.

3.2.1 Stability results

Now we prove the positivity preserving property of the semi-discrete scheme (3.5), and the a
priori estimates that imply stability for any ~v > 1.

Theorem 3.2.1 (A priori estimates). Let T > 0 and ngy := ph{'y and assume (3.3) and (3.9)
hold true. Then, for all 0 <t < T, we have

(i) 0 < ni(t) <nm, 0 < pi(t) < pa, Vi,
(i) Az, ni(t)] < O(T), Az, |pi(t)] < C(T),
(ii) 32 Iniva(t) — ni(t)] < C(T),
(i) Az Y, [Lni ()] < CT), []AxY,|Lp|dt < CO(T),

2
(v) fo Az Yy, B de < C(T).

for some positive constants C(T') depending on T and independent of .

Proof. L*° estimates. Combining Eq. (3.6) and Eq. (3.7) we recover

0 if g, <0,
- 1n1+1/2 q QZ+1/2
{ i+1/2 = “1Mit1 — T Pit1 — Pi .
A.’,E ,yn’zY (2 AI 1 M1 AI (3 lf qi+1/2 > 07
and
~—1M — Ni—1 Pi — Pi—1 .
M — N n, 1fq4_1 5 <0,
yn] llTll/ZqFl/Q - ¢ Az Az -1/
T .
0 if qi—1/2 > 0.

Therefore, the equation on the pressure, Eq. (3.8), reads

N —Ni—1

M(Qi1/2)—> +pi (62pi + Gy)

Tn; 7
S (H(Qi+1/2)+ +

dt =P Az

where (-)+ and (-)— denote the positive and negative parts, respectively.
To begin with, we prove the non-negativity of n;(t) and p;(¢). In fact, if n; = 0 at t = tg, by
scheme (3.5), we have

in- _ Migij2 — N n ni —MNi—1/2
T T Ar qi+1/2 N qi—1/2
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(nit1 —ny) (ni —mi—1)2)-
= %(%-&-1/2)4— + T/(Qi—l/2)—

>0,
which implies that n; and p; can never be negative.

As for the upper bound, let us notice that the following inequality holds

d 2
2P < (i) + (6 1/2)" 4 pi(02pi + Gy). (3.10)
Let us assume that at time t = tp, max; p;, = py. For simplicity of notations, we denote
p; = max; p;. It is easy to check that (q;+1/2) = (%4/2) =0, 53% < 0and G; = 0. Then,
+ -
inequality (3.10) shows that
d
ai

which implies that p; can never be greater than py, and thus n; can never be greater than ny.
L'-estimate. To prove estimates (4), we compute the sum of Eq. (3.5) for all i, and we find
successively

dt (Ax2m> :Z Nit1/249i4+1/2 — Ni—1/24i—1/2 JrAfUZﬂz (pi) szi:niG(pz‘),

7

p; <0,

% <Ax2nl> < G(O)AwZni,

where in the last inequality we use the assumptions on the growth term, cf. Eq. (3.3). By
Gronwall’s lemma and Eq. (3.9), we have

Ame \<eG(0>tAmZ|n°| C(T), for 0 <t < T.

Upon using the L°°-bound of the pressure, we finally obtain

Az Ipi)] < pl VA2 [nit)] < O(T).

BV-estimate. We now subtract the equation for n; from the equation for n;;; and multiply
by sign(n;+1 — n;)

d 1
%‘ni-&-l — n4 Sﬂ(ni+3/2|(b+3/2| = 2041720172 + nic1/20di-1/2])

+ (ni+1G (Pi1) — niG(pi))sign(nit1 — ny)).
‘We sum over ¢ to obtain

d
o (Z Iniv1 — nz|> SAr Z nz+3/2|%+3/2| - 2n1+1/2\%+1/2| +n,— 1/2|Qz 1/2|)

+ Z [nir1 = 1l G(pi) + 1iy 1 (G(pig1) — G(pi))sign(niys — ni)]
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< i — nalG(pi),

where in the last inequality we use the monotonicity of G, Eq. (3.3). In fact, since G’ is negative,
sign(ni1 — n;) = sign(pi+1 — pi) = —sign(G(pi+1) — G(p:)). Finally, we get

d
pn D lnigr —ni G0)Y ] Inig —n

and thus we recover (7ii) thanks to Gronwall’s lemma and the assumptions on the initial data,
Eq. (3.9),
Z|n1+1 —ny( )\<eG(O)tZ\n11—n| C(T), for0 <t <T.
[

Estimates on the time derivatives. Now we give the proof of the boundedness of the time
derivatives, (iv). Deriving Eq. (3.5) with respect to time, we obtain

d [(d d
T (citm) Ar = T (Mit1/2Gi+1/2 — Mi—1/2Gi—1/2 + niG(pi) Az) .

We multiply by sign (%ni)
d d d . d d . d
a %ni Az = I (ni+1/2%'+1/2) sign a n; o (n¢71/2q2‘71/2) s1gn %ni
A; B; (311)

).

d d d ‘
A = /2 (Git1/2)+ — 2 it/2 (Gi1/2)= + iz ap B2 SEn | g

<2, 4. 4.
S dt i+1 dtphLl dtpl

d
4 Di

+n;G' (ps) dt

—n;

dt

+ <G(Pi)

We now compute A; and B;

Nit1/2

Nit1/2
ni| (Gig1/2)— + A -

Az

)

d
(Qi+1/2)+ - ‘dt

d d d . d
B; = o ni—1/2 (qi— 1/2)++dt i—1/2 (%—1/2)——“1'—1/2%%—1/2 S1gn %ni

d d ni—1/2 | d ni—1/2 | d

< - - - — —pi_1]-

S ’dt (QZ 1/2)++ ’d ni—1 (Qz71/2) Az dtpz Az dtpz 1
Upon summing over ¢, we find

> (4 + Bi) <0,
and then, from Eq. (3.11), we have
4 Amz in <AmZG( ) | —=ni
t - dt (3 ~X - pl dt (AR
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since G’ is negative. Hence, we obtain

d G(0)t d ’
sz‘dtm <e sz %nl

It remains to prove the estimate on the time derivative of the pressure. We compute

Afcz ‘ dtpz

Thanks to Eq. (3.12) the first term in the right-hand side is bounded.

<CO(T), for 0<t < T. (3.12)

nz pL

]l{nlgl/Q} dt+2/ ALEZTLL

g AxZ’yn’y !

Lin,>1/2y dt.
(3.13)

Let us denote 8 := min; |G’ (p;)|- We sum Eq. (3.11) over ¢ and we integrate in time to obtain

d T T d
AxZ’dtnl +B/O A:EZni dtéG(O)/O sz‘dtm

where the last inequality comes from Eq. (3.12). Thanks to this bound, we know that

/ Axan

and from Eq. (3.13) we finally find

< C(T),

4., dt+A:cZ in- ’
ar’ ™

< O(T),

'L

AIZ ‘pl

L?-estimate on the pressure gradient. We sum for all ¢ the inequality satisfied by the
pressure, Eq. (3.10), namely

Zdtpl\z<pz+1 > +Z< — Pi- 1>_+’y;p¢(52pi+Gi)

pz+1 PiDi+1 — 2pF + Di—1pi
<2 Z |Az|? +7Y_ nG
i i
2
pz+1 Pi41 — Pi

>

Ax 7 Z PG
1

Hence, we have

pH—l

(7*1)2

K2

Z dtpz +’YZP1 i

and, upon integrating in time, we recover

T
/ sz \ﬁAmZp?—Apri(T)—&—% ; AmZpiGidt.

pz—i—l
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Thus (v) follows from the assumptions on G and p?, cf. Egs. (3.3, 3.9), and the estimates (ii)
proven above.
L

3.2.2 The asymptotic-preserving property

As mentioned in the introduction, it is well-known that when v — oo the porous medium-type
equation (3.1) turns out to be a free boundary problem of Hele-Shaw type. In particular, passing
to the limit in the equation of the pressure

0
8*12 =p(Ap+ G(p)) + |Vp?,

allows to recover the complementarity relation, namely

Poo(Apes + G(pos)) = 0,

in the sense of distributions.

We show that the semi-discrete scheme (3.5) satisfies the same property and thus is asymptotic
preserving (AP) as v — co. First of all, let us prove the following convergence result (where we
point out the dependence of the solution on ~ in the notation).

Theorem 3.2.2 (Convergence result). Given n.;,p~; a solution of scheme (3.5) with v > 1.
Then, for all i, we have

Y00

Ny — Nooyis 40 LP(0,T), for all 1 < p < oo,

y—>o0

Dyyi — Pocyis  tn LP(0,T), for all 1 <p < oo,

’Y*)OO .
Qyitt = Goojith weakly in L*(0,T).

Proof. Thanks to the uniform bounds (i), (iv) stated in Theorem 3.2.1, by standard compactness

arguments we infer the convergence of n.,; and p,; in L'(0,T). Since both the density and the

pressure are bounded uniformly in L>°(0,T), they converge strongly, up to a subsequence, in any

L?(0,T), with 1 < p < 0.

Finally, the a priori bound (v) of Theorem 3.2.1 yields the weak convergence of Qyivy in L3(0,T).
O

Now we prove the asymptotic preserving property of the scheme. First of all, let us recall the
equation satisfied by the pressure

d 1 [ Mig1/2 — Ny N —Ni_1/2
ﬁpi — an ! (gqu‘.}.l/Q + Aaj/qi—l/Q) = TPi (55101' + Gi) . (3.14)
Since
_ Niy1/2 — Ny Mg —Ni—1/2 2 2
’Ynz ! (zngi-i—l/Q + A;/%‘—uz)‘ < (%‘+1/2)+ + (%‘—1/2)_,

thanks to Theorem 3.2.1 we know that the left-hand side of Eq. (3.14) is uniformly bounded in
LY(0,T). Testing Eq. (3.14) against a function ¢ € C}  (0,T), we obtain

comp

T, 1 T r =1 [ Mit1/2 — N Nj — Ni—1/2
; pi (02pi + G(pi)) @ dt = | pip dt — | m; B v R Ve T sy el (S P pdt] .
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Hence, passing to the limit v — oo using Theorem 3.2.2, we recover

poo,i(aipoo,i + G(poo,z)) =0,

which is the discrete formulation of the complementarity relation.
We now pass to the limit also in the equation for the density, which reads
d  Mig1/2Giv1/2 — Ni-1/2Gi-1/2

Multiplying by a test function, we obtain

T T . . —n. ) T
—/ n#p’dt:/ Ni41/24i41/2 nzfl/QQZfl/ngdt_’_/ niG(pi)p dt,
0 0 Az 0

hence, thanks to Theorem 3.2.2, we find (in the weak sense)

d Moo it1/2900,i+1/2 — Noo,i—1/2q00,i—1/2

%noo’i N Ax

+ noo,zG(poo,z)

3.2.3 Stronger estimate on the pressure - The Aronson-Bénilan esti-
mate

In [130], Perthame, Quir6s and Véazquez recover the compactness needed to pass to the limit in
Eq. (3.4) relying on a lower bound on the Laplacian of the pressure. In fact, they extend the
celebrated Aronson-Bénilan estimate of the PME to the case of non-trivial reaction term, i.e.
G # 0, proving the following bound

Ap+G(p) 2 —g. (3.15)
vyt

It is our interest to investigate whether this lower bound on the second derivatives still holds
for Eq. (3.5), in order to obtain a discrete counterpart of a fundamental property of porous
medium-type equations.
We are able to prove the discrete version of the Aronson-Bénilan estimate, Eq. (3.15), for vy =1
and v ~ oo and for a pressure-dependent growth term of the form G(p) = a(py — p). It remains
an open question how to recover the discrete AB estimate for v > 1 and for a general reaction
term G. The discrete version of the AB property for non-trivial reaction terms could be extremely
useful in order to pass to the limit as Az vanishes and therefore to prove the convergence of the
scheme.

Theorem 3.2.3 (Aronson-Bénilan estimate). Let G(p) = a(py — p), with a > 0. We set

Dit1 — 2pi + Di—1
;= 02p; + G(pi) =
w =pi + G(pi) (D)

+ G(pi), Vi.

Then, for v =1 and v = oo, scheme (3.5) satisfies the Aronson-Bénilan estimate, i.e.

1
w; } —_—, Vi.
vt
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Proof. As in [130], it is sufficient to prove

d
d—% > y(w)?, with w := min{w;}.

e Case v = 1.
We have p; = n; and thus scheme (3.5) can be reformulated as

dp;
dt

)

= pawi + (¢, 1) + (g;

SIS

where q;_% = max{qi+%,0} and qi__% = max{—qi_%,O}, and it further implies that

dw; _
T = 62 (pwi) + 62((qt 1 )P) + 02((a;

7 s )?] — apiw; — algf 1 )? —a(g_ 1) (3.16)

; 1
i+3 1=

Nl=

In order to consider the evolution of the minimal w; we denote
w; = min w;.
1

On the one hand, it is easy to see that

52 (pjw;) > w;05p;. (3.17)
On the other hand, by definition
q i+1 — q;_1
wj = J2TEJ2 + alpr — p;),

and the inequality w; < w;41 indicates that
95+3 + g5-1 > qj+%(2 + Oz|A.%‘|2).
As a result,

+ +

Y

maX{Qj+g +4;-1, 0}

Nl

Y

max{q; 1 (2 + alAz|?), 0}
= ;%(2 + alAzx|?).

And then, by Jensen’s inequality, we get

(0 2)" + (¢ 1)* = (¢, 1)*(2 + alAz]),

1
2

or equivalently,
2l(af, 1)1 = alg], 1) (3.18)

Similarly, we recover 63[((1]:l )?] > oz(q]:
2

adding and subtracting G(p;)w;, we get

WV

dwi _
i = Wi = Gw; + &2l(q ,)*] + ozl(e

[N

N
<

[N
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which yields
dw;
G 2wl G, — apaw,

thanks to Eq. (3.18). Finally, using the definition of G and assuming without loss of generality
that w; < 0, we obtain

dwi 2
> )’
at =
which implies
1
wj; > ——.
/ t

e Case v = oo.

Now, we prove the AB estimate for ~y very large. We recall that

d —1 [ Mig1/2 — T Ng — Ni—1/2
api =n] ! (&qiﬂp + M/Qi1/2> +Ypi (532;]?1‘ + Gi) )

and we use the following definitions

qi — qi—
w; = 63pi+G(p;) = % + G(pi), qip1 =

”Z+1 -n/
Az
Computing the time derivative of ¢; /o we find

1d 1 1 -1
;a%‘ﬂ/z = w |:ni+1 (ni+3/2fh‘+3/2 - ni+1/2qi+1/2) - n; (ni+1/2Qi+1/2 - ni71/2qi71/2)i| .
Hence,

1d 1 y— -1
gawi :W |:ni+1 (ni+3/2qz‘+3/2 - ni+1/2Qi+1/2) -n; (nz‘+1/2qz‘+1/2 - ni71/2%71/2)]

1 _ _
|Az|3 [—nz ' (ni+1/2(b‘+1/2 - n171/2%‘71/2) + 7%7711 (7%71/2%'71/2 - ni73/2(1¢73/2>}

Q —1 [ Mig1/2 — Ny Ng —Ni—1/2
5 (7717 ! (gxz%ﬁ-lﬂ + ZAl_/Qi—1/2> +pi (03pi + Gz))

+

(3.19)
Once again we define min; w; =: w;. Let us notice that, for v ~ oo, we have
71 ~
i1 Mj+2 = Pj+1,

since
y—1

7 (pjr2)7-

2

-1
njinjr2 = (Pj+1)
Analogously, we also have
y—1 ~ 71 ~
Ny Mj+1/2 ¥ Pj n;  Mj-1/2 = Pj-
Thus, when v & oo, from Eq. (3.19) we recover

1d 1 N1 y-1
;%wj :W [njﬂ (nj+3/2Qj+3/2 - nj+1/2Qj+1/2) - n; (nj+1/2qj+1/2 - ”j71/2qJ'*1/2)}
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1 _ _
+ (Az) [*"]’ (g2t /2 = o1 g2i-y2) + 031 (mgoayadioage — ”j—3/2‘1j—3/2)]
a
— apjw; — E”Z 1((“i+1/2 —ni)qiy1/2 + (ni — ni—l/Q)Qi—l/Q)

1
W [pj+1 (Qj+3/2 - Qj+1/2) —Pj (Qj+1/2 - %—1/2)]

1
+ (Az) (=0j (G412 — @j—1/2) + i1 (Gj-1/2 — ¢j-3/2)] — apjw;
< Pit1Wi+1 — 2pjw; + pj-1wj—1
Z (A2)?

2
ija

where we assumed again w; < 0. Hence

2
prl Z ywy,

thus the result is proven.

3.3 The fully discrete implicit scheme

Now we consider the fully discrete implicit scheme and show that all the properties for the
semi-discrete scheme hold for the fully discrete scheme if the time step At is small enough.
Similar to Section 3.2, we only consider the one dimensional problem and the scheme for the
multidimensional problem is straightforward. In space, we use the same notations as in Sec-
tion 3.2. We denote NF to be the numerical approximation of n(ty,x;), where t;, = kAt and
x; =iAx, k> 0,7 € I. Then PF := (Nik)’y is the numerical approximation of p(ty,x;) and the
fully implicit scheme can be written as

k+1 k+1 k+1 k+1
NFHQHT — N QM
2

(5th _ it+3 o 1= 32 + NikJrleJrlv (320)
where . i i .
N — N; Pf ., — PP
GNP ==, Qi = G =GP <G(0),
and

NE NE, if Q§+1/2 <0,
it1/2 = .
i Nfq, Q>0

For simplicity, we introduce
AU, V)=VQ4U,V)-UQ_(U,V), for UV >0, (3.21)
where Q(U,V) = (VY —U")/Az and

Q+(U, V) =max{Q(U,V),0}, Q-(U,V)=max{-Q(U,V),0}.



3.3. The fully discrete implicit scheme 85

A direct computation shows that

AU, V) = —yH(U, VU™ —=Q_(U,V)
AU V) =yH(U, VIV + Q. (U, V) >0,
where

HU.V) = U, if QU,V) <0,
V, ifQ(U,V)>o0.

With the notations defined above, scheme (3.20) can be reformulated as

(1= AGEFYNE =y (B — ALY = N, (3.22)

i—3

where v = At/Az and
ASE} = AN NS = NS

Theorem 3.3.1 (A priori estimates). Let T > 0 and ng = pH , At < 1/G(0) and k(T) =
LT/AtJ. Then, there exists a unique solution NF of Eq. (3.22) satisfying

(i) 0< <ng, 0< PF < py, Vt > 0,Yi, and ¥n,
(ii) szi Nik <C(T), Az 32, PF < C(T),
(iii) let MF be a non-negative solution satisfying Eq. (3.22), then AzY", |MF — NF| < C(T),
(iv) if 32 NPy — NPI < C, then 32, INF, — Nf| < O(T),
(v) Az |0 NFI < C(T), Aw 32, |6, PF| < C(T),
(vi) AtAr S, 5,101, < (),

for some positive constant C(T) depending on T and independent of ~.

1

Proof. Solvability and L™ estimate. When At < 1/G(0) and 0 < NF < pj, for all i, we

claim that there exists a unique solution Nik+1 satisfying 0 < Nf“ < p?{.

IN

_ 1
The proof relies on the the existence of sub- and supersolutions. When N; = pj; for all i, we
have G(N;') < 0 and A(N;, N;11) = 0, which implies that

(1= AtG(N]))N; — v (A(Ny, Nig1) — A(Ni—1, N;)) > Nf

_ 1 _
and thus N; = pj; is a supersolution. Similarly, we can prove that N; = 0 is a subsolution.

Then following the proof in [3], we can prove the existence and uniqueness of the solution. The
detailed proof can be found in Appendix 3.A.
L' estimate. Summing up Eq. (3.20) over i, we have

Az NI - Az NF = AtAz Y NFPGET < G0)AtAz Y T NFFL
: - - :

As a result, when At < a/G(0) with o < 1, we have

AxZNk_(l—AtG A;UZNO - G(O)TAIZ
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where T' = kAt. Further, we have Y, PF < p}; ' >, NF < O(T).
L'-contraction. Denote MF to be another non-negative solution satisfying Eq. (3.22), or more
specifically
k+1y p rk+1 k+1 k+1 _ gk

(1— AGEEH M — (AMZ% - AM,ifé) = MF,

where
k k . k k k+1 k1 g rk+1
Ghri = G(Pyr,) with Py, = (Mf)?, AM:% = At (M MR,

Subtracting the equation for N from the equation for M}, we get

B k41 4k+1 k41 4k+1 _ Ak _ Atk
Lo—v (Al = AR ) v (A, - Al ) = ME - N

where the term I; is defined as

5L

(1= MG ME — (1 - iGN
(1= AtGh DM = NI — AR = GREDNEH
(1= AtGHF (M = NFFY) — AtG (P THNETH(PYE = PR

where Pﬁ'l = (™) with ¥ being some non-negative number between MF* and NFTL.
Noticing that G'(-) < 0 and the fact that P]’\“jfil — P]]f,ﬁl shares the same sign with M1 — NFF1
we have that

Lisign(M[ T — NFFT) > (1 - AtG(0)|[MFT — NFFY + At min |G (p)| N/ ‘Pﬁ; — Py
1 : ,

In fact, we can further prove that

Lsign(M* = NFFY > (1= AtG(0)| MFFH — N

+ At min |G (p)| max{ M}, NF ]pgfg; o (3.23)
k+1 k+1
> (1 - AtG(0))| M — N .
By the mean value theorem, we have
k+1 k1 _k+1 (k1 k+1 k41 (qrk+1 k+1
AM,iJr% - AN,iJr% = o (M = N+ BN (M - N
where af“ <0 and ,6’f+1 > ( are defined as
k+1 g rk+1 E+1 3 rk+1
oftl = 81A(§k+1 Mk+1) _ A(Mz‘ ’Mi+1 ) B A(Ni ’Mz‘+1 )
i T % 1 ) T k41 k+1 )
M — N;
E+1 g rk+1 E+1 ark+1
/8]{;+1 L 82A(Nk+1 nk+1) _ A(Nz 7Mi+1 ) - A(Nz 7Ni+1 )
A i o Miv1) = k1 k1 )
M'H—l - Ni+1
for some X1 1 between MFT! and N¥*1. As a result,
k+1 k+1 : k+1 k+1 k+1 | g rk+1 k+1 k41| 3 rk+1 k+1
(AMJ-S-% - AN,z‘+%) sign(M;™ = N7 < o T MET — NEPH 4 BEET[MER - NEY

(3.24)
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Similarly, we can prove that

k k . k k k k k k k k
(AFL, = ASTL Y sign(MFF! = NEFY) > ol [MERL - NEG 4 B MEE - N
(3.25)

Combining Egs. (3.23, 3.24, 3.25), we finally get

(1 — AtG(0) — valf ™ + vBFY) |MFTT — NFFY —upl [ MEE — NE]

+valt! | M - NI < [MF - N
Summing over i, we have

(].—AtG Zle:+1 Nk+1‘ <Z|Mk Nk|
which indicates that, when At < 1/G(0),
1
k k 0 0

since we assumed that Az )", |MZO - NP| <C.
BV-estimate. When At < 1/G(0), by taking M} = NF,, in Eq. (3.26), we get that,

Z'Nfﬂ_NﬂSWZW&l NP < C(T),

where in the last inequality we used the assumption Y, N2, — N?| < C.

Estimate on time derivative. The boundedness of the discrete time derivative of the density
comes directly from the L'-contraction (3.26). Assuming At < 1/G(0) and taking MF = N1
in Eq. (3.26), we have that

AxZth | < TWMZ@Nﬂ < C(T). (3.27)

9

Analogous to the semi-discrete case, we can prove an estimate of the discrete time derivative of
the pressure. Denoting k(T") = |T/At]|, where |z] is the largest integer that is less or equal than
x, then we are able to prove that

k(T)

AtAz Y N |6 Py | < C(T). (3.28)
n=1 1

The proof is similar to the semi-discrete case. To begin with, we have that
k k k
06PN il = 100 PR 1T s v w1y < 3y F 100 PN D v w1y 1
The first term is uniformly bounded in ~ thanks to Eq. (3.27) and

|6tPN1‘]l{max{N" NFTI<LY < ’Ymax{(Nk)'y ' (Nkﬂ)’y HoeN T |]l{max{Nk NFTyLY (3.29)
3.29

<

= 27,1 |6thk|
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To give an estimate of the second term, we recall the first inequality in Eq. (3.23), i.e
Lisign(MF = NP >(1 = AtG(0))[ M — N
+ Atmin |G’ (p)] maX{Mik-’_l, NikH} ‘PII\?_; - PJI\CI-Zl
P ’ 7

And then following a similar procedure as before, we have that
(1= AtG(0) — valf ™ +vBFHY) M — NFH

+ Atmin |6 (p) max{ M} NI | P — PR

k+1 | pk+1 k1 B+ | kL k1
— B |Mz+1 N |+I/ |M - N7

< |M} - Nf|.

Now taking Mf = Nf“, dividing both sides by At and summing over ¢ and k& = 0,1,..., we
proved that
k(T)
mp}n |G’ (p)|AtAz Z Z max{N/", NJ ™'} 6, P} ||

k(T)
<Az 3 |5NY] - Ar S ‘5th(T)’ +G0)AA Y S 1 NE < O(T),
7 7 k=1 1

which further implies that

k(T)
AtAzx Z Z |6: Py, zl]l{maX{Nk NFFY> 13
k=1 i
< 2AtAz Z Z max{NF, N¢k+1}|‘5tp1]\<7,i|
k=1 1

< C(T).

The conclusion (3.28) is then obvious by combining Eq. (3.29) and Eq. (3.30).
L2-estimate on the pressure gradient. Rewriting Eq. (3.20) to be

NEHL Nk NFFL _ Nkl
5, NF = i+3 Qk+1 ’ i—3 Qk+ + NFHL(GZPRHT 4 ghH
! Ax Ax

and multiplying both sides by 7(N1k+1)7—1’ we get

H(NFHY =15, NF < (Qk+1) (Qk+1) AP (52 PR | Rty
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by the following argument. By definition of Qk+1 we have

E+1yy—1 zk++l1 Nk+1 E+1 0, if QkH
(N 27@1# - ket 1yy—1 Vi =N e k41
Az AN =R QT >0,
and moreover, when le:ll Nik'|r1 convexity implies
Nk+1 NE+L
k+1\vy i+1 [ k+1
AN <y
Noticing that §, PF < ’y(NfH)'Y’l(StNik due to the convexity, we prove
8, P < (QkJrl) (Qk+1) 4y PRHL(§2 PRl Ghtly (3.31)

Summing Eq. (3.31) over all i, we have
k OF+! OF+! k+1( 52 pk+1 k+1
&ZP <Z( ) Z( %) +27P (82PFH1 1 g+
Z |ij__1|2 + ,YZPk-i-le-l-l
Z |Ql€+1|2 + ,YG ZPIG+1

Then summing over n = 0,1,2,... and dividing both sides by v — 1, we get

k k
. A PO A . Pk )
Atdx Y S IQ P < OV Lt DL i 71G(O)Amx§:§:Pg§C(T).
§=0

j=0 v-1 T i

3.4 Numerical simulations

Now we present some numerical results on Eq. (3.1) and for some extensions of the model
including the effect of a nutrient. In particular, we are interested in the performance of the
implicit scheme (3.20) for large values of 7, hence confirming the AP property of the scheme.

3.4.1 Accuracy test: the Barenblatt solution

At first, we consider the simplest example in order to test the accuracy of the scheme as ~
increases. Let us take the standard porous medium equation in dimension 1, i.e. Eq. (3.1) with

trivial reaction terms
on  9?nrtl

ot 022
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where for sake of simplicity we take p = 'YTHn"’. We take as initial data the delayed Barenblatt
solution

0

R
n(x70)—t5 (C 62(’)’+1)t35>+7 (3.32)

with tg = 0.01, 8 = 1/(v+ 2) and C a positive constant to be chosen later.

We compare the numerical solution of the scheme to the Barenblatt profile for v = 3, v = 12,
v = 40. We compute the L'-error for Az = 1/2F, with k = 4,5,6,7,8 and At = 107°.

We choose [—15,15] to be the spatial computational domain and 7' = 0.1 as final time. Upon
defining N, = 30/Ax, the error at time ¢; := jAt is given by

Nz
erri(t;) = Z IN} —n(iAxz,t;)|Ax. (3.33)

i=1

In the formula of the exact solution, Eq. (3.32), we choose C' =1 for v = 3 and C = 0.1 for
v = 12,40. In Figure 3.1, the plots of both the analytical solution and the numerical solution
are displayed. We notice that as  increases, the moving boundary becomes sharper and sharper
and this affects the accuracy of the scheme as can be seen in Figure 3.2, where on the left we
display the error (3.33) along time till 7' = 0.1, and on the right we show the spatial convergence
of our scheme by plotting the following error

N
. i .
lerr1(t > 0.05)]|00 = jnax {; |N; n(zAw,jAt)Ax} ) (3.34)

with respect to Az and for different values of v. When checking the spatial convergence rate, we
consider the maximal error over a period as in (3.34) to get rid of the affect due to oscillation as
shown on the left of Figure 3.2. As shown in the figure, our scheme is roughly first order accurate
in space, which is consistent with our intuition since the first order upwind finite difference
discretization is applied in space.

v=3,T=0.1 . v=12, T =0.1
157 O Numerical O Numerical
Barenblatt Barenblatt
0.8F
1 -
0.6
04F
0.5}
0.2
0 0
5 0 5 5 0 5

Figure 3.1: Porous Medium Equation in 1D: we compare the analytical solution and the numerical
solution for v = 3 (left) and v = 12 (right), with Az = 1/64 and At = 0.01Axz.

The oscillations of the error along time confirm the effect of the free boundary on the accuracy.
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Error along time
T T

— —slope=1

—y=3
y=12

—y =40

102 107
Ax

Figure 3.2: Porous Medium Equation in 1D: Left: plot of the error along time for v = 12. Right:
plot of the error (3.34) with respect to Az for different values of .

3.4.2 1D model with nutrient: in vitro and in vivo

Including the effect of a nutrient (e.g. oxygen) into the model, the density equation (3.1) is
coupled with an equation for the nutrient concentration ¢(x,t), to obtain the system

on
Jdc
T — Ac+ H(n,c) =0,

where H denotes the nutrient consumption and 7 is a time scaling parameter. Since the nutrient
diffuses much faster than the tumor invasion, it is usual to take 7 = 0. The consumption term H
can take different forms, depending on which stage of tumor growth we put under investigation.

For instance, if one considers an in wvitro setting, which means that the tumor is developing
surrounded by an homogeneous liquid, then the level of nutrient is assumed to be constant
outside the region occupied by the tumor, while inside it is consumed linearly, with a rate 1(n)
depending on the tumor cell population density. The model reads

—Ac+9Y(n)e=0, in{n >0},
(in vitro)
{c:cB, in R\ {n > 0}.

The consumption rate ¢(n) is always non-negative and vanishes for n = 0.

A second kind of models are the in vivo models, which include the effect of the blood vessels that
deliver the nutrient supply. During the early stages of tumor growth, the vasculature is present
only outside the tumor region (avascular phase), and the equation reads

—Ac+1p(n)e= (cp — )L {n=0y- (in vivo)
On the other hand, if the tumor is already in its vascular phase, we have

—Ac+¢(n)e = (cg — c)K(p), (in vivo: vascular)
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where K is the nutrient release rate which depends on the pressure. In particular, we assume it
to decrease with respect to the pressure to describe the shrinking effect of the mechanical stress
generated by the cells on the vessels, which may cause the reduction of nutrients delivery, cf.
[121]. We refer the reader to [131] for an extensive study of the Hele-Shaw model in both the in
vitro and in vivo cases.

From now on, we assume that the growth term G depends only on the nutrient concentration,
forgetting the effect of the pressure. Then, passing to the incompressible limit v — oo, we obtain

the limit problem
ONoo

W -V- (noonoo) = nooG(coo),

—AcCoo + H(Neo, €o) =0,
and since it holds peo (1 — no) = 0, the density is constantly equal to 1 in the set {poo > 0}.
As shown in [61], one can also pass to the limit in the equation for the pressure, which leads to
the Hele-Shaw problem

—Aps =Gles), in Q(2),
Poo =0, on 9N(t),

where Q(t) := {z | poo(x,t) > 0}.

In vitro model: comparison with the exact solution of the Hele-Shaw problem
We consider the model (in vitro) in 1D with linear growth, i.e. G(c) = ¢, and 9 (n) = n, namely

Ogn — 0, (ndyp) = nc,
—0zpc+nc =0, in {n > 0}, (3.35)
c =cp, inR\ {n>0}.

We take as initial density n(z,0) the characteristic function of the interval [—Rg, Rg], with
Ry > 0. Then, passing to the incompressible limit, the density remains always a patch, with
support [—R(t), R(t)]. Therefore, we have

Noo = ﬂ[fR(t),R(t)]- (336)

Thus, as computed in [113], the explicit solution is

cp cosh(z)
o — m7 for x € [-R(t), R(t)],
cB, for x ¢ [—R(t), R(t)],
and h(z)
cp cosh(z
e = | com(R(D) +c¢p, forxze[-R(t),R(t)], (3.37)
0, for x ¢ [—R(t), R(t)].

The velocity of the front is
R'(t) = cg tanh(R(t)).

We perform numerical simulations using our scheme for system (3.35) for v = 80 and compare
the results to the exact solution (3.36)-(3.37). We use the computational domain [—5,5] and
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Figure 3.3: In vitro model in 1D: comparison between the numerical solution and the analytical

solution at different times, t=0.5, t=1, t=1.5, with v = 80, Az = 0.025 and At = 1076.

choose as initial data .
n(:z:,O) = (poo(‘r70)); y

(3.38)

with pe defined by (3.37). We also set cg = 1, R(0) = 1, Az = 0.025 and At = 1075, ¢f. Fig. 3.3.

In vivo model: comparison with the exact solution

Using again a characteristic function as initial data, in the limit v — oo the model (in vivo)

reads
_awmcoo + Coo = (CB - coo)]l{n:O}a

with {n =0} = R\ [-R(t), R(t)]. Thus, the explicit solution is given by

o {egft)cosh(R(t)), for = € [~ R(t), R(t)],
= \ep —epsinh(R()e ¥, for x ¢ [~R(t), R(t)],

cf. [113]. The limit pressure is

G G
e J’;(tf osh(z) + Cj%(tf cosh(R(t)), for z € [~R(t), R(t)],
0, for x ¢ [—-R(t), R(t)],
with a front invasion speed given by
fon sinh R(t)
R (t) = CBGOW‘

(3.39)

As for the previous case, we perform numerical simulations using our scheme for the system
(in vivo) with v = 80 and compare the results to the exact solution. As before we choose (3.38)
as initial data where the pressure is defined by (3.39) and we set ¢cg = 1, R(0) = 1, Az = 0.025
and At = 1075, ¢f. Fig. 3.4. As in [112], we notice that the scheme is more accurate for the in

vivo model than for the in vitro.
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Figure 3.4: In vivo model in 1D: comparison between the numerical solution and the analytical
solution at different times, t=0.5, t=1, t=1.5, with v = 80, Az = 0.025 and At = 1076.

3.4.3 Two-species model: proliferating and necrotic cells

We consider a model including a second species of cells. Indeed, at the early stages of its growth,
the tumor mass develop a necrotic core of dead cells, which is surrounded by a rim of quiescent
or proliferating cells. The model reads

onp O (npai) =npG(c),

ot ox 15)

) ) 5 (3.40)
np 4

at az<”Da) ne(G(e)-,

where np and np represent the cell densities of proliferating and necrotic (dead) cells. The total
population density and the pressure are, respectively, n = np +np, p =n7.

Since in this case the growth rate G = G(c¢) can be negative, the proliferating cells die and turn
into necrotic with the same rate. In particular, we assume there exists a positive constant ¢ such
that G(c) < 0 if ¢ < ¢, to indicate that the cells die because of the lack of nutrients.

We use the scheme (3.20) for both the equations on np and np and we test it for both (in vitro)
and (in vivo). We take as computational domain [—6, 6], and we set cg = 1,

12 ife<04,
G(c) =
15 ife> 0.4,

and as initial data
TL(IJD = ]].[_171], n% =0.

The numerical simulations for the in vitro and in vivo environments are displayed along time in
Fig. 3.5 and Fig. 3.6, respectively.
3.4.4 2D model: the focusing problem

The focusing solution of the porous medium equation is the solution of Eq. (3.1) with an initial
data whose support is contained outside of a compact set. At finite time the empty bubble closes
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Figure 3.5: In witro two-species model in 1D: plot of np,np,n,c with v = 80, Az = 0.025 and

At =104

t=0.02

08

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

06

0.4

0.2

0.8

0.6

0.4

0.2

Figure 3.6: In vivo two-species model in 1D: plot of np,np,n,c with ~

At =104
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= 80, Ax = 0.025 and

up and the topological change of the support generates a singularity of the pressure gradient.

In [61], the authors show that the pressure gradient is uniformly bounded with respect to v
in L*(R? x (0,T)). Then, they prove the sharpness of this uniform bound using the focusing
solution as counterexample.
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Figure 3.7: Focusing solution: pressure gradient norms. Plot of the pressure gradient norms
along time, from the left ot the right, from the top down, L2, L* L% L8 L'° L*°-norm, with
v =10, Az = 0.02, At = 0.001, pg = 1 and initial internal radius 0.6.

The Hele-Shaw problem in a spherical shell is defined by the following system

{—Apoo — Glpe) i Q).

3.41
V. =-0up on 00Q(t), (3:41)

where v and V' denote the outward normal and the normal velocity of the free boundary, with
Q(t) = {z; Ra(t) < || < Ra(t)}-

In [61] the authors compute the asymptotic behaviour of the LP-norms in space and time of the
gradient of a radial solution, choosing for the sake of simplicity a constant reaction term and
external radius Ry(t) = Ry fixed. They show that the LP-norms are uniformly bounded (with
respect to ) if and only if p < 4, which confirms that the uniform L*-bound of the PME solution
gradient is optimal.

We use our fully discrete scheme (3.20) in 2D to verify this interesting behaviour. We approximate
the solution of system (3.41), taking v = 10, which is a value that well approximate the behaviour
of the solution as v — oo.

We take as computational domain [—8,8] x [—8,8] and G(p) = 1 — p. The initial data is given

by
: 2 2
n(z,y) {0.8 if 0.6 <y/z24+9y%<6, (3.42)

0 otherwise.

The plots of the Li-norms of Vp(t), with ¢ = 2,4, 6,8, are displayed along time in Fig. 3.7. We
notice that at the focusing time, which is around ¢ = 0.428, the norms with exponent larger than
4 develop a singularity. We also present 3D plots of the solution and its pressure as time evolves,
cf. Fig. 3.8 and Fig. 3.9. In order to better show the behaviour and the shape of the focusing
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Figure 3.8: Focusing solution (density). Numerical solution of the focusing problem with v = 10,
Az = 0.02, initial internal radius 1.

solution, we choose to take a larger initial internal radius. Hence, we take it to be equal to 1
rather than 0.6 in Eq. (3.42).

3.5 Conclusions

We studied the properties of an upwind finite difference scheme for a mechanical model of tumor
growth proving stability results which allowed us to infer the asymptotic preserving property of
the scheme in the so-called incompressible limit. We performed numerical simulations in order
to investigate the sharpness of the L*-uniform bound of the pressure gradient, using the focusing
solution as limiting example.

The question of how to derive the Aronson-Bénilan estimate for a fixed grid and v > 1 remains
completely open and faces several technical difficulties, due to the stronger non-linearity of the
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t=0.1
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Figure 3.9: Focusing solution (pressure). Numerical solution of the focusing problem with v = 10,
Az = 0.02, initial internal radius 1.

equation. Moreover, as aforementioned, it could be of use in order to pass to the limit as
Axz — 0 in the semi-discrete scheme. Extending our approach on the Aronson-Bénilan estimate
to finite difference schemes for cross-reaction-diffusion systems of porous medium type could also
represent a challenging problem.

3.A  Proof of the solvability of (3.22)

The following theorem, which is a generalization of [3, Theorem A.1] holds.
Theorem 3.A.1. Denote 7;(t) and n,;(t) to be two solutions of the system of equations

dt

+ (1= ai(t)ni(t) = v [A(ni(t), nisa (1) — A(ni—a (8),m5(8))] = Nf, i€l (343)
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where A(n;(t),ni+1(t)) is defined from (3.21), v = At/Az, a;(t) = AtG(n](t)) and At <
1/G(0), with a super- and a sub-solution initial data, respectively, i.e.

ni(0) = pg, n;(0) = 0.

Then we have

(1) 7;(t) and n;(t) are nonnegative for allt >0 and i € I.

(#) n;(t) and n;(t) are super- and sub-solutions for allt >0 and i € I.

(#3) n;(t) > n;(t) for allt >0 andi € I.

(iv) for any i € I, both n;(t) and n,;(t) converges to the same limit, which is the unique solution
of (3.22).

Proof. (i) We prove the case of supersolution. The proof for the case of subsolution is similar.
Consider the moment ¢* when 7;(¢) first reach 0 for some ig, i.e. 7i;,(t*) = 0 while 71;(¢*) > 0 for
all % io, then A(?TLI'O (t), ’Flio+1(t)) Z 0, A(T_lio_l(t), 77211'0 (t)) S 0 and thus

dniy () _ - = =

— g = VIAMG (1), g 41(8) = AlRig-1(t), i (8))] + Nf >0,
via the evolution equation (3.43). As a result, 7;(t) can’t change signs and thus remain nonneg-
ative for all ¢ > 0.

(ii) Here we prove the case of subsolution. The proof for the case of supersolution is similar.

Denote dn, ()
n.
(t) = —
gl( ) dt ?

a,(t) = AtG(n] (), AH%@) = A(n;(t), ;441 (1)),

then z,(0) > 0 for all i since n,;(0) is a subsolution. Differentiating (3.43), we get

20 (1 - @)2it) — lOm0) — v [B14y —BaA, ] 200

=1

=V A 124 (t) - vOiA; 12 (t).

Noticing that /() = 0 when z;(¢) = 0, the function z,(¢) can’t change signs following a similar
argument as in (i), which implies that z;(¢) > 0 for all ¢ > 0. Then combining with (3.43), we
have that

(1 —a;(t)n;(t) —v [Ai+%(t) - Ai_%(t)} < NF, forall t >0,
which shows that n,(t) is always a subsolution.
(iii) Denote w;(t) = 7;(t) — n,;(¢), then initially we have w;(0) > 0 for all i. We wish to show
that w;(t) > 0 for all ¢ > 0 and ¢ € I. For simplicity of notation, we denote

ai(t) = AtG(n] (1),  a;(t) = AtG(n] (1))-

Noticing (3.3) and the fact that both 7;(¢) and n,;(t) are nonnegative, when At < 1/G(0), we
have @;(t) <1 and ;(t) < 1. A direct computation shows that

(1= a;(®)ni(t) — (1 — a;(#)n,; (1) = (1 — @i (t))wi(t) + (a;(t) — ai(t))n,;(t)
= (1 —ay(t) + Bi(t))wi(t),

where B;(t) = —AtG' (0] (t))yn) "' (t)n,;(t) > 0 for some nonnegative 7;(t) between ;(t) and
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n;(t). By (3.43) and the fact that 71;(¢) and n,(t) are super- and subsolutions, we have
(L= s(t) - Bu(0)ws(t) = v [Agyy (s ) = Aiy (i, )
+v |:Ai+%(ﬂi7ﬂi+1) - Aifé(ﬂiflvﬂi)} > 0.
Combining the above inequality with the following expression
Ay (i ni1) = Ay 1 (0, n 1) = 0144 1 (& i) )wi + 0244 1 (14, i1 ) Wiy,
where 81Ai+% (&, Mi+1) < 0 with some &; between 71; and n; and 82Ai+% (n;,Mi+1) > 0 with some
ni+1 between 7,41 and n; |, we have
L= ai(t) + 5it) = v (0144 (€ 7irn) = DAy (i yomi)) [ wi®)
- VazAH%(ﬂi,mH)wiH(t) + l/alAif%(fiflyﬂi)wifl(t) > 0.

Multiplying both sides by 1., <0} and summing over i, we get

= (=@t +Bit)w; + 1+ I >0,

where w; = max{—w;,0} and
I = VZGQA@;%(ﬂifly 0)Wi (1w, <0y — Lgw,_1 <0});
i

12 = _I/Z81Ai+%(5i7@i+l)wi(]l{wi<0} - ]l{wi-H <0})'

It is worth noticing that

wi(]l{w,i<0} - ]l{'wii1<0}) < 07
which implies that I; < 0, I < 0 and further

D> (1 —ai(t) + Bit)w; <0. (3.44)
It is easy to see from (3.44) that we must have w; (¢t) =0, i.e. w;(t) > 0 for all ¢ > 0.

(iv) The monotonicity of 72;(t) and n,(t) indicates that there exist the limits

N; = lim 7@;(t), N, = tligloﬂl(t)

t—o0

Denote W; = N; — N, we can show that

1= AtG(NY) + Bit) —v (31Ai+%(fu Nit1) — 32/11_%(&1—17%))} Wi
— V0 A; 1 (N iy 1) Wiga + v A1 (§i—1, Ny )Wy =0,
for some &;’s and 7);’s. Summing over all i, we have

> 1 - AtG(NY) + Bi(t)] Wi = 0.

%
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Noticing that W; > 0 and 1 — AtG(N;) + Bi(t) > 0, we have W; = 0 for all i € I. In other
words, for each i, there is a unique limit of 7;(t) and n,;(t) as t — oo, which is N*!, the unique
solution of (3.22).

O
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Part 11

Stiff limit of a tumor growth model
including convective effects:
regularity and convergence rate






Chapter 4

Incompressible limit of a tumor
growth model incorporating
convective effects

Abstract
In this work we study a tissue growth model with applications to tumour growth. The model is
based on that of Perthame, Quirés, and Vazquez proposed in 2014 but incorporates the advective
effects caused, for instance, by the presence of nutrients, oxygen, or, possibly, as a result of self-
propulsion. The main result of this work is the incompressible limit of this model which builds
a bridge between the density-based model and a geometry free-boundary problem by passing to
a singular limit in the pressure law. The limiting objects are then proven to be unique.

This chapter is taken from N. D. and M. Schmidtchen. On the Incompressible Limit for a Tumour
Growth Model incorporating Convective Effects, Accepted for publication in CPAM, (2021).

4.1 Introduction

Modelling living tissue poses a whole range of challenges. On the one hand, it is important to
identify the biomedical drivers that should be incorporated in the model, while, on the other
hand there are certain modelling choices that need to be discussed. One of these choices that,
in a way, separates the community is the type of model used to describe tissue growth. Roughly
speaking we identify the following two types of models: those that describe the tissue as an
evolving distribution in space and those that describe the tissue as an evolving domain in space.
While the first type is mostly based on a partial differential equation description, the latter is
known as a free-boundary or evolving boundary model.

The goal of this paper is to build a bridge between the two types of models by passing to the
so-called stiff limit in the population-based model to obtain a free-boundary description. The
model we propose here describes the evolution of the tissue density, n, = n,(z,t), and is given

105



106 CHAPTER 4. Limit of a model with convective effects

Ony

praie V- (nyVpy) =V - (n,VV) =n,G(py). (4.1)

on R? and for t > 0. It is equipped with some non-negative initial data n.(0,z) = ng(x) €

L% (R?). Here p, = n? denotes the pressure, G = G/(p,) models the cell proliferation (resp. cell
death), and V = V(z,t) denotes a chemical concentration. In order to pass to the incompressible

limit v — oo we need to study the equation satisfied by the pressure, i.e. , the equation

0
% = ’YPW(AP’Y +AV + G(p'y)) + Vpy - v(p’v +V). (4.2)

While it is intuitive to expect
Poo(Apoc + AV 4+ G(ps)) =0, as well a5 poo (oo — 1) =0,

in the limit, there are technical subtleties, obtaining strong compactness of the pressure gradient
to be precise, that need to be overcome. We are by no means the first to ask this question. As
a matter of fact, there are already some promising results towards this rigorous limit. However,
all of them are borderline and just not good enough to obtain the strong compactness of the
pressure gradient. A blend of two techniques finally allows us to settle this open question. The
rest of the introduction is dedicated to recall previous results on this type of models. We will
also use this as an opportunity to introduce the tools necessary for the limit passage in a brief,
explanatory way.

4.1.1 Previous works on the incompressible limit

The question of passing to the incompressible limit has a rich history and several variations of
it have been studied in the literature. Historically, the problem has its early foundation in the
work of Bénilan and Crandall on the continuous dependence on ¢ of solutions to the filtration
equation 9;n = Ap(n) in 1981, cf. [18], see also [127, 141].

Henceforth the problem has been attracting a lot of attention. In [45] the authors consider the
limit of the density of the porous equation but they can weaken the assumption on the initial
data thus extending the results of [18]. Moreover, they are able to show that the limit density,
Noo, 1S independent of time and bounded 0 < ny, < 1. Later, in 2001, Gil and Quirés revisit
the study of the incompressible limit of the solution of the porous medium equation defined in
[0, +00) x Q, with non-trivial boundary data g = g(z).

In this case, the pressure is “forced” to be positive near to the boundary, and then, since the
pressure gradient is no longer zero, the motion of the free boundary 9{p~, > 0} is governed by
Darcy’s law V = —0,ps, where v denotes the outward normal on the free boundary, see also
[88].

Emanating from the early works on the mesa problem for the porous medium equation, research
began branching out in different directions. The first generalisation concerns the inclusion of
a pressure-dependent growth term proposed in the work of [130]. Here the authors propose a
tissue-growth model where cells move according to a population pressure generated by the total
density of the form p(n) = n”. In conjunction with Darcy’s law they recover the porous-medium
type degenerate diffusion. In addition, they include a proliferation term, nG(p), which models
cells divisions with a pressure depending rate. Thus the proliferation rate, G, is assumed to
be a decreasing function accounting for the fact that cells are less "willing" to divide in packed
regimes. Their paper is seminal in that they were the first to perform the rigorous stiff pressure
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limit in the presence of growth terms. While strong compactness of the pressure is absolutely
sufficient for the Hele-Shaw limit itself, obtaining the so-called complementarity relation which
provides an equation for the pressure in the limit is much more involved. In fact, in order to
obtain it strong compactness of the pressure gradient is indispensable. To this purpose, using the
comparison principle, they show that the Laplacian of the pressure satisfies an Aronson-Bénilan
type estimate, namely Ap + G(p) 2 —C/~t.
Later in [102] the authors study the same model through a viscosity solution approach. They
are also able to recover the velocity law in presence of mushy regions, i.e. regions where Py, =0
and 0 < ne < 1.
The related free boundary problem was further studied in [123], where the authors prove that
the velocity law of the free boundary holds both in a weak (distributional) and in a measure
theoretical sense. In the same paper, they also provide an L*-bound of the pressure gradient
that relies on the Aronson-Bénilan estimate, which we extend to our model, Eq. (4.1), through
a self-contained proof in Lemma 4.3.2, independently of any estimate on Ap,.
In [130], the authors also study an extension of the model including the effect of a nutrient with
concentration ¢ = c¢(x,t). While they were able to prove the strong convergence of n, and ¢,
as 7 — 00, they leave open the question of how to recover the compactness needed to pass to
the limit in the pressure equation and obtain the complementarity relation. As presented in
Chapter 2, this problem was addressed in [61], where the authors combine a weak version of the
Aronson-Bénilan estimate in L3 with a uniform bound of the pressure gradient in L* to infer
strong compactness. Recently, interesting progress have been made in [93] in the non-monotone
case.
The model by [130] was then extended by the inclusion of migratory processes, i.e. , drift terms
given by a velocity field, v(z,t), as a model extension received a lot of attention.
In [106] and [1], this problem is analysed through both viscosity solutions and optimal trans-
portation approaches. This result was extended in 2016, by Craig, Kim, and Yao, cf. [57] to a
model with non-local Newtonian potential, A/. The question of how to pass to the limit v — oo
in the porous medium equation with a drift and a non-trivial source term has been addressed in
[103]. The authors propose a model with a generic vector field v : R x Rt — R? as drift term,
i.e.,
On

ot

with a growth rate G = G(z,t). Through viscosity solutions methods, they prove that as v — oo
the model converges to a free boundary model of Hele-Shaw type. Their work improves the results
previously achieved in [1], extending the class of initial data from patches to any continuous and
compactly supported function bounded between zero and one.

This is also where our contribution to the current discourse enters, namely the first rigorous
derivation of the complementarity relation, that is, an equation governing the pressure distribu-
tion inside of the moving boundary problem.

An) +V - (ny v) =n,G,

4.1.2 Our Contribution

As set out in the introduction, there have been several promising steps towards establishing the
incompressible limit and the complementarity relation for reaction-diffusion models incorporating
convective effects. As a matter of fact, just like the authors of [103], we address the problem
of passing to the incompressible limit in a porous medium equation with both a drift and a
source term. While their approach is based on a viscosity solution approach, we use a weak
(distributional) interpretation. By employing a blend of recently developed tools, i.e. , an LP-
version of the celebrated Aronson-Bénilan estimate, cf. [9], along with the optimal L*-regularity
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of the pressure gradient observed in [61], we can obtain strong compactness of the pressure
gradient and proceed to passing to the incompressible limit and obtain the complementarity
relation in the same vein as [31]. To summarise:

e We obtain an L3-space-time estimate on the negative part of the Laplacian of the pressure
which ultimately helps us obtain strong compactness of the pressure gradient. We note
that an L°°-version has been obtain recently in [105, Theorem 3.1]. However, the lower
bound on the Laplacian of the pressure that they infer, Ap > —C/t — C, does not go
to zero as v — o0, as in the classical Aronson-Bénilan estimate. Nonetheless, this result
in conjunction with our uniform L*-estimate on the pressure gradient would already be
sufficient to obtain the complementarity relation rigorously, following [61, 31, 123].

e Here, we choose a different route by only striving for the much weaker L3-estimate on the
negative part of the Laplacian of the pressure. This, in turn, allows us to drastically relax
the C’g; -regularity of the velocity field, VV, required by [105]. In fact, our assumptions on
the drift, ¢f. Eq. (A1-V) and Eq. (A2-V), in a way boil down to controlling certain third

derivatives in Lllfc/ *(Qr).

e Finally, to the best of our knowledge, we are the first to prove the uniqueness of the solution,
(Noos Poo )5 to the limit problem

ONo

This result is only possible since we work with weak solutions in the classical sense which
ultimately allows us to apply a variation of Hilbert’s duality method. The only related
results in this direction in the literature are given by [1] where the uniqueness of so-called
patch solutions is shown in the drift-diffusion model with AV > 0 in the absence of growth
dynamics and the very recent preprint [98] where uniqueness of the limit equation is shown
for signed solutions, linear drifts, and general growth dynamics. In the absence of drifts
uniqueness was known since [130] and for a special type of growth term it can also be
obtained from A-contractivity of metric gradient flows, cf. [70, 53].

Moreover, our approach provides an answer to several open problems proposed in [103]:

e The first question the authors raise concerns the monotonicity assumption on G(p) + AV >
0, which in our case is not necessary. An improvement in this direction has also been
obtained very recently, [93]. We stress that in the growth rate in [103] does not depend on
the pressure but on space and time, only.

e The next question concerns the class of initial data. In [103], the authors write “A more
interesting question arises with the initial data that is larger than 1 at some points. In
such cases there is a jump in the solution at ¢ = 0 in the limit ‘y — oo’ which adds
another challenge in the analysis.”! This effect has already been observed at the early
stages of this singular limit problem. The parts of the density that are larger than 1
are known to “collaps” immediately and a mesa-structure is obtained instantaneously, for
instance, cf. [45]. Following our approach, we can allow for the larger class of non-negative
LY(R%) N L>°(R?) functions with compact support as initial data.?

IThis quote is directly taken from [103] where we only adapted the notation to that of our paper.
2While L*-data with compact support immediately implies integrability, we trust that the assumption on the
support may be removed by a localising argument in the spirit of [61, 94].
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e Finally, in [103], the authors postulate BV -regularity of the limiting density, also suggested
by [64] based on the “five-gradients-estimate” using tools from optimal transportation. Even
though our arguments do not borrow techniques from optimal transport but, instead, rely
on Sobolev compactness theory, we are able to improve the regularity result in that we
obtain the BV-regularity of the limit density for any initial data. What is more, we
additionally have an L*-regularity of the limit pressure gradient, which, to the best of our
knowledge, is novel.

4.1.3 Problem Setting and Main Results

Before we present the main results of our paper let us introduce some notation used throughout
this work. Henceforth, we call Q7 := R? x (0,7 the truncated space-time cylinder and drop
the subscript 7' to denote the entire cylinder, i.e. , @ := R? x (0,00). Besides, for the sake of
readability, we shall employ the short-hand notation

Ny i= 4y (t) :=ny(z, 1),

and, similarly,

Py = p'y(t) = pv(aj, t)'
Moreover, throughout, C' > 0 denotes a generic positive constant independent of v that may
change from line to line.

In order to be able to establish our result we impose the following set of assumptions which, for
clarity, are split into assumptions on the initial data, the growth terms, and the advective term,
respectively.

We assume that for every v > 1 the initial data are non-negative, integrable, and uniformly
essentially bounded, i.e. ,

ng € BV(RH)NL®RY), 0< ng <ny, and 0< pg < pary (A1-n9)

for some constants nps, pps > 0. Here BV denotes the space of functions with bounded variation.
Moreover, we assume the initial population is contained in a compact set, i.e. , there exists a
bounded set K C R? such that

supp(ng) C K. (A2-n9)

Let us notice that, thanks to the finite speed of propagation property of porous medium type
equations, assumption (A2—7'L2,) implies that, for any 7' > 0, there exists a bounded domain
Q C R? such that the supports of n.,(:,t), p,(-,t) are contained in Q for any ¢ € [0, 7], uniformly
in =y, as proven in the next section, c¢f. Lemma 4.2.1.

In addition, we suppose that there exists a positive constant C' independent of  such that

\|A(”g)7+l||Ll(Rd) + IlvP3||L2(Rd) + ||(Ap0)—||L2(Rd) <C (A3-n3)

Note, that strictly speaking, the L?-bound on the pressure gradient is not required as it is a
consequence of the L?-control on the Laplacian of the pressure. Besides we make the biological
assumption

G'(p) < —a, and G(py) =0, (A-G)
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for some « > 0 and all p > 0, and some pjy; > 0, to include the tendency of tissue to grow slower
as the pressure increases and starts to die when the pressure exceeds the homeostatic pressure,
pas- Finally, we have to make the following regularity assumptions on the chemical distribution

V(9:V) € L'((0,T); Lis (RY)),
A(atv) IOC(QT)7
(A1-V)
D2V € LIOC(QT)7
VV e Lloc(QT) IOC(QT)7
and
v(AV) € L2 (Qr). (A2-V)

Note, that the additional assumption, (A2-V), is required solely for technical reasons to establish
the control of the Laplacian of the pressure.

Under these hypotheses we are now able to state the two main theorems of this work. The first
concerns the complementarity relation.

Theorem 4.1.1 (Complementarity relation). We may pass to the limit in Eq. (4.2) as v — oo
and establish the so-called complementarity relation

poo(Apoo + AV + G(poo)) =0, (43)

in the distributional sense. Moreover, 0 < ne, < 1 and p = 0 satisfy the equation

327:0 = Apoe + NosG(poc) + V - (necVV), (4.42)

in D'(Qr), as well as
Poo(l — No) =0, (4.4Db)

almost everywhere.

The complementarity relation, Eq. (4.3), is a crucial link that allows us to bridge the gap between
the compressible model, Eq. (4.1), and the geometrical free boundary problem of Hele-Shaw type.
Let us define the set

Qt) :={z | poo(z,t) > 0}.
Then, the pressure satisfies
—Apoo = AV 4+ G(pso), in Q(t),
{ Poo = 0, on 9Q(t),
which coincides with the classical Hele-Shaw problem whenever V' and G are identically equal to
Zero.

Theorem 4.1.2 (Uniqueness of the limit solution). There exists at most one distributional
solution such that for all T > 0 the couple (Noo,Poo) € L°(Q1) x L2(0,T; HY(Q)) is a solution
to system (4.4a).

The rest of the paper is organised as follows. In Section 4.2 we present straigh-forward a priori
estimates necessary to derive more refined bounds on the pressure. The latter are proven in



4.2. A Priori Estimates 111

Section 4.3. This includes both the L3-version of the Aronson-Bénilan estimate as well as an L*-
space-time estimate on the pressure gradient. Building on the estimates derived in the previous
sections, Section 4.4 is dedicated to the rigorous limit process in the pressure equation and to
obtaining the complementarity relation. In the subsequent section, Section 4.5, we then proceed
to proving the uniqueness of solutions to the complementarity relation.

4.2 A Priori Estimates

We state some a priori estimates on the main quantities and their derivatives, that we need to
obtain the main result of the paper.

Lemma 4.2.1 (A priori estimates). For any T > 0, there exists a bounded domain Q C R?
such that the supports of ny(-,t),p,(-,t) are contained in Q for any t € [0,T], uniformly in ~.
Moreover, the following estimates hold uniformly in ~y:

(i) 1.y € L(0,T; L=(9)),
(i) O;in~, On, € L>=(0,T; L1 (Q)), fori=1,....d,
(iii) dip~,0epy € LY((0,T) x Q), fori=1,...,d,

(iv) Vp, € L*(0,T; L*()).

Proof. Thanks to the comparison principle, from Eq. (4.1) we immediately find n, > 0 and,
as a consequence, p, = 0. In order to establish uniform essential bounds, we construct a super
solution. To this end we define

(z,t) = C <R(t) - ‘"”2|2>+

where C' is a positive constant that satisfies

C > 5(G(0) + AV ], (4.5

and we take R(t) such that

IV

R'(t) = (2C + )R(t) 5

(4.6)

From Eq. (4.2) and the assumption on the growth term (A-G), we know that p, satisfies

Py

i IVpy|? = Vpy - VV — 40y (Apsy + G(0) + [|AV]|«) < 0.

Let us show that II(z,¢) is a super-solution to this differential inequality. We have

o1l ,

o O (M{R(t» 2]
and

VII = -Cz1

{rt)=12f

}7
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as well as
All = *Cd]l{R(t»%} - CWW{R@)Z#}'

Using Eq. (4.5) in conjunction with Eq. (4.6) we get

oIl
e — |V ~VII - VV — AII(ATL 4+ G(0) + [|AV] o)
>CR/(t - C?%z*1 +Cz-VV1 + CHC—Z
{R( =2 T Rz 12 r {rRiyz122} T
(4.7)
1'2 VV fe%e)
2(3/(@_20%)_'2'_J)ﬂ{R(t)>,éz}
>0.

Taking R(0) such that K C B Noow) and C large enough, by the assumption on the initial

data (A2-nJ) we have p < TI(0). Then, this implies that p,(t) < II(t) for all positive times by
comparison. Let us show the argument for the sake of completeness.

Setting N (IT) = II'/7, and multiplying Eq. (4.7) by N’(II) we obtain

66—‘]: — N/(I1 )|V1'[|2 — N/ (I)VII - VV — yN'(IDIIAIL > yN'(INII(G(0) + [|AV || s0)5
whence ON
5 V- (NVI) — VN -VV > N(G(0) + |AV||x0)-

Since, by Eq. (4.1), we know that n. is a sub-solution to the same equation, we have n (t) < N(t)
for all t > 0, by the comparison principle. Therefore, we conclude that p, (¢) < II(¢) for all positive
times. We take Q C R? a bounded domain such that B\/M C Q and then, by the definition
of IT, we infer that

supp(p,(t)) C Q,
for all t € [0,7] and any v > 1. As consequence, both n, and p, are uniformly bounded in
L (Qr), where Qp :=Q x (0,7).
Now we prove the BV-estimates on the density. Differentiating Eq. (4.1) with respect to the
i-th component of the space variable, z;, and multiplying by sign(9;,n) we get

d On. on oVY\ . on on
— < vy . - v o
i ), | o, dz < /QvA (nV o2, ) dx—&—/QV (nWV (8351)) 51gn( oz, ) dz + G(O)/Q oz, dz
Ony »*V on.
) | 0z 8:1:18% T Z/ "y 8951-835? dx+G(0)/Q x; dz,

fori=1,...,d. We sum the inequalities over all : = 1,...,d, and obtain

dt
i=1



4.2. A Priori Estimates 113

where the constants depend on the L*°-norm of G and the assumptions on the potential V,
cf. Egs. (A-G, A1-V). Using Gronwall’s lemma we conclude

>

where, in the last inequality, we have used the uniform BV -bounds on the initial data, ¢f. assumption

(A1-n3).

8n7

8xZ

c(T),

(9:1:z

Following the same line of reasoning for the time derivatives we obtain

9 |Ony On on., . on. ov
< = ; o} . b
ot | ot \WA( ot ) v ( ot VV) +blgn< o )V "MV o
(4.8)
on , ap7
+ |5 G4m0 |
due to the fact that sign(9p) = sign(dyn). An integration in space yields
d on. on. )%
- il < 7 . 7
5 d:c\G(O)/Q 5 dz + ; \Y (nWV(at)) dz,
7
where we used that G’ < —a, ¢f. Eq. (A-G). We can estimate the term Z as follows
ov ov
7= . A
/QVnW V(8t>+n (at>dx
ov ov
< .
\/Q Vn, V(@t) dx—i—/ nA(@t) dzx
oV ov
<o (GF)en]|  19mliomay oA (5 ) e
t Loo(Q) t L1(Q)
<o (F)eol, e l2 (@),
ot Lo (Q) ot L1(Q)
where we have used the BV -space regularity of n, from before. Hence, we obtain
4194, < G(O)/ ony dx+CHV(av>(~,t) +CHA(8V>(~,15) .
ot Q| Ot ot L(Q) ot L)

By assumption (A1-V') we know that [[V(9,V) (", t)[| 1 (q) and [A(OV)(-, )] 11 () are L'-integrable
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in time. Using Gronwall’s lemma, we conclude

(5)
ot /), LY(Q)

o(js ()

H anw < (GO

Ll(Q

n HA(‘W) (5,°) GO (t-5) 4
@) at

L)

< O(T),
(4.9)

for a.e. t € (0,T), i.e., dyn, € L(0,T;L*(2)). Let us stress that assumptions (Al-n) and

(A3-nJ) imply the initial bound H(@tnw)OHLI(Q) < C.

Before establishing the BV-bounds on the pressure, let us notice that integrating Eq. (4.8) in
space and time, we have

Opy

H ony . de dt < C(T),

t
+  min G (p //n
] R Ty A R

thanks to Eq. (4.9). Then, it holds

I
L1(Qr) Qrn{n,<1/2} K

The same argument can be used for the space derivatives of p, and it goes through without
major changes.

o dzdt < C(T).

- dxdt—f—?// Ny Opy
Qrn{n,>1/2} 8t

We can actually gain more information on the pressure gradient, by integrating Eq. (4.2) in
space, t.e. ,

& T = x . x
/ a / Po(A(py + V) + G(py)) da + /Q Vo, Vp, +V)d

Integration by parts yields

/ 9py de < (1—7 /\Vp7|2d:c+”y/p7G(p7)dm+ 1—» /pr VVdz,

and using Young’s inequality we obtain

-1
L 19 0P s < [ +
Qr

Dividing by (v — 1) we finally get

// |Vp,|? dzdt < C(T),
Qr

which concludes the proof. L

|VV | dedt + v // Ip,G(p,)| dz dt.
Qr Qr
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4.3 Stronger bounds on p,

This section is dedicated to establishing more refined estimates on the pressure, c¢f. Lemma 4.3.2
and Lemma 4.3.3. Upon obtaining those estimates we will then be able to proceed to proving
the strong compactness of the pressure gradient, c¢f. Lemma 4.3.6, which is crucial in the overall
endeavour of establishing the incompressible limit.

The first result on the pressure’s regularity is the L*-boundedness of its gradient. This bound
was already proved in [123], although, the authors use the L>°-version of the Aronson-Bénilan
estimate. Here we adapted the method used in [61], where a new method was employed, that does
not require any estimate on Ap,. Unlike the model in [61], the convective term may not vanish
at the boundary which leads to boundary terms to be considered in the subsequent analysis. In
the following remark we shall see, however, that they do not pose any problems.

Remark 4.3.1 (Boundary Terms and Integration by Parts). The subsequent technical lemmas
(Lemma 4.3.2 and Lemma 4.3.3) are critical to establishing the regularity necessary for passing
to the stiff limit. Due to several integrations by parts, boundary terms occur that need to be
addressed. Since their treatment is purely technical and they are not even at the heart of the
strategy we introduce the notation Osq,. (1) to indicate that the traces of the respective quantities
are bounded uniformly in 7. This is possible due to the elliptic regularity result presented in [89,
Theorem 9.11] which states that

lull g2y < Cl|lull 2wy + AUl L2 y),

for some open U C R™ containing U’ C compactly. Choosing v = §;V, for all i = 1,...,d, and
using assumption (A2-V), it is immediate that VAV € H?(Qr). With the third-order derivatives
controlled in L?(Q7) the traces of all second order derivatives appearing in the integration by
parts are bounded. Let us highlight, too, that terms involving p., and its derivatives vanish close
to the boundary by the choice of Qr. We therefore collect all boundary terms in Ogq,. (1) lest
the notation blow up.

Lemma 4.3.2 (L*-estimate of the pressure gradient.). Given T > 0, there exists a positive
constant C, independent of vy, such that

d 2
9?p,
3 -1 Apy + A 2 <O(T
//QTp’Yij_l axlaxj dxdt+(7 )//QTp’Yl p’Y+ V+G| dl‘dt C( )a

as well as

// |Vp,|*dzdt < C(T).
Qr

Proof. We write the equation for the pressure as follows

o
% = yp,(Afy + G) + Vp, - V£, (4.10)

where f, :=p, + V. We multiply Eq. (4.10) by —(Af, + G) and integrate in space and time to
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obtain

2
/ /'Vp”‘ dz dt—/ AP e ar - / Gap”d at
o dt Q. Ot ot

= _/ va-va(Afy—i—G)dxdt—’y// py|Af, + GI*dz dt.
QT QT

T

(4.11)

For convenience, let us define the function G = G(p,) = (f " G(q)dg. Thus, we have

8tp'y G(pv) = 8156(]97)’

o, [y
//QT 5 G(py)dedt = T QG(pﬂy)davdt.

Now, we need to estimate the term Z on the right-hand side of Eq. (4.11). Since py = f, -V
we have

and thus

I:f// Vo, - Vi (Afy, +G)dedt
Qr
— // \Vf7|2Af7 dzdt + // VV . -Vf,Af, dedt — // GVp,-Vf,dzdt
Qr Qr Qr

—// \Vf7|2Afvdxdt+/ VV -Vf,Af dedt+C,
Qr Qr

I Zs

thanks to the L?-bounds of both Vp, and VV. We integrate by parts twice in space the term
7: and obtain

n= [ AR

2

d
o f
=2 Vi, V(A dxdt—|—2/ dz dt + Ogq, (1
//£2va f'y ( f’y) QTf'yigz:l 8:@8] o0 ( )
92 f 2
:72// fylAf 2 dadt — 2 // [V 41 Af,yd:vdt+2/ f,y dz dt + Oga, (1).
| 102i0x;

Let us notice that the second term on the right-hand side is equal to —27Z;. Hence, moving it to
the left-hand side of the equation and simplifying the expression we obtain

711:7// V£ PA L, dz dt
Qr
d

- §/QT FrlAfy P dzdt — ;//QT & i,jZ:1

0% f,
8Iia$j

2
dz dt + Oy, (1)
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d 2
2// ) 2 2f,
== py|AS dxdt—f// P E dxdt
3. Jar il 3 Jan " 52 | 0ni0;
d 2
2 2 0% f
= Af )2 dedt — = § j T dgdt 1).
+ 3//QT VIAf,|® dz ?)//QTVM1 i, xdt + Opa (1)

We now compute the sum of the last two integrals of the right-hand side

d

e ]
z VIAf, 2 dzdt — = 1%
3 Qr | ’Y‘ 3 Qr i’jZ:1

0?f,
8.’1%‘8.’L‘j

of, 9*V _af, ,
- A
//QT (Z | Oz 0xi0xj Ox; dz dt VIV P | dedt

2
dx dt

< CUD V=V 5172 + 1AV [z IV £ 1Z2)
<G,

having used the assumptions on the velocity field, ¢f. (A1-V'), and the information on the pressure
gradient, ¢f. Lemma 4.2.1. Therefore, we can estimate the term —Z; as follows

d

2 2
<y [[ pianPaca-3 [
3 QO Y Y 3 Qr 'Yi’j2:1

Now we proceed integrating by parts and estimating the term Z,

9 f,

2
dx dt .
axiaxj v + ¢

Ty = / VV - VfAf, dzdt

8f“/ 0°V_0fy // av 0°f, df,
/ /Q . 2= O, Brid; O, dz dt — 3 - Da; B0, Oz, da dt + Opa, (1)

ov 9%*f, Of
<UDVl I9 I - [ §: 2 4rdt + 0o, (1)
7 [ 7 %

1
<Cog [[ 9V VIvE st O 1)
Qr
1
:O+§/ AV.\Vf,Y|2dxdt+OaQT(1)
Qr

1
SO+ 5[AV]|L= IV£51Z2 + Osa (1)
<C.

Therefore, we obtain

I<-Thi+1,
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d 2

<2// N |2dxdt—g// 3|25 et e
= 3 Qr v v 3 Qr ’yi,j:1 83@16;10]
d 2
2 2 *f.
<= A 2dzdt — = —7 | dzdt
3//%“ fy Gl de 3//%%1_;1 dzor,| THTC:

where in the last inequality we used the fact that G is uniformly bounded.

Gathering all the bounds we can write Eq. (4.11) as

2// Ed: 0 f 2dxdt+ 2 // AL, + G|* dz dt
3 QTp,Yij:] 8@83@ 7 3 pr K

T 2
< 3/ (G— W) dxdt+/ AvPrazar+ ¢
o dt Jg 2 Qr ot
< o),
where in the last inequality we used the L'-bound of d;p,. Thus, we have proved the following
bound
d 2
I 3 fas | amare (-5) /) 2
P D dedt+ (v— = py|Afy + GZdxdt < C(T).
3 Qr K i,jZZI 6371896] 3 Qr K v

Finally, thanks to the boundedness of 83 ;V', we have

d 82]7 2
y
p dzdt
d 2 d 9
o v (1.12)
<2// p - dxdt—|—2// p da dt
Qr 72';1 00z, o wi;1 9z:0;
< C(T),

and since v > 1

J[ pianpasar<e |
Qr
<oT

/p,y|Af,y+G|2dxdt+2// py|AV + G|? dx dt
QT QT

X )a

and the first part of the lemma is proven. Now it remains to prove the L*-bound of the pressure
gradient. Integrating by parts we have

/Q\prl“dx=—/QPVAPWIVPVIde—/QPNPW'V(IprP)dm
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Applying Young’s inequality to the first term, we obtain

1 4 2 Op Opy _O°py
L L TN 2 ol
B /Q IVp7| dr < / p“/l p7| dz Z / Py Ox; Oxj Ox;0x; d

i,5=1

Thanks to Young’s inequality, the last term can be bounded from above by

Ip~ Opy 82p7 / / %p,
Z / P oz, Ox; 8:51-8:10] Vpslfde+4 | ph Z O0x;0z;

1,7=1

2

Therefore, we obtain

1 4 1 9 (9 D~
— \V4 < —
/ ‘ pfy| dz < Q/p,y\Apﬂ dx+4/p,y E ‘ 51‘ ij

Since p, < TI(0,T) and thanks to Eq. (4.12), we conclude that

// |Vp,|*dz dt <C(T),
Qr

which completes the proof. O

2

Building on the L*-estimate on the pressure gradient, we are now dedicated to an additional
bound on the pressure which, by itself, yields L'-compactness of the pressure gradient. In
conjunction with the L*-estimate the gradient is then shown to be strongly compact in any
LP(Qr), for 1 < p < 4, ¢f Lemma 4.3.6. The subsequent estimate is an LP-version of the
celebrated Aronson-Bénilan estimate, cf. [9, 26]. At the heart of its proof is the study of an
auxiliary second-order quantity and its evolution along the flow of the pressure equation. We
define w := Ap, 4+ G(py) and, for the reader’s convenience, recall that the pressure satisfies the
equation
Op,

e Ypyw + ypy AV + V., - (Vpy + VV). (4.13)

Lemma 4.3.3 (Aronson-Bénilan L3-estimate.). For all T > 0 and v > max(1,2 — 2), there
exists a positive constant C(T'), independent of v, such that

//Q (w)? dzdt < C(T).

Proof. We compute the time derivative of w

)
ait“ = A(pyw) + 1P A(AV) + v(w — G)AV + 2yVp,, - V(AV) + 2Vp,, - V(w — G)
d 2 d
9%p, 0%p, 0V ,Op
+2 E::I S| T V(w—G)-VV +Vp, - V(AV) + 2;:1 dwiow; i, + Gt
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Young’s inequality yields

d
2 Z 9; 73p73x 836

1,j=1

2 2

2

3ac 0%

d 82]77 d

?

and thus, using Eq. (4.13), we get

)
a%] SYA(pyw) + Yy A(AV) + YwAV — yGAV + (2y + 1)Vp, - V(AV) + 2Vp, - Vu
2 d 82‘/ 2
-9 / _ _— . el .
IVpI*G + Z 8% ax] g;l dzaa;| TV VYV - G'Vp- WV

+ G pyw + yp,G'AV + G'|Vp, |2 + G'Vp, - VV.

We use the fact that .,

>

i,5=1

82p7 2
8:1:1-3%-

1 1
E|AP7|2 = E(w - G)27

and we obtain

0
a%] >yA(pyw) + Yy A(AV) + YwAV — yGAV + (2y + 1)Vp, - V(AV) + 2Vp, - Vu
d 2
1 2 1 o?V
_ 2~ a2~ T2 .
VoG + Jw® = JwG + G ; SridT, +Vw-VV
+G'pyw + yp,G'AV.
We multiply by —(w)_, to find
Ow Lo\ 2 2 / 2
— 5 W= <= )2 +7AV(w)Z ~ ZG(w w)2 +7G'py(w)? — *G (w)- +7GAV (w)-
+ Ed: il 2(w) — 0, G'AV (w) - + |Vp, [*G' (w)
8171'8.13]‘ B 7;0«, B pv B

ij=1
+7A(py (w) ) (w) - +2Vp, - V(w) - (w) -
=Py AAV)(w) - — (27 + 1)Vp, - V(AV)(w) -

+VV - -V(w)-(w)_.
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Hence, using the fact that G’ < —a and integrating in space and time, we obtain

(w®)2 1 3 2
7/ dxi—f// (w)_d:z:dt+C”y// |w|_dzdt+0'y// (w)_ dxdt
Q 2 d Qr Qr Qr

# A (w))(w)- +2Vp. - V(w)- () dad
4
_w//QTzv7 (AV)(w)_ dxdt—(2y+1)/QT Voo - V(AV)(w)_ dedi
b4 -
+/QT V- V(w)_ (w)_ dzdt

Ty

(4.14)

where C represents different constants depending on the L*°-norms of G, G’ and 81»27 ;V, for
,j=1,...,d.

Now, we compute each term individually. Integration by parts yields

Ti= [ A ) )w)- +2Vp, - Vw)-(w)- drdt

=- %/ Vp, - V(w)% dxdt—v// p\V(w),|2dxdt+/ Vp, - V(w)? dz dt
Qr Qr Qr

-(1-2) //QT(w—G)(w)%dwdt—'y//QTpﬂV(w)|2dxdt
(19//%( dzdt+ 177 //QT 2 dzdt — // Py |V (w)_[? dzdt
<(1—%) //QT(w)S_dxdt—fy//Qpr|V(w)_|2dmdt+C”y//QT(w)%dxdt.

We continue by using integration by parts and Young’s inequality to get

L—- / ARV @) dra

:7//Q Py V(AV) - V(w)— dxdt—i—’y/ A Vp, - V(AV)(w)_ dz dt

g// p, [V(w)_ [ dedt + g//mpwww)ﬁdxdt
() T w)m (/] AV ) dxdt)w
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<1// p7|V(w),|2dxdt+1// p, [V(AV)[ da dt
2 Qr 2 Qr
5/12 1/3
+ Oy (// |V(AV)|12/5dxdt) <// (w)idxdt)
QT QT
1/3
// Py [V (w)_] da:dt—l—C"y—FC'fy(// dxdt) ,
QT QT

where we used Hélder’s inequality, the L*-bound of the pressure gradient of Lemma 4.3.2 and
the assumption (A2-V), V(AV) € Lllfc/5(QT).
Using again Young’s and Holder’s inequalities we have

Ty <(2y+ 1) <//9T Vp,|* da dt>1/4 (//QT V(AV)(w)_[? do dt) o
<cw<//9 |V(AV)|12/5dxdt>5/12 (//Q (w)3dxdt)1/3
<cr([[ wara) "

The last term 1is

1 1
Ty =/ —VV .- V(w): dvdt = _7/ AV (w)? dzdt < C’// (w)% dx dt.
QT 2 2 QT QT

Here we have used the fact that  is a compact set which contains supp(p,) and large enough
such that Ap, =0 on 09, then (w)_ = 0 on 0.

Hence, gathering all the estimates and using Holder’s inequality, we can rewrite Eq. (4.14) as

(;_1+611>//QT(w)idxdt<cv<//QT( dxdt) +Cv<//QT dmdt>/3+0%

since we assumed (w°)_ € L%(R%). Finally, for v > max(1,2 — 2/d), we have

[[ wraea<o([] wraa) o[ wrae)” e

which yields
// (w)® dzdt < O(T),
Qr

where C(T) depends on T', |2] and previous uniform bounds, and the proof is concluded.

Corollary 4.3.4. It holds

/ / |Ap,| dadt < C(T). (4.15)
Qr
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Proof. The compact support assumption yields

//Q (Apy + G)dzdt < C(T),

and then, thanks to Holder’s inequality, we have

// |Apy + Gl dz dt = // (ApW—FG)dxdt—i—Q// (w)_ dzdt
Qr Qr Qr
1/3
<o) +cC (// lw|® dxdt)
Qr
T).

< C(

Finally, since G is bounded, we obtain

// Ap,|dedt < C(T).
Qr

Remark 4.3.5. The proof of the Aronson-Bénilan estimate can be made independent of the
L*-bound on Vp, imposing a stronger condition on V', namely V(AV) € LS rather than L2/5.

The bounds provided by Lemma 4.3.2 and Lemma 4.3.3 allow us to prove the strong conver-
gence of Vp,, in L?(Qr) thanks to compactness arguments, in particular the Fréchet-Kolmogorov
theorem and the Aubin-Lions lemma.

Lemma 4.3.6 (Strong convergence of the pressure gradient). For any T > 0 it holds
Vpy = Vpeo,

strongly in L*(Qr).

Proof. Thanks to Lemma 4.3.2, we infer the weak convergence (up to a subsequence) of the
pressure gradient
Vpy = Vpeo, (4.16)

weakly in L*(Qr). From Lemma 4.3.3, we know that Ap, is bounded in L'(Qr), which is
instrumental in establishing space-time compactness in any L"(Qr), with 1 < r < 4. The proof
of this claim is an extension of [109, Theorem 1] to a space-time setting.

To this end, let us define the continuous function v, by setting

Y(s) = —¢, for s < —e¢,
U(s) = s, for —e<s<e,
U(s) =¢, for s > e,

for € > 0. Given ~v,4 > 1, we compute

// IVpy — Vs *¢' (py — psy) dzdt = — // (Apy — Apy)Y(py — ps) dz dt.
Qr Qp
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Next we split the domain into two parts by defining the set
Qr.c:={(z,t) € Qr | [py(z,1) — psy(z,1)| < €}

Thus, since Ap., is bounded in L!'(Q7) (uniformly with respect to ), we have

// \Vp, — Vps[*dadt < Ce.
Qr.

// \pr—Vpﬂdxdt:// \pr—Vpﬂdxdt—k// |Vpy — Vps| da dt
Qr Qr . Q.

< Ce? 42 T2 |Vpy |l 1200y - 19572,

Hence

where in the last line we used Hélder’s inequality. Since p. is compact, it is a Cauchy sequence,
and there exist I'(¢) large enough such that for v,% > I'(€) there holds

// |Vp, — Vps|dadt < Ce'/? + Ce.
Qr

This implies that Vp, is a Cauchy sequence in L'(Q7). Up to a subsequence we have a.e.
convergence. Thanks to Eq. (4.16), the pressure gradient is compact in any L"(Qr), for 1 < r <
4.

O

Remark 4.3.7. The tumour growth rate usually depends also on the presence of nutrients,
therefore one can couple Eq. (4.1), with an equation on the nutrient concentration. Then, the
model reads

on
57; =V (nyVpy) =V (n,VV) =n,G(py,cy),
P (4.17)
c
871: —Acy = —nyH(cy),

where H is the nutrient consumption rate. Thus, system (4.17) is actually an extension of the
model with nutrient studied in [130].

Let us notice that the proofs of the estimates in Lemma 4.3.2 and Lemma 4.3.3 can be adapted
for system (4.17) without any particular difficulty. In fact, the boundedness of the new terms
depending on ¢y, Vc,, and Ac, relies only on the L?-regularity of ¢, and its derivatives, which
comes directly from its equation in system (4.17). Therefore, the strong convergence stated in
Lemma 4.3.6 still holds for this model. We refer the reader to [130] and [61] for the complete
treatment of these additional terms.

4.4 The Incompressible Limit

The results obtained in Section 4.3 allow us to finally pass to the incompressible limit in Eq.
(4.2) and obtain the complementarity relation, Eq. (4.3). Let us point out that, thanks to the
uniform (with respect to ) boundness of Vp, in L*(Q7) and 9;p, in L*(Qr), the complemen-
tarity relation turns out to be equivalent to the strong convergence of Vp, in L?(Q7), given by
Lemma 4.3.6.
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Theorem 4.4.1 (Complementarity relation). We may pass to the limit in Eq. (4.2), as v — o0,
and obtain the so-called complementarity relation

poo(Apoo +AV + G(poo)) =0,
in the distributional sense. Moreover, no, and ps satisfy the equations

ag—;" = Apoo + 100G (pos) + V - (s VV), (4.182)

in D'(Qr), as well as
Poo(l —ne) =0, (4.18b)

almost everywhere.

Proof. Thanks to the bounds in Lemma 4.2.1,

Sk

then, by the Fréchet-Kolmogorov Theorem, p., is strongly compact in LY(Q7), for all T > 0.
We integrate Eq. (4.2) against a test function ¢ € C°(Qr) to obtain

0
// %‘dedt =(1-7) (// Vp7|2(pd;cdt+/Q Vp, - VV(pda:dt)
—7// vapw-dedt—v// P, VV - Vodzdt
Qr or
+7//Q PG (py)pdadt.

Dividing by v — 1 and passing to the limit v — co, we obtain

1| L op, | dedt < C(T),

lim {—// (|Vp7|2g0 +p,Vpy - Vo) dodt

~y—00
—/ (Vpy - VVp+p,VV - Vgo)dxdt—i—// G(py)pdaedt| =
Qr

It remains to identify the limit. By the strong convergence of p, and Vp, in L?(Q1) we have
—// (|Vpoo|2ap—i-poonC>o Vo) d:cdt—/ (Vpoo - VV 0 + poc VV - V) da dt
Qr Qr

+ // pooG(poo)de dt =0,

i.e.,

poo(Apoo +AV + G(poo)) =0,

in the distributional sense.
Now, we prove that Eq. (4.182) and Eq. (4.18b) are satisfied. By Lemma 4.2.1, we have

IV

Ony

+ |V, |dzdt < C(T),



126 CHAPTER 4. Limit of a model with convective effects

and then we infer the compactness of the density. Up to a subsequence, we also have almost

everywhere convergence, both for n, and p,. Passing to the limit in the relation p( N/ - = NPy,

we obtain

a.e. in Q7.
Now, we may pass to the limit in Eq. (4.1) to obtain

ONo

5 V' (Moo VPoo) + NG (Do) + V- (o VV).
From the following relation

1+
FYTLAYV]D,Y =p,Vny +n,Vp,,

we infer po,Vnes = 0, and thus
Noo VPoo = Voo

By consequence, n., and p, satisfy
Ay Apoo + nooG(poo) +V- (noovv)a

which completes the proof. O

4.5 Uniqueness of the Limit Pressure
This section is dedicated to proving the following statement.

Theorem 4.5.1 (Uniqueness of ny and po ). The incompressible limit obtained in the previous
section, (Moo, Do), cf. Eq. (4.4a) is unique.

Proof. In order to prove uniqueness, we assume that (n1,p1) and (ne,p2) are two solutions and
let ©2 be a compact, simply connected Lipschitz set that contains the union of their supports.
Upon subtracting the equation for no from the equation for n; we see that difference, ny — no,
satisfies

8(711 — ng)

ot - A(pl 7])2) -V ((m - Tlg)VV) - (an(pl) - ’leG(pQ)) =0. (419)

For the sake of simplicity, we shall use the short-hand notation G; = G(p;), for i = 1,2, and
u = VV. Multiplying Eq. (4.19) by a test function ) = ¢ (x,t) and integrating by parts we get

// |: ny — n2 £ + (p1 pg)A’(ﬂ — (n1 — ng)Vw Su -+ (anl — ?’lQGg)w dxdt = 0. (420)
Qr

The strategy is to employ Hilbert’s dual method to establish uniqueness. To this end we introduce
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the following notation

Z :=mn1—n2+p1 — P2,
ny —n9
A = z
P1— P2
B =——=
zZ
G1—G
R el §
P1 — P2

where we set A = B = 0, whenever Z = 0. Using this notation we rewrite Eq. (4.20) which
becomes

// Z {A?f + BAY — AVY - u+ (AGy — BC)y | de dt = 0. (4.21)
Qr
Note that, by definition,

0<AB<L1, aswellas 0<C< sup |G'(p)l.
0<p<pm

In order to apply Hilbert’s duality method, we have to find a solution, v, to the dual problem

0
Aa—:ﬁ) + BAY — AVY - u+ (AG, — BC)y = A€, (4.22)
in Qr, and ¥ = 0 on 92 x (0,T). The equation is complemented by the final time condition
Y(x,T) = 0 for z € Q. Here, £ is an arbitrary smooth function. If solved, substituting the
solution to the dual problem, 1, into Eq. (4.21) would yield

/ [ Azgdsar / /Q (1 — n)é da dt = 0, (4.23)

thus proving uniqueness of the density. Subsequently, from Eq. (4.20), the uniqueness of the
pressure follows.

However, since the coefficient of Eq. (4.22) are not smooth and A and B can vanish, the
equation is not uniformly parabolic and we need to regularise the system first. To this end,
let {Ar}, {Br}, {Cx}, {us}, {G1,x} be approximating sequences of smooth and bounded functions
such that

1
| A = Akl 2@r) 1B = Bill2(0r)5 IC = Crll L2205 |G1 = G1 il L2 (00 1 — Uk 2200y < e

(4.24a)
such that
1/k < Ap, B <1, aswellas 0<Cy, |Gk <C, (4.24b)
and
10:CrllLr (@r) IV Gkl L2 (0r) < C, (4.24c)

where C' > 0 is some positive constant. Using the regularised quantities, we consider the regu-
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larised equation

O
ot

in Qr, and ¢, = 0, on 90 x (0,T), and ¥(T,x2) = 0, in Q. Here, £ denotes an arbitrary
smooth test function which is crucial for this approach, as discussed above, c¢f. Eq. (4.23). Since
the coefficient By /A is smooth and bounded from away from zero, the equation is uniformly
parabolic, whence we infer the existence of a smooth solution, ).

+ —Awk — Vi - uy, + (Ql,k - Bkc’“)m 3 (4.25)

Using ¢y, as a test function in Eq. (4.21) and thanks to Eq. (4.25) we get
3¢k
0= + BAYy, — Au - Vi, + (AGy — BC)y, | dz dt
QT
Bi.C
// ZA(—Az/)k + g - Vi, — (gl,k - ’“’“)wk + f) drdt
Qr
+ / Z(BAY, — Au - Vip, + (AG1 — BC)y) da dt
Qr
// ZA¢ +/ z (A= ) (~ At + o) da
QT QT
/ Z Bk — ( Ay + Ckl/)k) dzdt + / ZB(A’(/)k — Cpy) dx dt
QT QT

+// ZB(—Ady, + Criby) dxdtJr// Z A (Gr — Gr ) der dt
Qr

+ //Q ZAVYy - (ug, — u) da dt.

Using the definition of A, B, and Z, we finally obtain

// (ng —no)édadt =T} —I? + I} — I} + I},
Qr
where

I,i ://QT(nl — N2+ P1 —pz)I(A .Ak)(A’(/Jk — Ckwk) dx dt,
I ://Q (n1 —n2 + p1 — p2)(B — Bi) (A — Cipy) da dt,
I,? Z//Q (p1 —pg)(C _Ck)wk dacdt,

I :// (n1 — n2)(G1 — G1 k) ¢x da dt,
Qr
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Ip :// (n1 —n2)Vdy - (u — uy) da dt.
Qr
We aim at showing that ‘
lim I} =0,
k—o0

fori=1,...,5, in order to be able to conclude that n; = nsy. Before proving the convergence of
each I}, we need certain uniform bounds which we collect and state in the subsequent lemma.

Lemma 4.5.2 (Uniform bounds). There exist a positive constant C > 0, independent of k, such
that

sup ||l < C,  sup [|[Vr(t)lr2) < C,
0<t<T 0T (4.26)

1B/ Ak ? (At — Cuon) | 22 ) < C.

Proof. The L*-bound comes directly from the maximum principle applied to Eq. (4.25), since

¢ is bounded and
BCr

A
Now we multiply Eq. (4.25) by (Avy — Cxtbr) and integrate in (¢,T) x Q to obtain

/ / d |V77[1k‘2d ds _/ /Q ; atwkd rds +/ /A | Ay, — Crtpe|? dz ds

T T
=/ /U'V¢k(A¢k—Ck¢k)dxd8+—/ /%,k%(ﬁm—ck%)dxds
¢ Jo ¢ Jo

Il IQ

Gk — < C

(4.27)

T
+/t /Qﬁ(ATbk—Ckl/Jk)dde,

Is

where we shall bound each of the terms, Z;, for i = 1, 2, 3, individually. First note that

T T
T, = / / u - Vi Ay deds — / / u - VpCrtpp dz ds
t Ja t Ja

=111+ 1.

Integrating by parts in the first term of Z; we get
7 _//Zaumwawdxds/T/z“: ) Ok Dk
b Ox; Ox; Ox; v Jo 52 O0x;0x; Oz,

du') dy, D, oV
/ / 3:5] da, O, dxds—i—/t . 5 V -udxds
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1 T
< (@vull= + 519 ule= ) [ [ 1vonacas
t Q

where u(? is the i-th component of the vector u and Vu is the matrix with element (Vu); ; =
9;ul. Similarly, we observe

T
ILQ == —/ / u - V’L/chk’(/}k dzds
t Q

1 1
< S lullze @ ICk L @ 1kl 72 r) + 51 VT2 0r)

<C+ C”Vﬂ’k”%%QT);
with C' > 0 independent of k, after applying Young’s inequality. Hence
T < C+ClIVYrlizay)

Next, let us address the term Zs. We observe that

T
Iy = —/t /Qngwk(Al/fk — Crppr) dz ds

T T T
= / / g17k|Vwk|2 dzds + / / ViV, - Vng dzds + / / ngck?bk dx ds.
t Q t Q t Q

We note that ||G1 x| 1o (0,) Whence we obtain bounds for the first and the last term, respectively.
In addition, we recall [|[VG1 x|/z2(0,) < C, whence, upon using Young’s inequality, we get

T T
1 1
/ /Qi//kvlffk VG pdrds < §||wkHL°°(QT)”ngkHQL?(QT) + §||77/}k||L°°(QT)/ /Q|V¢k|2 dzds
t t

T
<C+C/ /|V1/Jk|2dxds.
t Jo
In combination we get
I, < C+ O Virlzim.

with C' > 0 independent of k. Last, let us address the term Z3. We readily observe

T
T :/t /Qi(Ai/)k — Crtpy) dw ds

<G,

integrating by parts twice and using the L*>°-bounds. Using the bounds obtained above, the
right-hand side of Eq. (4.27) can be bounded as follows

C+CIVYrlT2
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[ LA s [ [ St [ [ St

[ L e [ [ s [ [ Biso-sta
o [ GO,

> LIV 3ag0) — 10Culcr ) ke + / [ B ian - asas

— 5||Ck||L°°(QT)HwkH%2(QT)

> *HV?ﬁk HL2(Q)+/ / |A¢k—ck¢k|2dl‘d3—c

having used the regularity assumptions on the regularised coefficients, cf. Eq. (4.24).
Finally, since Cy, is positive, we get

/|vwk |2dz+// ZE Ay, — Cutog |2 dads < C’+C/ /|V1¢)k|2dxds.

Introducing the notation
= / | Vi (s, z)|? de,
Q

we observe that Eq. (4.28) now reads
T
Qt) < C’+C/ Q(s)ds
¢

and by Gronwall’s lemma we conclude that

sup Q(t) = sup [V (8)[|720) < C.
0<t<T 0<t<T

The third bound of Eq. (4.26) comes a posteriori from Eq. (4.28), which completes proof.

Thanks to these uniform bounds, we obtain

I = //QT(m — N2+ p1 —pz)I(A Ap) (At — Cpapy) da dt

< C||(Br/Aw) 2 (A — ARl L2 0r)
< CRY2|A = Aplr2q

< C/kYV2,

(4.28)
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and7 similal ly7
Qp

< CkY?|B = Bilz2n)

< /K2,

Finally, we have
= [[ i-mc-covasa
Qr

< C|C = CkllL2(ar)

< C/k,
and
Iy = // (n1 —n2)(G1 — G p)thn da dt
Qrp
< CGr = Gipllrzor)
< C/k,
as well as

D= //QT(nl —n2)Vhy, - (u—ug)dedt

< Cllu — ugl|L2(ar)
< CJk.
In summary, we have
// (ni —no)édadt = I} — I+ 1} — I} + I} — 0,
Qr

as k — oo, and therefore n; = ny. From Eq. (4.20) we have

//Q ((p1 — p2) AY + n1(G(p1) — G(p2))¥) dz dt = 0.

Taking a smooth approximation of p; — po as test function we get

//QT |V(p1 — po)|? dedt = //QT n1(G(p1) — G(p2))(p1 — p2) dz dt,
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and, by the monotonicity of G, ¢f. Eq. (A-G), we conclude that p; = ps. O

4.6 Velocity of the boundary for patches

Let us recall that the Hele-Shaw problem is given by

{ 7Apoo =AV + G(poo)a in Q(t),

(4.29)
v =—(Vpso + VV) v, on 0Q(t),

where v indicates the outward normal to the boundary, and Q(¢) := {z; po(z,t) > 0}. Here
we denote v the normal velocity of the free boundary. Below we give a characterisation of
patch solutions, i.e. , the indicator of the growing domain described by Eq. (4.29) satisfies the
incompressible limit equation, ¢f. Eq. (4.4a). To this end, we suppose that the boundary 0€Q(¢)
admits a Lipschitz parameterisation 0Q(t) = {z(t, ) | € [0,1],2(¢,0) = x(¢,1)} that satisfies

%x(t, o) = —(Vpeo(z(t, ), t) + VV(x(t, @), t)). (4.30)

Then the characteristic function

Noo(t) = o). (4.31)
satisfies the limit problem, Eq. (4.4a).
Theorem 4.6.1 (Characterisation of the Free Boundary Velocity). Let Qo be a bounded and
Lipschitz continuous domain. Let us consider the solution (Q(t), pso) to the free boundary prob-

lem, Eq. (4.29), with initial data Q. Then, the characteristic function in Eq. (4.31), satisfies
Eq. (4.4a).

Proof. We have to show that n(t) = o) satisfies

Onoo
% =Ap+ V- (nooVV) + nooG(pOO)ﬂ

in the distributional sense. Given a test function v = ¢ (x), by Reynolds’ transport Theorem
and Eq. (4.30), we have

ONoo d
/ Y(x)—F,—dr = */ Y(x) g dz = / vip(x) do = véaq(t)-
Rd 8t dt R4 OQ(t)

On the other hand, it holds
Apoe + V- (noovv) + nooG(poo) = _(61/poo + auv)68§2(t) = U589(t)7

in the sense of distributions, as can be seen by the following argument. First, by the definition
of Q(t) as the positivity set of p, and the fact that n., = T« we observe that the weak
formulation of the left-hand side can be manipulated as follows:

/ Voo Vi — 1g TV - Vi + 1s Gpoo )tz = / Vpao - Vi = TV - Vi + Glpoo)) do.
R4 Q(t)
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Integrating by parts the right-hand side, we obtain

/Q(t)(ApOO + AV 4+ G(poo))p dx —/

29(t)

= 7/ Oy Poct da — / o, Vi dr
29(t) 20(t)

where we used Ap + AV + G(pso) =0, in D', by Eq. (4.29). O

B, poot) dz — / B,V da
a9(t)



Chapter 5

Convergence rate for the
incompressible limit of nonlinear
diffusion-advection equations

Abstract
The incompressible limit of nonlinear diffusion equations of porous medium type has attracted a
lot of attention in recent years, due to its ability to link the weak formulation of cell-population
models to free boundary problems of Hele-Shaw type. Although vast literature is available on
this singular limit, little is known on the convergence rate of the solutions. In this work, we
compute the convergence rate in a negative Sobolev norm and, upon interpolating with BV-
uniform bounds, we deduce a convergence rate in appropriate Lebesgue spaces.

This chapter is taken from N. D., T. Debiec, and B. Perthame. Convergence rate for the incom-
pressible limit of nonlinear diffusion-advection equations, Accepted for publication in Annales de
I'Institut Henri Poincaré C, (2021).

5.1 Introduction

We consider the following nonlinear drift-diffusion equation

on

i V- (nVp+nVV) =ng, (5.1)
posed on R? x (0,T), d > 2, where n describes a population density and p = p(n) is the density
dependent pressure. The reaction term on the right-hand side represents the population growth
rate, g = g(z,t), while V =V (x,t) is a chemical concentration. The pressure is assumed to be a
known increasing function of the density. We consider the following two representative examples:

0
v—1

py = Py(n) == oy >, (5.2)

135
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and

. e>0. (5.3)

We are concerned with calculating the rate at which solutions to Eq. (5.1) converge to the so-
called incompressible (or stiff pressure) limit, as described below. More precisely we prove the
following results.

Theorem 5.1.1 (Convergence rate in H~'). Assume (A L'data), (A drift), and (A reaction)
(for d = 2) and (A-reaction’) or (A-reaction”) (for d > 3). For d = 2 assume addition-
ally (A-2D). Then, for all T > 0, there exists a unique function n., € C([0,T); L*(RY))
such that the sequence n. (resp. ne) converges, as vy — oo (resp. € — 0) to ns strongly in
L®(0,T; H~Y(R?)) with the following rate

c(T) 0_ 0
tes[%%] 174 () = noo (D) || gr—1 (may < e + Iy = Mool gr-1(ma)- (5.4)

Theorem 5.1.2 (Convergence rate in L*/3). Under the assumptions of Theorem 5.1.1, and
additionally (A-BV data), (A-BV drift) and g € BV(R? x (0,T)), we also have ny, € BV (R? x
(0, 7)) and
C(T) 0 0 11/2

t:g%} ”n’Y(t) - nOO(t)||L4/3(Rd) < W + Hn'y - nOOH[_'I—l(]Rd)' (55)
Theorem 5.1.3. Under the assumptions of Theorem 5.1.1, there exists a function ps, € L™ (R%x
(0,T)) such that, after extracting a subsequence, the sequence p, converges to p, weakly* in
L>((0,T) x R?) and the following relation holds

Poo(l —Mnoo) =0, (5.6)
almost everywhere in (0,T) x R?,

The above graph relation between the limit pressure and density is well-known in the literature.
In particular, when considering tumor growth models it implies that saturation holds in the
region where there is a positive pressure, which is usually referred to as the region occupied by
the tumor. Here we provide a new proof that does not require strong convergence of the density
nor the pressure.

In fact, the limit no, satisfies (together with a limit pressure, p) a free boundary type problem,
discussed shortly below, and the question of passing to this limiting problem has been vastly
addressed in literature. Our contribution is to provide a new proof together with a convergence
rate.

Motivation and previous works. Models like Eq. (5.1) are well-known and commonly em-
ployed in a variety of applications, for instance in bio-mathematical modelling of living tissue.
In the case V =10, g = 0, it is well-known that if the pressure satisfies the power law (5.2), then
Eq. (5.1) is actually the porous medium equation

(5.7)

whose well-understood properties (e.g. regularising effects) facilitate the analysis notably. The
other choice of the pressure, given by Eq. (5.3), is well-known in kinetic theory of dense gases
where the short-distance interactions between particles are strongly repulsive. In this spirit it
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has been used in models describing collective motion or congested traffic flow, see [96, 128, 68,
21, 22]. Despite having a singularity when the population density reaches its maximum value
(here standardised to 1), this choice of pressure gives rise to a tissue growth model with similar
properties — indeed, the crucial a-priori estimates are the same and the limiting free boundary
type problem is almost identical. A difference is that the singularity in the pressure prevents the
cell densities to ever rise above the maximum value 1. Taking advantage of these similarities,
we shall henceforth index the solution of Eq. (5.1) by v, n = n., and consider the singular limit
v — oco. Each of the assumptions and properties we discuss below has its natural e-analogue by
putting € = 1/~.

Let us recall that the study of the incompressible limit has a long history and it has been
investigated for many different models related to Eq. (5.1). The first result on the limit v — oo
has been obtained for the classical porous medium equation (5.7). The most interesting difference
from the case with a non-trivial reaction term is that the free boundary problem arising in the
limit turns out to be stationary. In fact, as proven in [45] the limit density, n., is independent
of time. This result can be intuitively explained by noticing that the degenerate diffusivity of
Eq. (5.1), namely ynY~! converges to 0 if n < 1, while it tends to infinity in the regions where
n > 1. Therefore, while there is no motion in the regions where the density is below 1, where
the solution lies above this level it tends to collapse instantaneously, c¢f. [88]. In the absence of
reaction terms and, hence, of any evolution process in the Hele-Shaw problem, the limit pressure
turns out to be constantly equal to zero, po, = 0.

Introducing non-trivial Dirichlet boundary conditions changes drastically the behaviour of the
limit free boundary problem. In fact, the limit pressure no longer vanishes and this triggers the
evolution of the interface in accordance with Darcy’s law (which states that the velocity of the
free boundary is proportional to the pressure gradient). This problem was addressed in [87],
where the authors study the incompressible limit of the porous medium equation defined in
[0,00) x 2, where Q is a compact subset of R?, and the pressure satisfies p(x,t) = f(z,t) on 95,
for some f(xz,t) > 0. In the absence of Dirichlet boundary data, i.e. f = 0, and for Q large
enough, the problem is actually the same as in [45] and it still holds that 1. = ne(x) as well
as Poo = 0. On the other hand, if one imposes the pressure to be strictly positive somewhere
on 0L, i.e. f # 0, then the pressure gradient no longer vanishes and the dynamics of the limit
problem is governed by Darcy’s law.

The same non-stationary effect, although due to different dynamics, is produced by a non-
trivial reaction process. The incompressible limit for Eq. (5.1) without convective effects, i.e.
V = 0, and with a pressure-dependent growth rate g = G(p), was first addressed in the sem-
inal paper [130] by Perthame, Quir6s and Vazquez. They prove that it is possible to extract
subsequences of n., and p, which converge in the L'-norm to functions

neo € C([0,T); L' (RY)) N BV(R* x (0,T)), poe € L*(0,T; H'(R?)) N BV(R? x (0,7)), (5.8)

satisfying the following equation in the sense of distributions on R? x (0, T)

ONoo
— —A oo = Noo o)y .
52— Apag = 71 Gl(pc) (59)
and the following relations
(1 - noo)poo =0, (510)
almost everywhere, as well as
Poo(Apos + G(pes)) = 0, (5.11)

in the sense of distributions. The last equality is usually referred to as the complementarity
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relation and represents the link between the limit equation and the free boundary problem. In
fact, denoting by Q(t) := {z € R? | poo(z,t) > 0} the region occupied by the tumor, from
Eq. (5.11) one can see that the pressure satisfies an elliptic equation in the evolving domain
Q(t) with homogeneous Dirichlet boundary conditions. The free boundary 9€Q(t) is moving
under Darcy’s law, which finally allows to obtain the fully geometrical representation of the
limit problem. A derivation of the velocity law can be found in [130] for initial data given by
characteristic functions of bounded sets, although the proof relies on formal arguments. A weak
(distributional) and a measure-theoretic interpretation of the free boundary condition have been
recovered in [123], while in [102] the same result is achieved through the viscosity solutions
approach.

An analogous result regarding the limit v — oo has been shown in [96] for the pressure law given
by Eq. (5.3). The authors obtain virtually the same limiting problem, the only difference being
that the complementarity relation (5.11) becomes

P2 (Apos + G(poo)) = 0, (5.12)

see [96, Theorem 2.1]. Let us point out that due to uniform estimates in L>° the convergence of
the sequence of densities is also true in any LP-space, p < co.

The Hele-Shaw limit for the porous medium equation including convective effects, c¢f. Eq. (5.1)
with V' # 0, and possibly reaction terms, has attracted a lot of interest as well. Similarly as for
the driftless case, when passing to the limit v — oo, the model converges to a free boundary
problem where, however, the interface dynamics is no longer driven only by Darcy’s law, but also
by the external drift, i.e. the normal velocity is given by —(Vpeo+VV)-v, where v is the outward
normal direction. The asymptotics as v — oo has been addressed both for local and non-local
drift, in the absence of reactions, see for instance [1, 57], where the authors adopt techniques
relying on the gradient flow structure of the equation. In [103], Kim, Pozar and Woodhouse
include also a linear reaction term into the equation and are able to prove the convergence to
the incompressible limit using viscosity solutions. Recently, in [63] the authors show that the
complementarity condition including a drift, i.e.

poo(Apoo +AV + G(poo)) = O,

holds in the sense of distributions.

In recent years, many other variations of the model at hand have been proposed together with
the analysis of their incompressible limit. We refer the reader to [61] for a model including
the effects of nutrients, [93] for the generalization of the driftless model with a non-monotone
proliferation term, and [147] for the model including active motion. In order to account for
visco-elastic effects, several models propose to use Brinkman’s law instead of Darcy’s law [132].
Moreover, cross-reaction-diffusion model using Darcy’s law, Brinkman’s law or singular pressure
law have attracted a lot of attention as they raise challenging questions both on the existence of
solutions and their incompressible limit, see [115, 31, 94, 47, 65, 66].

Our aim is to compute the rate of convergence of the solutions of Eq. (5.1) as € — 0 or v — oo in
Eq. (5.3) or Eq. (5.2) respectively. To the best of our knowledge the only result in this direction
is given by Alexander, Kim and Yao in [1] for the porous medium equation including a space-
dependent drift. Passing to the incompressible limit, the authors are able to build a link between
the Hele-Shaw model and the following congested crowd motion model

on+V-(nVV)=0, if n<l,

with the constraint n < 1. To prove the equivalence of the two models, they study the convergence
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as 7 — oo of the porous medium equation with drift, ¢f. Eq. (5.1) with G = 0. Unlike [130],
their approach is based on viscosity solutions. On the one hand, they are able to prove locally
uniform convergence of the viscosity solution of Eq. (5.1) to a solution of the Hele-Shaw model.
On the other hand, they show the convergence of the porous medium equation with drift to
the aforementioned crowd motion model in the 2-Wasserstein distance. Therefore, they prove
the equivalence of the two models in the special case of initial data given by “patches”, namely
n® = 1g, for a compact set €y. In fact, the locally uniform limit holds only for solutions of
the form of a characteristic function, while the limit in the 2-Wasserstein metric holds for any
bounded initial data, 0 < n® < 1 with finite energy and second moment. Moreover, while the
local uniform convergence only requires a strict subharmonicity assumption on the drift term,
i.e. V€ C?(R%), AV > 0, stronger regularity is needed to pass to the 2-Wasserstein limit. More
precisely the authors make the following assumptions on V' = V(x): there exists A € R such that

inf V() =0, D2V (z) > My, VreRY |AV]| oo ray < C.
zER4

Under these assumptions, they derive the following rate of convergence, c¢f. [1, Theorem 4.2.]

C

sup Wa(ny (1), neo(t)) < VTR

t€[0,T]

where C'is a positive constant depending on [ Vn?, |AV||s and T

The main result of this paper offers an improved polynomial rate of convergence in a negative
Sobolev norm and the strong topology of Lebesgue spaces, see Theorems 5.1.1 and 5.1.2 above
and Corollary 5.1.7 below. Let us remark that the 2-Wasserstein distance and the H~'-norm
can be bounded by each other when the densities are uniformly bounded away from vacuum,
see Appendix 5.A. We refer the reader to [144, Section 5.5.2|, and references therein, for further
discussion about the equivalence of the two distances.

Preliminaries and assumptions. Throughout this paper we make the following assumptions
on the components of the model. Firstly, we assume that Eq. (5.1) is equipped with non-negative
initial data n9 (resp. n?) such that there is a compact set K C R? and a function nd, € L'(R?)
satisfying

suppng C K, pg = Pv(ng) € L*RY), 0< ng € LY(RY), ||ng —nd|lp1gay = 0,

PO = P.(n%) € L(RY), 0<nl € LXRY, [n® —nl o ae) = 0.
(A-L'data)
Note in particular that the compact support assumption is needed only in the power law pressure.
This is because when the pressure is given by Eq. (5.3) we can achieve our main estimate without
a uniform bound for the pressure in L, which is not the case for the power law. Having uniformly
compactly supported data allows to derive a maximum principle for the equation satisfied by the
pressure. When additionally specified, we assume further

nd € BV(RY),  A(n))" € L'(RY), (A-BV data)

uniformly in 7. Secondly, the chemical concentration potential, V', is assumed to satisfy

D?*V > ()\ + ;tr(DQV)>Id7 for some \ € R, (A—drift)
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and additionally
D*V € LR x (0,T)), VV € L®R?x (0,T)), VAV € L*(R? x (0,T)). (A-BV drift)

Thirdly, we assume the proliferation rate, g = g(z,t), to be locally integrable and satisfy one of
the following assumptions

gy € L¥(RY x (0,T)) and Ag >0, (A-reaction)

where fi := max(f,0) denotes the positive part of the function, or

gy € L®(R?Y x (0,T)) and (Ag)_ € L=(0,T; LY?(RY)), d > 3, (A-reaction’)
where f_ := max(—f,0) denotes the negative part of the function, or in alternative
g+ € LR x (0,T)) and Vg e L>(0,T; LYRY)), d > 3. (A-reaction”)

Under these assumptions one can derive several crucial uniform estimates for Eq. (5.1).

Lemma 5.1.4 (A-priori estimates). Under assumption (A-L'data) the family n., of solutions
to Eq. (5.1) satisfies the following bounds, uniformly in ~y

1. suppp,(t) C K(t) for some compact set K(t),

2. there exists a positive constant pyr = par(T) such that 0 < py < par, 0 < ny < (%pM) ﬁ,

3. ny € L®(0,T; L*(RY)).

Assuming in addition (A-BV drift) we also have n, € L>(0,T; BV (R?)). When the pressure is
given by Eq. (5.3) points 2. and 3. still hold, and moreover 0 < n. < 1.

These bounds are enough for our purposes. Their proofs are fairly standard and derived in full
detail in [130, 96, 93, 63|, so we omit them here. Let us point out that to fully justify passing
to the incompressible limit v — oo one usually needs to derive additional estimates for the time
derivative of the population density and the pressure.

Remark 5.1.5 (More general drift term). It is easily seen in the proof of our main results that
we do not require the drift velocity to be a gradient. Indeed, one can replace the term nVV
in Eq. (5.1) by nU(z,t) with appropriate modifications to the regularity assumptions (A-drift)
and (A-BV drift).

Our approach is to first obtain a rate of convergence in the homogeneous negative Sobolev
norm H~! and then interpolate with the uniform bound in BV to deduce a convergence rate in
Lebesgue spaces. To realise this program we make use of the diffusion structure of the problem
and “lift” the Laplacian. More precisely, we define the function ¢ to be the solution of the
following Poisson equation in R¢ x (0,7

—Apy = ny,, (5.13)

given by the convolution ¢, = K x n,, where K is the fundamental solution of the Laplace



5.1. Introduction 141

equation. Explicitly, for x # 0,

—%ln|x|, for d=2,
7r
K(z) = (5.14)

1 2—d
S for d> 3,
qd— 2y fer

where wy denotes the volume of the unit ball in R<.

Suppose for now that d > 3. Then, since n, € L*(R?) N L>=(R?), a straightforward application
of Young’s inequality shows that

d
QOry S Lp(Rd)7 for p > m, (515)
and
Ve, € L*(RY). (5.16)

If d = 2, then we do not have ¢, € L™ (R?) and we cannot apply Young’s inequality to deduce
square-integrability of Vi, (indeed, this is an endpoint case). However, let us point out that, for
the power law case, since by Lemma 5.1.4 (point 1.) solutions are always compactly supported
we can take ¢, to be the solution of the Poisson equation on K(T') C R? with homogeneous
Dirichlet boundary conditions. In this case, we know that Vi, € L?(K).

Under suitable conditions it is possible to infer the L2-integrability of V(¢ —¢¢/) in R?, which is
needed for the singular pressure law. In this case, we impose the following additional assumptions

g=g(t), VVeLY((0,T)xR?), / lz| n? < oo. (A-2D)
RQ

The bound on the first moment is propagated in time and guarantees the well-posedness of Kxn..
Taking a space-independent growth rate implies that the difference n. — n. has zero mean for
all times. Therefore, we have

/2(115—716/):0, /2 |]|ne — ner| < 00,
R R

from which we conclude that V(p, — @) € L?(R?).

Notice that the L' convergence of the initial data implies the convergence of Vgog to VU, in
L?. Moreover, the uniform bounds on n, together with the Hardy-Littlewood-Sobolev inequality
imply that the convolution n, — K x n, is a bounded linear operator from L2d/d+2 to L2,
Therefore there is a subsequence V., which converges weakly in L? to Vipuo.

Finally, we recall that the gradient Vi can be used to represent the H~'-norm of the function
n as follows

IR -1 way = VOl L2 (Ra)- (5.17)

Having obtained a convergence rate in the negative norm and assuming additionally the BV
bounds provided by Lemma 5.1.4, we will use the following interpolation inequality, proved (in
greater generality) by Cohen et al. [56] (see also [54]), to deduce a rate in the Lebesgue 4/3-norm:

Lemma 5.1.6 (Interpolation inequality). There exists a constant C = C(d,T) > 0, such that,
for allt €10,T],

I (®)]| sty < Clo(t) gy oy | VEE) | oty (5.18)
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Thus, Theorem 5.1.2 is a simple consequence of Theorem 5.1.1, Lemma 5.1.6 and the uniform
bound in BV provided by Lemma 5.1.4.

By the usual log-convex interpolation of the LP-norms we readily obtain the following corollary
to Theorem 5.1.2.

Corollary 5.1.7 (Convergence rate in L?).

C
Sup. [l 1) = e (Ol o) < = (5.19)
t€[0,T) Y
with .
La fOT‘ pE (174/3]a
= 1p (5.20)
3 for pef4/3,00).

Remark 5.1.8 (Finite speed of propagation). When one assumes additionally that the initial
data have uniformly compact support, then at any later time the support of n., is still uniformly
contained in a bounded set (this is one of the fundamental properties of the porous medium
equation, see [130, Lemma 2.6] and [96, Lemma 3.3] for the model with a non-zero right-hand
side). Therefore one can consider problem (5.1) to be posed on a bounded subset of R¢ with
homogeneous Dirichlet boundary condition. Naturally our results remain true in this case with
the improvement that we obtain a rate ~ 4~1/% in any LP-norm, 1 < p < 4/3. In particular this
covers the case of “patches”, i.e. , when the initial distribution is given by an indicator function
of a compact set, as considered recently in [1].

Plan of the paper. The remainder of the paper is devoted to proving the main theorem. It turns
out that the equation can be conveniently trisected and dealt with term-by-term: considering
separately the pressure-driven advection, drift, and proliferation. Indeed, it is the diffusion term
that governs the rate of convergence. The proof is therefore structured as follows. In Sections 5.2
and 5.3 we prove the main theorem for the choice of the singular pressure in Eq. (5.3) and the
power law pressure in Eq. (5.2) in the absence of reactions and drift. Then in Section 5.4 we
explain how to treat the additional terms.

Notation. Henceforth we shall usually suppress the dependence on time and space of the
quantities of interest, only exhibiting the time variable in the final results. Similarly, for the sake
of brevity, all space integration should be understood with respect to the d-dimensional Lebesgue
measure.

5.2 Singular pressure law
In this and the following section, to explain the main idea in a simple situation, we ignore the

drift and proliferation terms in Eq. (5.1) and consider only the nonlinear diffusion equation

on.
ot

— V- (neVpe) =0, (5.21)

assuming now the pressure law as in Eq. (5.3). In this case we can rewrite Eq. (5.21) as

on.
ot

— AH.(n.) =0, (5.22)
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with
e

H.(ne) := /One spL(s)ds =€ +eln(1 —n,). (5.23)

Recall that we have the uniform bound n. < 1, so that the right-hand side above is well-defined
with In(1 —n.) <O0.

1—n,

Let us take € > ¢ > 0. We subtract the equation for n. from the equation for n. to obtain

O(ne —ner)

S = AlH(ng) = Ho(ne) = 0. (5.24)

Now we pose Eq. (5.13) for both solutions n. and n.
—AQOG = N, —A(pel = N/

Then Eq. (5.24) reads

_Aw — A(H(ne) — He(ne)) =0, (5.25)

and we test it against ¢, — @ to derive

1d

5& o |V(<Pe - <)0€/)|2 — /Rd(ns — nef)(He/(nel) — He(ne)).

We now proceed to estimate the right-hand side. On the set {n. > ne} we make use of non-
negativity of H.(n.) and non-positivity of the logarithmic term in H. (n.) to write

/ (e = no)(Ho(ne) — Ho(nd) < ¢ / (e —no) " < ¢ / ner.
{(ne>nu} {(ne>n.} 1= ne {ne>na)

Similarly, on the complementary set {n. < ne} we have

/ (e —ne)(Ho (ne) — Ho(n)) < e/ (e — ne) —— < e/ Te.
{ne<na) {ne<ng) 1—ne {ne<ny)

Therefore we have

1d
T |v(90e_§06’)|2 Se/ ne+€// Ne
2dt Rd {ne<n} {neznga}

< €lne(®)llzrra) + € Ine(t)

|1 (RaYs

and since n, and n. are uniformly bounded in L>°((0,T), L'(R%)) with respect to € and ¢, we

obtain
1d 2 /
== | IV(pe— o))" < Cle+€). (5.26)
2dt Jpa

Integrating in time on [0,¢) we then have

L[ 96— 0P <Ctle+ )+ [ V(e p)OF (5:27)
R4 R



144 CHAPTER 5. Convergence rate of the incompressible limit

It follows that the sequence (V). converges in the strong topology of L°°((0,7), L%(R%)) to
Vpoo. Consequently, letting ¢ — 0, we deduce the following rate for the convergence n. — no
in the space H~'(RY)

Ine(t) = oo (B)l| 71 oy < CVEVE+ I = 1o g1 . (5.28)

where C' is a positive constant defined as follows

C= \/2 sup |1l L1 (i x 0,1)))-
e>0

Assuming the additional BV bounds for the initial data, we get from Lemma 5.1.4 that n. is
uniformly bounded in L>(0,T; BV (R?)), and we can use Eq. (5.18) to obtain the rate €!/4, as
announced in Eq. (5.5). Thus Theorems 5.1.1 and 5.1.2 are proved in this special case.

5.3 Power law

Let us now consider Eq. (5.21) with the pressure law given by Eq. (5.2) and demonstrate that
the method employed in the previous section remains valid. We now have the porous medium
equation

on.
— — An) =0. 5.29
5 ) (5.29)
Let us recall that there exists a positive constant pp; such that
!
’y ¥ 1 ’y 7171
0<7_1nW < P 0<7,_1n7/ S Pm

Let us define

1
— 1\ B
Cy = (7 5 ) p}\//j(ﬁf D and Ny 1= My

Then it immediately follows that 7, < 1 and solves the equation

Oy — A7) = 0.

Following the same argument as before, we define ¢~ and ¢, by
—Apy = ny, —Agy = 1y,

Q6. Oy = @y /Cy.
Without loss of generality, we take 1 < v < ’. Now we subtract the equation for 7,/ from the
equation for 7, to obtain

8@7 — ﬁv’)

TG AT =o. (5.30)

Then from Eq. (5.30) we have
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and we test it against ¢, — ¢,/ to deduce

]_ d - - 2 e /71~ ’ - -
pii LIV = e0P = [ (@7 - A - )
® B (5.31)
1~ ~ v —1~7 ~
g/ﬂw cl nz(lfn.y)+/Rd e (1= fiy),

where the inequality follows from the fact that f, 7., < 1. It is easy to see that for 0 < s <1
it holds s7(1 —s) < 2. Hence, we have

1d 2 1 11
R v 5 5 y—1 ~ v —1 ~
2dt Jga IV K 71)' s “ /Rd Ty T Gy " Jr nr

~y—1 . 1 v -1 . 1
< | ——pursup ||n~ ()| L2 d>+< Py Sup ||nq (D)) Ly rey | —
e e e L P B

.
1 1
< C ( + />a
Yo
where in the last inequality we used the fact that by Lemma 5.1.4 n, is uniformly bounded in
L*(0,T; L' (R%)). Finally, we remove the scaling using the triangle inequality

1
3V ey =3 )72 ma)

< V(e = @) D72may + IV (D3 = 03) Ol T2ay + V(Gy = &3) (O 72 (ra)
2
IV ()12 (Ray

112
<|1-—
Cy

1
19620y +[1- -
,Y/

11 _—
+ Ct(7 + 7,) + V(85 = 63)(0)lI72 go)

2

~ ) Sl}/p||n7(t)||%1(Rd)>

2

1 1
g(Ct—%w‘l—
C

1
1— —
Cy

mew@um)+W@f¢m@@m@
Y

1
+7,<Ct+v’

2
— 0 as v — 0o0. Thus, we have

By the definition of ¢, 7y ‘1 — ci
»

1 1 - N
V@wﬂ%ﬂm@@@<ﬂn+@(v+y>+3V@v—%ﬂmﬁmm~

By the same argument, we find
. . 9 1 1 9
IV(&y = @) (0)]|L2(ray < C Sty IV (ey = @y )(O)IZ2 (ray-
Finally, we conclude

1 1
|w%—%wm;wﬁqm+m(ﬂwj+9w%—%wwmwy (5.32)
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Consequently, arguing as before and letting v/ — oo, we find

CVt+C
17 () = 100 (E) | 5r-1 (may VA +9[n) = ndll i1 (ray: (5.33)

N

Again, under the additional BV assumptions we obtain (5.5) thanks to the interpolation inequal-
ity in Lemma 5.1.6.

5.4 Including drift and reaction terms

Having obtained the announced rate of convergence due to the nonlinear diffusion term, we now
exhibit that we can include the drift and reaction terms. In fact, due to our assumptions on
the proliferation rate and the chemical potential, all the additional terms will either have an
appropriate sign, or be absorbed into the L?-norm of the potential . We now write Eq. (5.1)

as follows
Ony

ot
where g = g(x,t) and A, is chosen appropriately depending on the state law for the pressure.
As seen before, there is no harm in assuming the uniform bound n < 1. Then, arguing in the
same way as previously, we obtain

—AAy(ny) = V- (nyVV) + nyg, (5.34)

%% e IV(py — ‘Pv’)‘2 + /Rd(nw =1y )(Ay(ny) — Ay (ny))
= */ (ny =1y )V (i — ) - VV Jr/ g(@,t)(ny — nyr ) (oy — )
Rd Rd
= . Aoy = oy )V oy — pyr) - VV = y 9(@, APy = 0y ) (7 — ©y).

It only remains to consider the two new terms on the right-hand side. For the first one we can
write

A(%O'y - 4,07')V(307 - SO'Y’) -VV

]Rd
_ T N2 T 12
= - - V(‘Pv - SOV’) D (‘Pw - Sﬁv’)vv - e v(‘ﬁw - SDW’) D Vv(@v - 907/)
Y 9w, - 2.9V — | Vg, — ) TD*VV (e, —
79 | (Sﬁ'y ‘P'y’)| (90'7 ‘P'y’) (‘P'y 90'7’)
Rd Rd
1

=3 /Rd [V (oy = 0y )PAV — /Rd Vipy = 0y) D*VV(py = o)
<=a [ 1960y = o)
Rd

where we have integrated by parts and used assumptions (A—drift). For the remaining term we
integrate by parts to obtain

/Rdglv(‘:ow - ‘Pv’)lz + /]Rd (9‘77 - (P'y’)v(‘:p“/ - %07’) Vg
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2
< HngHL”(Rdx(O,T)) /Rd|v(907 - LPv’)' + /Rd((pv - Wv’)v((Pv - ‘Pw’) -Vg.

A

In case of d = 2, we suppose that g satisfies Assumption (A-reaction). Then we can integrate
by parts in the last term to obtain

1

A= _5/ lpy — @y |?Ag < 0. (5.35)
R4

If instead d > 3, we may alternatively assume that g satisfies Assumption (A-reaction’) or
Assumption (A-reaction”). In the first case, using successively the inequalities of Holder and
Sobolev we obtain

1
A< Sloy = @yl oyl (A9)-llLor2zey < Csll(Ag) -l Lr2(ray /Rd IV (py = o),

where Cs denotes the constant from Sobolev inequality, and 2* = % is the Sobolev conjugate

exponent. Otherwise, if g satisfies Eq. (A-reaction”), in order to estimate the term A we do not
integrate it by parts and we use in turn the inequalities of Young, Hoélder and Sobolev to obtain

A< [ 196y = el + [ ey = er)PIVaF
Rd

2
< [ 196y =20l + llor = 0 I e Vsl

< (14 CslValsqan) [ 900 = o)l

Therefore we have

1d

2dt ha IV(ey = ‘Pw)|2 + /Rd(n,, —ny)(Ay(ny) — Ay (ny)) < C V(o — @7/)‘2'

R4

Assuming for concreteness the power law pressure, using inequality (5.32) and a Gronwall in-
equality, we deduce

1
ViV

Finally, passing to the limit 7/ — oo, we conclude the proof of Theorem 5.1.1. Using the uniform
BV-bound and Eq. (5.18) we obtain Theorem 5.1.2.

sup [[V(oy = o3) ()]l 2@e) < ( ) +IV(ey =)0l 22 ey (5.36)

t€[0,T]

5.4.1 Limit relation between n., and p.

Here we prove relation (5.6) between the limit density and pressure, where p, is defined as the
weak* limit (up to a sub-sequence) of p, in L>=(R¢ x (0,7)).

Proof of Theorem 5.1.3. The relation is a straightforward consequence of the main estimate ob-
tained in Section 5.3. We inspect Eq. (5.31), this time not ignoring the non-positive terms. After
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integration in time, these terms can be bounded as follows, using Eq. (5.32)

/ ’_ T 1 1
/ / A (1 — i), 1+/ / (1= )2 <C(T)<+,> +/ V(o — o) (O
R4 0 JRrd Y R4

Now let ¢ be a compactly supported test function and consider the quantity

/OT [ v - < woo//Sw (A=) ”1””°°//sw PR

Using weak lower semicontinuity of convex functionals and weak* convergence of the pressure
and the density, we can pass to the limit with 4" and ~ in turn to obtain

T
/ {lppoo(]-_noo) =0,
0 Jrd

which concludes the proof. O

5.5 Conclusions and open problems

We computed the rate of convergence of the solutions of a reaction-advection-diffusion equation
of porous medium type in the incompressible limit. Our result in a negative Sobolev’s norm can
be interpolated with uniform BV -estimates in order to find a rate in any LP-space for 1 < p < oco.
How to assess the accuracy of our estimate remains an open problem. For the pure porous
medium equation it might seem tempting to attempt a calculation for the illustrious example
of the Barenblatt solution (taking as initial data the solution at some time ¢ > 0). However, a
direct calculation shows that in this case the data is “ill prepared” in the sense that it converges
(in L) to its limit profile with too slow a rate of ~ In~/v. It is unclear how to approach the
question of optimality in general. We expect that the "worst" rate would be exhibited by a
focusing solution, whose support is initially contained outside of a compact set and closes up in
finite time, thus generating a singularity.

Another challenging problem is to find an estimate for the convergence rate of the pressure, for
which the method used above seems inapplicable as it is not clear how to relate the quantities
P~y —p and ¢, — .. Consequently, we are also currently unable to treat more general, pressure
dependent, reaction terms. Finally, it would be of interest to investigate whether it is possible to
strengthen the estimate of Theorem 5.1.1 to Lebesgue norms without interpolation with BV. One
advantage of any such alternative approach could be to allow for passing to the incompressible
limit when BV bounds are not available, as is the case for systems of equations like (5.1).
Additionally, it could allow for estimating the rate of convergence in the L!-norm rather than
the seemingly arbitrary L*/3-norm.

5.A Bounding Wy-norm by the H !-norm

We consider here the conservative case of Eq. (5.1), assuming [ n,(t) = [ neo(t) = 1. Moreover,
rather than the Cauchy problem set in the whole space, we consider the boundary valued problem
set in a bounded domain Q C R? with homogeneous Neumann boundary conditions.

We put dpy = ny(2) dz, die = noo() dz, ignoring time-dependence for the sake of brevity.
Furthermore we make the additional assumption that n., > n > 0 for some constant n.
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Consider the curve p : [0,1] — Pa(R?) given by 7 +— p; 1= (1 — 7)uy + Thoo together with the

vector field .

(1 —7)ny(z) + Tneo(z

For any test function ¢ € C°((0,1) x ) we have

Vi(a) =

)V(% — Poo)- (5.37)

/Ol/ﬂgqf de(x)dT/Ol/ﬂng((lT)nfy(x)+7'noo(x))dxd7' (5.38)
- /O 1 /Q V(1 (@) — noo (@) de dr (5.39)
- /01 /szp.v(%—%)dxdf (5.40)

1
= / /Vi/) Ve dpr(z) dr. (5.41)
o Ja
Therefore the pair (p, V') solves the continuity equation

dpr
or

+ V- (Vz(z)pr) =0, (5.42)
posed on (0,1) x R? with the marginal constraints

PO = fys  PL= (5.43)

Consequently, from Theorem 5.15 in [144], we deduce that p is absolutely continuous and the
following inequality holds

01(7) < Ve L2 @eap, )

where |p'| denotes the metric derivative of the curve p with respect to the Wasserstein distance.
Furthermore, since (P2(R?),W5) is a length space, we have

1
Waliey o) < [ 117 (5.44)

Combining these last two inequalities, we obtain the following bound

1
Wa iy, proc) < / V2 (@)l L2 (Ra,dp,) AT (5.45)
0
< — |9 )| / La (5.46)
X T~ - Poo — aT .
N Py — P L2(R4) o VT
2
= 7””“/ - nOOHH—l(Rd)' (5.47)

NG

Interestingly, a reverse bound can also be shown. Rather than a positive lower bound, a common
upper bound is now required of all the densities (which is of course the case here). Let now
o :[0,1] — P2(R?) be a constant-speed geodesic from /i, to fis and E be a vector field such
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that (o, E) satisfy the continuity equation, and || E;||12(r;s,) = Wa(fty, fteo). Then

IV, — Voo |2s = / (1 — Boo) (1 — T2c0)

1
= / /V(<P'y — o) - Exdprdr
0 Q
1 2 1 2
S IVey = Veoollze + 5 Walpy, b))

We refer the reader to [144, Section 5.5.2], and references therein, for further discussion about
the equivalence of the two distances.
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A multi-species model structured by
phenotype






Chapter 6

Phenotypic heterogeneity in a model
of tumor growth: existence of
solutions and incompressible limit

Abstract

We consider a cross-diffusion model of tumor growth structured by phenotypic trait. We prove the
existence of weak solutions and the incompressible limit as the pressure becomes stiff extending
methods recently introduced in the context of two-species cross-diffusion systems. Moreover, we
prove additional regularity estimates. We show that an L2-version of the celebrated Aronson-
Bénilan estimate extends to structured models. As a consequence, we recover a sharp L'-bound
on the Laplacian of the pressure. In particular, we are able to remove a technical constraint
on the reaction terms assumed by Gwiazda et al. for the two-species model, by proving a new
L*-bound on the pressure gradient.

This chapter is taken from N.D. Phenotypic heterogeneity in a model of tumor growth: existence
of solutions and incompressible limit, Submitted, (2021).

6.1 Introduction

We consider the following model of tumor growth structured by phenotypic trait, represented by
the continuous variable y € [0,1]. The cell proliferation rate depends on both the trait and the
pressure inside the tissue. The motion of cells is driven by Darcy’s law, since the cell movement is
passively generated by the birth and death of cells which create pressure gradients. We denote by
n = n(y,z,t) the density of the population with phenotypic trait y € [0, 1], and with o = o(x,t)
the total density at point z € R? and time ¢ > 0. The pressure is related to the total density by
the following power law

plz,t) = (o(z,1))", > 1 (6.1)

153
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The model is the following

Oy 0) = V- (7, )Vpl ) = nBp), (1) € [0,1] x B x (0,00),
(6.2)

1
Q@ﬂZ/nm%ﬂ%
0

with initial data no(y,z) € L([0,1] x RY) N L1([0, 1] x R%).
Let us point out that the equation satisfied by o(z,t) is a porous medium-reaction equation with
coefficient v + 1, namely

1
do— —L A =gR, R= / o(y)R(y,p) dy, (6.3)
v+1 0

where with ¢ = n/p we denote the phenotype density fractions, while R represents the total
population growth rate.

Structured models: motivations. The mathematical modelling of living tissue has attracted
increasing attention in the last decades for both its ability to describe and investigate biological
phenomenon and the extremely challenging mathematical problems that arise from such models.
Among them, there is a growing interest towards models where the population density is struc-
tured by a phenotypic trait. In structured models, intra-population heterogeneity is taken into
account by letting the mobility rate and/or the growth rate of each phenotypic distribution be
functions of the structuring variable. Most of these models are based on Fisher-KPP equations,
hence they describe the random movement of the cells through a linear diffusion term, with a
phenotype-dependent mobility rate, and cell proliferation through a logistic growth rate. Non-
local reaction terms are also considered, as in the non-local version of the Fisher-KPP model,
[19], as well as divergence terms with respect to the phenotypic state to account for mutations,
see for instance [16]. In this paper, Calvez et al. introduce a model in which only the mobility
rate depends on the phenotypic trait. In particular, they assume the mobility rate to be propor-
tional to the structuring variable. Computing an exact asymptotic traveling wave solution, they
show that phenotypic segregation occurs and leads to front acceleration. Originating from [16],
the acceleration of invasion fronts has been further studied in [20, 27] in the case of unbounded
mobility, see also [4, 6, 5] and references therein for applications of structured PDEs models to
tumor growth.

In [118], Lorenzi et al. propose a model structured by phenotypic trait to study a phenomena
arising in cancer development which is usually referred to as ‘growth or go’, i.e. the dichotomy of
migration and proliferation. As investigated in [85, 82, 83, 86], more mobile cells tend to divide
less than cells that have a lower mobility rate. For this reason, the authors consider mobility
and growth rates which are, respectively, increasing and decreasing functions of the structuring
variable. Unlike the previously mentioned models, they consider a velocity field which depends
on the total population, i.e. the integral of the distributions with respect to the phenotypic trait.
In particular, they take the velocity field to be proportional to the gradient of the total density.
Therefore, the diffusion in the model is degenerate and no longer linear. The authors study the
creation of compactly supported invasion fronts, and show that phenotypic separation occurs in
the case of bounded mobility while the front undergoes acceleration in the case of unbounded
mobility.

Porous medium models. As suggested in [118], a natural generalisation of their model con-
sists of considering a pressure p related to the density by a power law with exponent greater
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than 1, as in Eq. (6.1). This pressure law has been extensively used in the modelling of tumor
growth, since it can be associated to the pressure of a compressible fluid. Combining the power
law with Darcy’s law yields to porous medium type equations as Eq.(6.3). Indeed, the invasion
of cancer cells can be seen as the motion of a fluid through a porous medium (the extra-cellular
matrix) [34].

The power law was first adopted for one-species models of tumor growth, see for instance [130,
132] and references therein. Furthermore, this pressure law is of particular interest since passing
to the limit v — oo, it is possible to establish a link between compressible models and ’geomet-
rical’ problems. As the pressure becomes more and more stiff, porous medium models converge
to Hele-Shaw free boundary problems where the density is saturated and the pressure satisfies
an elliptic equation. This limit, referred to as incompressible limit or stiff pressure limit, has
been studied for a lot of non-structured one-species models, starting from the seminal paper by
Perthame et al. [130]. For an overview on the single-species case, we refer the reader to [130, 61,
63, 102, 60, 93, 1, 129] and references therein.

Multi-species extensions. Lately, multi-phase extensions of the model introduced in [130]
have been studied from different perspectives. Multi-species models allow to study the interaction
between different types of tissue, for instance, cancer tissue, immune cells, healthy tissue, or dead
tissue. In cross-reaction-diffusion systems, the coupling of the single densities equations gives
rise to new mathematical challenges, such as the loss of regularity due to internal layers, namely
regions where two species get in contact. For this reason, the mathematical analysis of these
models presents many involved open problems. In 2018, Carrillo et al. show the existence
of solutions to a reaction-cross-diffusion system of two equations using methods from optimal
transport [47]. Their result, which was achieved in one spatial dimension, was later extended
in 2019 by Gwiazda et al. in multiple dimensions [94]. Here, the authors consider a two-
species system which is the analogous of our model, i.e. Eq. (6.2) for y € {1,2}. In particular,
the two species evolve under Darcy’s law, where the pressure is given by p = (n1 + n2)?, and
n;, ¢ = 1,2 denotes the two phases. Their existence result relies on applying a uniformly parabolic
regularisation to the initial data and then passing to the limit. To this end, the most involved
term is the nonlinear cross-diffusion term n;Vp. In order to pass to the limit, the authors prove
an L2-version of the Aronson-Bénilan estimate, which is a celebrated estimate in the context
of porous medium equations, and provides a bound on the Laplacian of the pressure. We refer
the reader to [9] for the classical result. The same problem was then approached in [135], in
which the authors are able to prove convergence by focusing on the quantity (n; +mn9)?*! rather
than the pressure itself. Their proof is simpler, since it does not require any regularity result on
the second order derivatives of p. In fact, in [135] the authors recover the strong convergence
of V(n1 + n2)7"! without using the Aronson-Bénilan estimate of [94], for which a restrictive
condition on the reaction terms was needed.

As mentioned above, the analysis of the incompressible limit for porous medium models has a
long history and has been addressed by many researchers for several models. The stiff limit
for systems including two different species have been firstly addressed by Bubba et al. in 2019,
[26], where the authors use an approach based on a L2-Aronson-Bénilan estimate in the spirit
of [94]. However, due to the absence of BV controls on the single species population densities,
their argument only works in dimension 1. The result in any spatial dimension has been recently
achieved by Liu and Xu in [115], where the authors consider a cross-reaction-diffusion system in
a bounded domain with Neumann boundary conditions. Rather than dealing with the pressure,
py = 0], the authors focus on the quantity gZ{H, proving strong compactness of its gradient,
thus being able to prove convergence of the cross-diffusion terms. However, they are not able to
include pressure-dependent reaction terms, and proving strong compactness of the pressure itself
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remains a open question in this setting. The stiff limit for cross-diffusion systems has also been
studied for different pressure laws and in the presence of drifts, see for instance [101, 63, 66].

Our contribution. In this paper, we aim to study the existence and regularity of solutions
to System (6.2) and their incompressible limit. This problem can be seen as an infinitely-many-
species extension of the models studied in [135, 94, 115]. At first, we extend the method by [135]
to the structured case. Adapting the same argument, we are able to prove the existence of global
weak solutions, ¢f. Theorem 6.3.7.

The second main result of the paper, ¢f. Theorem 6.4.1 and Theorem 6.4.2, concerns the incom-
pressible limit of System (6.2). Asy — oo in the pressure law, the problem turns out to be a free
boundary problem of Hele-Shaw type. By extending and adapting the new method used in [115],
we are able to recover the compactness needed to pass to the limit. Moreover, by restricting our
study to the class of compactly supported solutions, we are able to show strong compactness
of the pressure p., which, unlike in [115], allows us to account for pressure-dependent reaction
terms.

Finally, we prove higher order regularity results on the pressure. First of all, we recover an
L*bound on the pressure gradient, cf. Theorem 6.5.2, which has been introduced in the context
of one-species porous medium models, see for instance [123, 61, 63], and represents a novelty in
the multi-species case. Thanks to this bound, we are able to prove that an L?-version of the
Aronson-Bénilan estimate also holds for structured models, c¢f. Theorem 6.5.4. Moreover, we are
able to recover it removing the technical assumption on the reaction terms required in [94] for
the two-species case.

Plan of the paper. In the next section, we present the assumptions and the main results of
the paper. Section 6.3 is devoted to the proof of the existence of weak solutions: in Section 6.3.1
we introduce the regularised problem, obtained performing a viscosity perturbation, and we infer
uniform a priori estimates, while in Section 6.3.3, we show that V(p.)?*! is strongly precompact
in L?, which is essential in order to pass to the limit in the regularised problem. In Section 6.4,
we study the asymptotics of Problem (6.2) as ¥ — oco. The additional regularity estimates are
deduced in Section 6.5.

Notation. Given T > 0 and Q C R?, we denote Qr := R? x (0,T),Qr := Q x (0,T). We
frequently use the abbreviated forms n(t) := n(y, z,t), n(y) = n(y,z,t), o(t) := o(x, ).

6.2 Assumptions and main results

Now let us state the main results, i.e. the existence of weak solutions to System (6.2), the
incompressible limit and the additional regularity estimates, and for each of them the related
assumptions.

6.2.1 Existence of weak solutions

Assumptions on the reaction term. The function R(y,p) is assumed to be smooth and
bounded. Moreover, since the pressure induces an inhibitory effect on cell proliferation, we
suppose there exists a positive constant pys representing the homeostatic pressure, such that

apR('v ) < Oa R(vo) > 07 R(7PM) < 07 (64)
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Assumptions on the initial data. In order for the density fractions to be well defined we
need to regularize the initial data such that it is always strictly positive. Therefore we take
R0,y @) = mo(y, @) + e 17" e, 00,0y, 2) = oo(y, @) +ce~ 17", and po. = (00.0)".

We say that the initial data are well-prepared if they satisfy the following assumptions: there
exists 0 < g9 < 1 and C independent of ¢, such that for all 0 < & < g the following holds

n0,e (y)

<C. (6.5)
yel0,1]  Q0,e

Loo (R)

0< 00,0 < (par)'/7 ace. in RY,

To show the existence of weak solutions, we extend the method developed in [135] to the struc-
tured case and we prove the following result.

Theorem 6.2.1 (Theorem 6.3.7). Given ng € LL([0,1] x RY) N LY([0,1] x RY), there exists
a weak solution to System (6.2), namely, there exists n(y,z,t) € LL([0,1] x R? x (0,00)) N
LY([0,1] x R? x (0,00)) such that Vp(z,t) € L*(R? x (0,00)) and for all T > 0 and ¢ €
C([0,1];CL,... ([0, T) x RY))

comp

//Rd n(y,z,t) (8 )dggdy+///Rd (y,z,t)Vp(z,t) - Vo(y, z,t) de dt dy

/// n(y, z,t)R(y, p(x,t))e (y,xtdwdtder// no(y, z)¢(y, r,0) dz dy,
]Rd

1
M%U:Anwﬂﬁ@hmdM%U:@Wﬂﬂ

with

6.2.2 Incompressible limit

In order to pass to the incompressible limit the more involved part is to find compactness of the
pressure gradient. Our approach consists in extending and adapting the methods developed in
[115] to our problem, namely focusing on the quantity v, = 93“.

Unlike [115], we consider nonlinear pressure-dependent reaction terms. Consequently, our treat-
ment of this term is different, and involves compensated compactness results and the mono-
tonicity of R with respect to p. Moreover, we need to assume that the solutions are compactly
supported (uniformly in «). Indeed, outside of this class of solutions we are not able to show the
strong compactness of the pressure which is necessary in order to pass to the limit in the reaction
terms. The problem then reduces to a boundary valued problem with Dirichlet homogeneous
conditions, while in [115] the authors choose Neumann homogeneous conditions on the boundary.

Assumptions on the initial data. We assume n,o € L>([0,1]xR%), 0,0 € L} (R*)NL>(R?),
and that there exists Q¢ C R? such that

supp(n,0(y)) C Qo, for a.e. y € [0,1],Vy > 1.

Thanks to the finite speed of propagation of porous medium type equations, we can reduce the
problem to the case of a bounded domain Q C R%, on which we have homogeneous Dirichlet
boundary conditions, o (z,t) = 0, for almost every (z,t) on 9Q x [0,T]. Since g, is compactly
supported, then for all T > 0 there exists Q C R? such that

supp o+ (t) C €, YVt € [0,T], ¥y > 1.
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Moreover, we assume there exists 0o, pg € L3 (€2) such that

|oy.0 = 2ollLr() = 0 IPy.0 = pollLr) — 0

and

Let us denote v, = ¢2™'. We can rewrite Eq. (6.3) as follows

1
%o vy = [ R d, (6.6)
0

We can pass to the incompressible limit v — oo and recover a Hele-Shaw problem, as stated in
the following theorems.

Theorem 6.2.2 (Theorem 6.4.1). Let (n, 0, py) be a solution given by Theorem 6.3.7. For all
T > 0, up to the extraction of a subsequence we have

ny (Y, x,t) = neo(y, x,t)  weakly™ in L=((0,1) x Qp),
0(2,t) = goo(x, 1) weakly™ in L= (1),
Py (T, ) = Pool(x, 1) weakly™ in L= (1),
Vv, = Vi weakly in L*(Qr),
as v — 0o. Moreover, the limit satisfies the following relation
Poo(l — 000) =0 almost everywhere in Qr, (6.7)
as well as

1
ag—f = Aveg +/ NeoR(Y, poc) dy, in  D'(R? x (0,00)).
0

In order to pass to the limit in the equations for n, and p, we need to prove the strong com-
pactness of Vv, in L?(Qr), see Lemma 6.4.8.

Theorem 6.2.3 (Theorem 6.4.2). The limit solution 0x, Poo Satisfies

827? =V (Moo VPoo) + Moo R(Y, Do ), in D'((0,1) x RY x (0, 00),
1
Doo (Apoo +/ Moo R(Y, Doo) dy) =0, m D’(Rd x (0, 00)). (6.8)
0

Relation (6.7) implies that the total limit density oo, is saturated in the positivity set of the
pressure (t) := {x; poo(z,t) > 0}, which can be seen as the region occupied by the tumor.
Moreover, the complementarity relation (6.8) tells us that in Q(¢) the limit pressure satisfies an
elliptic equation, which is usually referred to as a Hele-Shaw free boundary problem.
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6.2.3 Additional regularity

The last part of the paper concerns additional regularity estimates on the pressure gradient,
therefore we focus on p rather than ¢ "+!. We prove an L?-version of the Aronson-Bénilan
estimate on the Laplacian of the pressure. This estimate was already obtained in the context
of two-species systems, see [94, 31]. Here, we not only extend it to our structured problem, but
we are able to remove the constraint on the reaction term used in [94]. To this end, we infer a
bound on the quantity p®~1|Vpl|*, for certain values of o, in the spirit of [123].

Additional assumptions. In order to prove the following additional regularity results on the
pressure, it is necessary to make stronger assumptions on the initial data. In particular, we
assume that p., o satisfies (uniformly in )

Vpo € L2(Q),  (Apyo)- € LA(Q).

> 3, 4
max| — — — .
Tomax{ye Ty

Theorem 6.2.4 (Theorem 6.5.2). There exists a positive constant C(T) such that for any 0 <
a < % the following estimate holds true

Moreover, we assume

T 4
a)/ |V11_’L dzdt < O(T),
o JaP

with k(o) == g (1 — ay).

Theorem 6.2.5 (Theorem 6.5.4). For all T > 0, there exists a positive constant C(T') indepen-
dent of v such that for allt € [0,T] we have

T
/Q(Ap(t))_ dz < O(T), /0 /Q(Ap)_ dzdt < C(T).

6.3 Existence of solutions

6.3.1 Regularised problem

In order to prove the existence of weak solutions of Problem (6.2), we regularise the system
introducing a viscosity term. Let 0 < € < ¢g, and consider the following uniformly parabolic
system

one
ot

1
0-(x,1) = / ne(y, 2, ) dy.
0

- v ) (nana) - EAnE - nER(yva)a Zl S [07 1]a ('/L"t) € QT7

The equation on o. reads

do v !
8: — mAQz-i_l —eAp, = /0 neR(y, pe) dy. (6.10)
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As mentioned above, in order to define the population fraction densities 0. = n./g. we have
to make sure that the total population density o. is always strictly positive. To this end, we
regularise the initial data as follows

nO,E(ya x7t) = Tlo(y,’l,’) + € 6—|:1:\2’

therefore
|a]?

00,c(x,t) = oo(x) + €€

Before proving that this implies strict positivity of g (x,t) for all times, we have to prove non-
negativity of solutions.

Non-negativity. Multiplying Eq. (6.9) by sign_(n.) we obtain

0

&(”E)f =V ((ne)-Vpe) —eA(ne) - < (ne)-[| R0,

where we denote ||R|[oc = supye(o1] R(y,0). Integrating in space, we have

d
a /Rd(ns)f dx — y V- ((ne)-Vpe) de — €/Rd A(ne)-dz < ||R||oo ~/]Rd(n€)7 dz,

By Gronwall’s lemma we infer

1 1
/ / (n€<yaw7t))*d$ dy < eHR”wt/ / (nE(y7$70))*dxdy7
0 Rd 0 Rd

which implies that almost everywhere n.(t) > 0 for ¢t € (0,7] and by consequence both the
density o. and the pressure p. are non-negative.

Positivity. Let us define the function
0= Ee_Kte_le,

with K = 2(e + ) + || R||o. We state that g is a subsolution of the following equation

do o
28 T AT 4 eAp — 0||Roe.
o = 512 +eAo—o|R)|

In fact, we have

— A 4 eAg — 0| Rl = 270" 20y + 122 — 1) + 26(2]2[> — 1)0 — o|| Rl|oo

v+1
>— 20— 270" — o|| Rl
2(—2e =27 — [|R)e
——Kp
9o
—%

Therefore, since by (6.10) o. is a supersolution to the same equation and g.(0) > ¢(0), by the
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comparison principle we have
0=(t) > o(t) > 0, Vit € [0, 7).

Therefore, the quantity
ne(y,x,t)
Q¢ (xa t)

is well defined, and satisfies the following transport equation

Js(yvx7t) =

b

do.
ot

1
=Vo. Vp. +0-R(y,p:) — Os/ o-(n)R(n,pe) dn, (6.11)
0

where we used the notation 7 to distinguish the variable of integration from the variable y
involved in the equation.

Therefore, we rewrite the equation on p. as

do gl
g_iA 7 A e — €R€7
t oy 1% TEReeTe
where we denote L
Re :=R(oe,pe) = / ge(n)R(n, pe) dn. (6.12)
0

Let us notice that, from (6.12), R. is also uniformly bounded in L*>(Qr) and

Reli~con < sub 1RG0 [ out)dn = IRl

y€[0,1]

6.3.2 A priori estimates

Here we prove a priori estimates (uniform in £) which are essential to prove the existence of weak
solutions.

L'-bounds. Multiplying (6.10) by sign(p.) and integrating in space we obtain

d

1
G [teddr< [ aloptiasse [ Alofdos [ [ sene) nR(.p.) dyda
0

<1l | leclda.

By Gronwall’s lemma we have o. € L>(0,T, L}(R?)) and thus p. € L>(0,T, L}(R?)).

L>-bounds. Let us denote o5 := (pas)"/7 and Ry = fol o:(n)R(n, par) dn, which is negative
by the definition of pys. From Eq. (6.10) we have

0
ﬁ(ge —om) — ——A — 03" —eA(o: — om) < (0 — om)Re + om(Re — Ru).

v+1
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Multiplying by sign, (0 — oar) we obtain

— Al -

P o )+ — eA(o: — 0w+

0
a(gs - QM)+ -
<(0: — om)+Re + o (Re — R )sign (0- — o)

<||Rs||oo(gs - QM)+7

where in the last inequality we used 0, R < 0. Integrating over R? and applying Gronwall’s lemma
we obtain

d
a/ (e —om)y dx < GHR””t/ (00,e — on)4 dz.
R4 Rd

For all 0 < e < &g, thanks to Assumption (6.5), we finally have
0<o0:<om, 0<p:<pum. (613)

Let us consider the equation on the fraction density, Eq. (6.11). By the assumptions on the
reaction term, o. satisfies

do.
ot

Hence, by the comparison principle we obtain

< Vo, - Vp: + 082||RE||OO'
0. < 2l Bellot s

Since by Assumption (6.5) g . is uniformly bounded in [0, 1] x R?, we have

0. € L>=([0,1] x Qr), (6.14)

and by consequence
ne € L=([0,1] x Q). (6.15)

6.3.3 Passing to the limit € — 0

Extending the method by Price and Xu [135], in this section we prove the existence of solutions
to Problem (6.2), by showing the convergence of the solution of the regularised problem as & — 0.
To this end, the most involved part consists in proving the strong convergence of the degenerate
divergence term. Unlike the method developed by Gwiazda et al. in [94], this strategy focuses
on the quantity 2! rather than on the pressure p. = 0.

Lemma 6.3.1. There exists a positive constant C(T') independent of € such that the following

holds
11,

Proof. Let v be a positive constant. We multiply Eq. (6.9) by In(n. + v) and we obtain

41
2

Voe

2 1
dxdt—i—a// / \V/n=(y)|* dy dzdt < C(T).
Qr J0

one
ot

In(ne +v) = V- (n.Vpe) In(ne +v) — eAn.In(ne + v) = n.R(y, pe) In(n. + v).
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Integrating in space and in y over [0, 1] we have

2
// ne +v)n(ne +v) —n.) dydx+// Vpe - Vngdydx—i-g// Vnel” 4
R4 n5+1/ Rd n€+l/

:/ / neR(y, pe) In(ne + v)dy da
RdJo

1
< ||R||00/Rd/0 ne In(ne + v) dy da.

Let us notice that, since n. is uniformly bounded in L*°([0,1] x Qr), the right-hand side is
bounded. Let ¢ < T. Upon integration in time for 7 € [0, ¢], we obtain

t 2
/ / Vop, - </ Vns dy) dxdTJre/ / / |Vns| d dxdr
Rd Ne + R

/Rd/ ne(t) — (ne )+V)ln(na(>+1/))dydx+/Rd/ (noe +v)In(ng e + v)dydz + C(T),

Letting v — 0, thanks to the L*°-bound of n., we have

t t 1
/ ng-VggdxdT—i—éls/ / / |Vyne|? dydzdr < CO(T),
0 JR4 o JraJo

for all 0 < ¢t < T, and this concludes the proof.

a+1

Lemma 6.3.2. The sequence o-> is precompact in L*(0,T; L?(R9)).

1

41
Proof. From Lemma 6.3.1 we know that the gradient of p-> is bounded in L?(Qr). Now we
compute its time derivative.

0 T 1
S (V-(QanE)JrsAgaJr/ ne(n)R(n,pa)dn>
0

8t95 2
+1 21 y+1 y4+1 2 fh
:77952 V- (0:Vol) + co? AgerTge ne(n)R(n, pe) dn
0

V“v (o *wg)—”tlg!’m ver + 1 ey (7 ve.)

ol g, =
T |v e|” + TQE ne(n)R(n, pe) dn
0
atl vy—1 21 41 (2 atl
=V - (szysz ) 71952 Vo:? | +elp:?

1

e 1T Vyal + LT / ne(n)R(n, pe) dn.

Let us notice that Lemma 6.3.1 and the uniform L*-bound of o. imply ¢|V,/0:|*> € LY(Q7).
a4l
Therefore, the time derivative of p-> is a sum of functions bounded in L2(0,7; H~!(R%)) and
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atl
L'-functions. Applying Aubin-Lions’ lemma we infer that - > is precompact in L?(Qr).

O

Remark 6.3.3. The sequence g, is precompact in any L?-space, for 1 < g < oco. In fact, if
q < 77“, the result follows from Hoélder’s inequality, while if g > A’;l it follows from the uniform
boundedness of g, in L.

Remark 6.3.4. Let us recall the results already proven. Up to a subsequence, we have

0. =0 weak™ in L>([0,1] x Q),

Ne —n weak™ in L*>([0,1] x Qr),

0 — 0 strongly in LY(Qr), for each 1 < ¢ < oo,
Q;%l - QJTI weakly in L?(0,T; H'(R)),
8;; N % weakly in L2(0,T; H™'(R%)).

Let us recall the notation R = fol o(n)R(n,p) dn. Then

Re =R weak™ in L>(Qr) (6.16)
neR(y,p:) = nR(y,p) weak™ in L>([0,1] x Q). (6.17)
The convergences of (6.16) and (6.17) are shown in detail in Appendix 6.B.
Lemma 6.3.5. For allg>~v+1 and all t € [0,T], we have
[ (et = [ (ofat))"da.
R4 R
Proof. Let us define
+1
we =gl el 2y,
Y
Hence, we rewrite Eq. (6.3) as
do. v
_ Aw. = 1
ot N1 we = 0:Re, (6.18)

where we recall that R, = fol o:R(n,pe) dn. We test Eq. (6.18) against d;w, to obtain

Do dw. dz — - Aw, Owe dz = / 0:Re Owe dx.

Rd ot ot v+ 1 R4 ot Rd ot
Now we treat each term individually, to obtain
y+1 2

00e Owe o [ 00: 000", Y+1 90 " 1

Rd 8t ot Rd 8t ot Y Rd 8t
895 2 v+ 1 896 ?
= 1 J d —_— d
(v+ )/Rdgs ot | rte— Miral
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- A (’9w g =1 4 |Vw5|2d:c
y+1 ° ot y+1dt Jgpa 2 ’
Ow, 0 ’Y+1 ’Y+1 895
Re——dz = Re—= e Re
\/lR{d Qe /Ye ot €z [Rd Qe Xe ot /
7+1 y 898 y+1 +252
< — de + —— TTeRId
2 Rd € at + 2 Rdgs € v
+§L+1 2R2% 4 _i_ELH 90e de
2 v Ce e 2 v Jga| Ot '

Therefore, we obtain

1 1
sup / |Vw, ()| dz +€7+ // dz dt-l—i//
te[0,T] JRd T T

y+2
where C' depends on ||:]|oo and ||R:||oo- Since |Op0e 2 (7+2) 0210;0.|2, from Eq. (6.19) we
g
have

895 a@e

dzdt < C, (6.19)

Dot €IXQr),  VEd. € IX(Qr),  Vw. € L%(0,T; LA(RY)).

It follows easily from the boundedness of o, that 9,07 € L?(Qr). Hence, dyw. € L*(Qr).
Thanks to the bound on Vw, and the Aubin-Lions lemma, w, is precompact in C([0, 7], L?(R%)).
Consequently, 02! is also precompact in C([0, T, L?(R?)), since we have

/|Q7+1 ot ‘dx /‘wg(t)—g7+1(t)’2dx+/ €
R¢ R

Once again, thanks to the uniform boundedness of g. we infer that o. is precompact in C([0, 7], L%(R%))
for any q > v + 1. Therefore

2

1
ti dzr — 0, as e — 0.

(t)

/d(gs(x,t))quii% d(g(x,t))qd:v, Vg >y +1,
R R

and thus the proof is completed.
O

As already mentioned above, when dealing with cross-diffusion systems as (6.2), the most involved
part is to obtain the compactness needed to pass to the limit in the cross-diffusion term. In the
absence of strong compactness of the single species densities, here being the distribution of each
phenotypic trait n.(y), it is essential to infer strong compactness of V2*1. For this reason, the
following convergence result is the core of the proof.

Lemma 6.3.6. Upon the extraction of a subsequence, we have
Vot 20, yortt strongly in L*(Qr).

Proof. For the sake of simplicity, when integrating, we now neglect the symbols dx,dt. Let us
consider the limit equation
do v

LT A = R
ot y+1-° &r
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and then subtract it from Eq. (6.10), to obtain

LA( Y+l _ ’Y+1) +€AQ€ = 0.R. — oR.

So—0)+
Qe — 0O N+ O¢

ot

We test the above equation against g2 7! — ¢7™! and we obtain

T
1 // ’Y+1 'y+1)|2 — _5/ Vo - V(ng _ Q’H-l) +/ <at(Qe _ Q) Q;y+1 Q’y+1>
v+ T Qr 0

-/ (oRe— R) (01— o).

Let us consider the three terms on the right-hand side individually. From to the strong compact-
ness of o, in any LP-space and the weak* compactness of R, it directly follows that

/ / (0:R- — oR) (g2 — 1) > 0.

Recalling Lemma 6.3.5, the strong convergence of 2! and the weak convergence of d;0. in
L2(0,T; H-Y(R?)), we have

T ag'y+2 8@74»2 T T
y(0e — 0), 01 — v+1:// 02 // : —/aﬂ“—/aaﬂ“
IR = e ]2 [ et - [ oo
_/’@“GU+/ m“@xi/@f%m_/'w“@
- Ré '7"‘2 Rd '7+2 Rd '7"‘2 Rd '7"‘2
T
/ <8t97 ’Y+1> / <at£)€7 QV+1>
0 0

Y+2(T 7+2(( T
a2/‘5—ﬁl—2/'g—il—2/<@@w“>:&
Rd 'Y+2 Rd '7"‘2 0

a1
Since from Lemma 6.3.1 we have veV,/o: € L*(Qr), as well as v@gz € L?(Qr), we finally

compute

a+1 yt1
] Vev@t-ot =i [ VEvvE - (67 Ve - TV ) < vEe o
Qr Qr

and this concludes the proof.

Having proved the L2-strong convergence of Vo)*!, we can now show that the limit of the
sequence (ne, o) is a solution of Problem (6.2).

Theorem 6.3.7. Given ng € LL([0,1] x RY) N L1([0,1] x RY), there exists a weak solution to
System (6.2), namely, there exists n(y,z,t) € LL([0,1] x R? x (0,00)) N L*([0,1] x R? x (0, 00))
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such that Vp(x,t) € L2(RY x (0,00)) and for all T >0 and ¢ € C([0,1];CL, . ([0,T) x R%))

comp

//Rd y,zt at )d:cdy+/// n(y,z,t)Vp(z,t) - Vo(y, z,t) de dt dy

/// n(y, z, t)R(y, p(z,t))e (y,xtdazdtdy—l—// no(y, z,t)e(y, x,0) dz dy,

ola,t) = / n(y,z,8)dy, pla.t) = (o(z, £)).

(6.20)

with

Proof. For all ¢ € C([0,1];C},,,,,([0,T) x R?)), the variational formulation of Problem (6.9) can
be written as

/ / ne(y, x,t) (:Z),t : )dxdy—i—/ // ne(y, x,t)Vpe(x,t) - Vio(y, x,t) de dt dy
R4 T

=— 5/ // Vne(y,z,t) - Vo(y,z,t) de dt dy (6.21)
0 T

1 1
+/ // ns(y,a:,t)R(y,pa)tﬂ(y,x,t)dxdtdy+/ /dno@(y,x,t)w(y,x,o)dwdy-
0 T 0 JR

As we already proved, there exists a bounded non-negative function ¢ = o(y, z,t) such that
oe — o weakly” in L*([0,1] x Qr).
Therefore, from Lemma 6.3.6 we infer
neVpe =n:Vol
=0:0:Vo! (6.22)

= 0. 11v 1 220, 11VQV+1, weakly in L?([0,1] x Q7).

It remains to show that o(y, x,t) = n(y,z,t)/o(x,t) almost everywhere in [0,1] x Q. Let § > 0
be an arbitrary positive constant. Then, we have

0:(0e — )y = a(o—198)y, weakly™ in L>([0,1] x Q).

On the other hand

0e(0e — )4 = ne (ee = 9)+ — n(g — §)+, weakly™ in L*([0,1] X Q7),
O¢ 0

(0=9)+

[

[ 1] (s

by the following argument. Since 0 < < 1, we obtain
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///T - —n) 5) gad;z:dtder/ //Tn< . +(995)+><pdxdtdy%0,

as € — 0 for any ¢ € L'([0,1] x Qr). Therefore,
oe—0)+
o

olo—0)L = almost everywhere in [0, 1] X Qr,

for any 6 > 0. Hence op = n, almost everywhere on the set where p is strictly positive. If p =0
then n(y) = 0 for almost every y € [0, 1], and thus

o(y,z,t)o(x,t) =n(y,z,t) for almost every (y,z,t) € [0,1] X Qr.
Finally, using Eq. (6.22), Remark 6.3.4 and passing to the limit in Eq. (6.21) we obtain Eq. (6.20)

and the proof is completed.
O

6.4 Incompressible limit

Thanks to the result proven in the previous section, cf. Theorem 6.3.7, we know that for each
v > 1 there exists (n., 0, p) that satisfies following equations

//my Y, x,t) (8 )d dy—|—/ // ny(y,x,t)Vpy(z,t) - Vo(y, z,t) de dt dy
Qr

:/ //Q ny(y,%t)R(yan)Sﬂ(y?x,t)dxdtdy+/ /Qn%o(y,x,t)go(y,x,o)dxdy,
0 T o

(6.23)
for all ¢ € C([0,1]; C},,,,([0,T) x Q))
9 gl -
—//QTgy(xyt)at(az,t)dde erl/QT Vo, (z,t) - Vip(z,t) do dt =
(6.24)

//QT </ noy(x,t) R(yapy(z,t))dy)z/;(x,t) dxdt+/QQ%0(x)¢(I’0) dz,

for all test functions ¢ € C},,,,,([0,T) x Q), where v, = @"+!.

The goal of this section is to study the incompressible limit v — oo and recover the weak
formulation of a Hele-Shaw free boundary problem. To this end, we have to infer the compactness
on the main quantities needed to pass to the limit in (6.23, 6.24). While for the first equation
the strong compactness of Vp, is needed, weak compactness of Vv, is sufficient in order to pass
to the limit in equation (6.24), as stated in the following theorem.

Theorem 6.4.1 (Weak Hele-Shaw problem). Let (n.,0,,py) be a solution given by Theo-
rem 0.3.7. For all T > 0, up to the extraction of a subsequence we have

Ny (y, 2, t) = neo(y,2,t)  weakly” in L>((0,1) x Qp), (6.25)
0(2,t) = goo(x, 1) weakly™ in L= (1), (6.26)
by (!L‘7 t) — Do (.’137 t) wea’kly* in L™ (QT)a (627)
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Vv, = Ve weakly in L*(Qr), (6.28)
as v — 0o. Moreover the limit satisfies
0< 000 <1, Poo(l — 000) =0 almost everywhere in Q. (6.29)

as well as

1
—// Qwa—wdmdt—&—/ Vvoo-Vz/)dmdt:// </ nooR(y,poo)dy>wdxdt
ap Ot Qr ar \Jo

+ ‘/Q Q(](ZC)’(b(x, 0) d{L‘,

(6.30)

for all test functions ¢ € C},,,,([0,T) x Q).

The second main result is the complementarity relation which allows to recover the limit pressure
as the solution of an elliptic equation. In order to prove it we need to infer the strong compactness
of Vp,, which also allows us to pass to the limit in Eq. (6.23).

Theorem 6.4.2 (Complementarity relation). The limit solution satisfies

Voo (Avoo + /01 noo(y)R(y,poo)) =0, in D'(Q x (0,0)), (6.31)

as well as

1 1
—/ // nooa—(pdxdtdy—k/ // Noo VDo - Vi da dt dy
o JJar Ot o JJar

X (6.32)
=/ // nooR(yvpoo)wdxdtder/no(y,x)w(y,wﬁ) dz dy,
0 Qp Q

for all test functions ¢ € C((0,1);CL ([0,T) x Q).

comp

The following part of this section is devoted to the proof of Theorem 6.4.1 and Theorem 6.4.2.
Since we are not able to prove any control on d;p., it is not possible to directly prove the strong
compactness of p, (Corollary 6.4.9) which is necessary in order to find the limit of the reaction
term. For this reason we will be able to identify the limit only after the proof of the strong
compactness of Vv, (Lemma 6.4.8).

6.4.1 Proof of Theorem 6.4.1

Remark 6.4.3 (Weak™ convergence as 7y — 00). Let us point out that the L*°-bounds (6.13),(6.14)
and (6.15) proven in Subsection 6.3.2 are also uniform with respect to . Therefore, there exist
Toos Ooos Poo aNd Use such that, after the extraction of a subsequence Egs. (6.25)-(6.27) hold.
Moreover, there exists Hoo, such that

nyR(y,py) = Hoo weakly™ in L>((0,1) x Qr). (6.33)
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Remark 6.4.4 (H'-bounds of p, and v,). Multiplying the equation on the density, Eq. (6.3),
by ’ygl_l, it is immediate to see that the pressure satisfies

Op~

5 P+ (Apy + Ry) + [V, . (6.34)

Hence, the pressure gradient is bounded in L?(Qr) as shown by integrating by parts in space to

get
d

&/pwdx:(l—’y)/ |VP7|2dx+'7/p'wadxv
Q Q Q
which implies
=) [ 19, dwdt <R Ly oy + 0l o
T

Therefore, for all v > 1, it holds

p, € L*(0,T; H'(Q)). (6.35)
By the definition of v, we have
y+1 L v+1
Vo, = qu Vp, = Tgvvp7 € L*(Qr), (6.36)

uniformly in ~, and therefore Eq. (6.28) is proven.
Corollary 6.4.5. The limit triplet (neo, 000, Poo) Satisfies

0000

1
o Ava + / Hoo(y) dy, in D'(R? x (0,00)), (6.37)
0

where Hoo = Hoo(y, x,t) is the weak limit of nyR(y, p~).

Proof. The result comes from passing to the limit in Eq. (6.24) using the convergence re-
sults (6.26), (6.28), and (6.33).
O

As mentioned above, in order to conclude the proof of (6.30) we have to show that He, =
Noo R(Y, Poo). This will be proven in the following subsection, cf. Eq. (6.46). At this moment, we
are not able to identify the limit since we do not have the strong compactness of p. .

Remark 6.4.6 (H~'-bound of the density time-derivative). From the previous bounds and
Eq. (6.6), we have

0

% € L*(0,T; H~(Q)). (6.38)

Corollary 6.4.7. The limit solution satisfies Eq. (6.29).

Proof. Let us recall that the non-negativity of n,, and consequently of ¢, and p,, has already
been proven in the previous sections. Since g, < op = (pM)l/’Y we have 0 < 0o < 1.

By definition we have v, = 0,p,. Thanks to Egs. (6.35) and (6.38) we can apply the compensated
compactness theorem stated in Appendix 6.A, ¢f. Theorem 6.A.1, and infer

/ vypdrdt — OooPootp dx dt,
QT QT
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for every p € C(0,T;C(9)). Hence voo = 0ooPoo, almost everywhere. Finally, by weak lower
semi-continuity of convex functionals we have
y+1

lim v, =liminfp,” > peo.
y—00 y—00

For the sake of completeness, we include here the full argument. Let ¢s = ¥s(x) be a convex

function such that 15(z) — = as 6 — 0. Let us denote ¥, (z) = SCWTH, v > 1. Let us take § > 0
small enough such that

Ps(x) < Uy ().
Therefore, we have
. . . . . . L-H
Ps5(Poc) < llvrggfwa(py) < hwrgl@gf%(pq) = liminfp, " .
Since we chose § > 0 arbitrarily, we take 6 — 0 to obtain
y+1

Doo < lim inprT.
’Y-}OO

Hence OccPoo = Voo 2 Poo) which implies OooPoo = Poo-

6.4.2 Proof of Theorem 6.4.2

In order to prove the complementarity relation, c¢f. Theorem 6.4.2, the usual strategy is to prove
the strong convergence of Vp,, see for instance [61, 63, 31]. Although we are able to prove strong
compactness in space of the gradient (thanks to the Aronson-Bénilan estimate proven in the next
section) we do not have any control on d;p, from which to infer time compactness. Therefore,
we follow the strategy of [115], directly proving the strong compactness of Vv,. The core of the
proof is given by the following lemma.

Lemma 6.4.8. Up to a subsequence, as v — 0o, we have
Vo, = Vus  strongly in L*(Qr). (6.39)

Proof. Let us use vy, — v as a test function in Eq. (6.6) to obtain

do v !
A 8—;(% — Uoo) dz + ﬁ /Q Vo, - V(vy —vs) dz = /Q(/O nyR(y, py) dy) (vy — Uoo) da.
(6.40)

We note that

0 1 Do+ 1 d
ﬁvv de = —— &y de = ——— gz“
Q 8t Yy + 2 QO 3t Yy + 2dt O

Integrating in time we get

00~ 1 / 1
— v, drdt = —— 72(T)d —7/ 2 +2(0)dz — 0,
//QT ot 1 v+2 QQ7 (T)d= v+2 997 (0)de

dx.




172 CHAPTER 6. Phenotypic heterogeneity in a model of tumor growth

as v — co. Now we compute

lim sup // — Vo) ddt
y—00 QT

< lim sup (/ Vo, - V(vy — vo) dodt — / Vs - V(vy — V) da dt) (6.41)
QT QT

y—00

<lim sup/ Vo, - V(vy — ve) da dt,
Qr

y—0o0

where in the last inequality we use the fact that Vv, is weakly compact in L?(27). From
Eq. (6.40) we obtain

lim sup // Vv, - V(vy — o) da dt
y—00 Qr
< lim sup // (/ R(y,p~) dy)( — Voo ) dz dt + lim sup // —voo dzdt (6.42)
Y0 Qr Y—Q Qr
glimsup// (/ R(y,py) dy)( — Vo) dzdt + // ag—oovoo dz dt,
v=oo JJar ar Ot

where we used the weak compactness of the density in L*(0,T; H~1(2)) given by Eq. (6.38).
We now treat the first term in the right-hand side of Eq. (6.42). We add and subtract the same
quantity to get

//QT(/ yp”)dy>( ~ Voo) dz dt = //QT</ R(y,py) — R(y,poo))dy>(v7—voo)dzdt

A

//QT</ ypoo>dy>( — voo) dadt .

B

Our goal is to prove that the right hand side is bounded by some quantity that converges to zero
as v — 0o. To deal with A we use the monotonicity of R(y,-), which is a decreasing function of
the pressure. We rewrite A as follows

A= //QT (/ Rly.py) = R<y7poo>)dy) (D405 — Vo) dz dt
- //QT (/ R(y.py) = R(y,poo))dy) (Dy(0y = 1) + Py — Poo) durdt
=[] ([ m0) - R )~ 1
/. (/ Rl 07) = R pc)) 40 ) 0 o) o,

where the last integral is non-positive by the monotonicity of R. Let € > 0, we split the remaining
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term as follows

//QT (/ R(y,py) = R(y, poo)) dy)m( —1)dzdt

+//Qm{97>1_6} (/01 ny(R(y, py) — R(y,poo))dy)pv( ~1)dedt

1 1
< 2Rl (1 — )7 + 2| Rlloconpar max(s, g +o(7)).

Choosing € = 1/,/7, we infer that the right-hand side converges to zero as v — oco.

Now we show that, after the extraction of a subsequence, the term

B= /01 (//QT 4y R(Y, Poo) (0 — voo)dwdt) dy,

converges to zero as y — 00. Let us choose y € (0,1). We denote wy := R(Y, oo ) (Vy —Voo). First
of all, there exists a subsequence 7y, independent of y such that w.,, converges to zero weakly in
L?(Qr). Let us recall that

i~ (y) = V - (ny(y)Vpy) + 1y (y) R(y, Py )-

Hence, dyn,(y) € L*(0,T; H '(2)). Therefore, we can apply the compensated compactness
theorem, see Theorem 6.A.1. For all indexes ~, there exist Vi, such that

JI[ o, R0, i)t 0,
T

as ¢ — 0o, which implies
//Q Ny, (Y) R(Y, Poo ) (U, — Voo) daz dt — 0,
T

as k — oo. Moreover, the above function is uniformly bounded in L ([0, 1]). Since ~yx only depends
on the convergence of v, we have

1
B :/ (// Ny R(Y, Poo ) (U, — voo)dxdt) dy — 0,
0 Qr

Now, we can finally come back to Eqs.(6.41)-(6.42)

limsup// |V (v, — ve0)|? da dt < // 005
v=oo JJar ap Ot

To conclude the proof we will show that the right-hand side is actually equal to zero. Let us

as k — oo.

Voo daz dt. (6.43)
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notice that for any ¢ > 0

//QT(Qoo(x,tJrE) = 000 (7, 1)) Voe dz dt = //QT(goo(x,tJrs) — 141 — 900(z,t))v00 dzdt < 0,

where in the last inequality we used Eq. (6.29). In a similar fashion we have

//szT(Q“(gc’t) ~ 0o (2t — €))Voo dudt > 0.

Now it remains to prove that

lim // <Q°°(x’t+ e) = Qoo(ﬂ:’t)) Voo dz dt = // 00 Voo dr dt. (6.44)
e—0 Qr & Qr 8t

We integrate Eq. (6.37) between ¢t and ¢ + € to obtain

t+e t+e 1
Ooo(t +€) — 0o(t) = / Ao der/ / Hoo dy ds.
¢ t 0

We test the above equation against Lve(-,t) to get

/Q<Qoo(m’t+5)_Qoo(x’t)>voo(m,t)dx:_/Q1 t+8v1)oo(x’s)d8 -

€ € Jy
1 t+e 1

+/ f/ / Hoo (Y, 2, 8) dy ds veo(x, t) d.
Q¢ Jt 0

(6.45)

We have
1 t+e
g/ Voo (z, ) ds = Vo (z,t), a.e. in Qp.
t

From Eq. (6.36) we have

1 t+e
// f/ Vs (z, 8) ds
Qr € t

2 1 t+e
dzdt gf// / | Voo (2, 8)|* ds da dt
€ Qr Jt

1 T+e pmin(T,s)

:7/ / /|Vvoo(x,s)\2dxdtds
€ Jo max(0,s—e) JQ
1

T+e
gg/ | min(7T, s) — max(0, s — ¢)| / | Voo (2, 8)|? d ds
0 Q

< C(T).

Therefore we have

1 t+e
z Voo (2,8) ds — Vo (x,t), weakly in L?(Q7).
t

In an analogous way we can prove that

1 te 1 1
E/ / Hoo(y, z,8) dyds—>/ Hoo(y, 2, t)dy, weakly in L?(Q7).
t 0 0
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Combining Eq. (6.45) and Eq. (6.37) we have

gi_%//QT <W)vm(x,t) dx dt

1
—// |Vvoo|2dxdt+// (/ ’Hoo(y,xﬁ)dy) Voo (z, ) dar dt
QT QT 0
:// ag:ovoodxdt.
Qr

Hence Eq. (6.44) is proven. As a consequence, Eq. (6.43) concludes the proof.

O

Having proved the strong compactness of Vv, we can finally recover the strong compactness of
the pressure itself, by simply applying the Poincaré inequality, using the fact that € has been
chosen large enough such that the pressure satisfies Dirichlet boundary conditions.

Corollary 6.4.9 (Strong compactness of p,). Up to the extraction of a subsequence, we have
Dy = Dooy,  Strongly in L*(Qr).

Proof. Since we assumed the solutions to be compactly supported for all times 0 < ¢t < T, by

Lemma 6.4.8 and Poincaré’s inequality we infer the strong compactness of v, in L?(€7). Finally,

v/ (v+1)
v

since py = v and poo = Vs, the proof is completed. O

Thanks to this result, we can finally identify the limit of the reaction term, i.e. the following

equality holds almost everywhere in [0, 1] x Qrp

Hoo (Y, 2, 1) = Moo (Y, 7, 1) R(Y, poo(, 1)). (6.46)

Thanks to the strong compactness of the pressure gradient, we can pass to the limit in Eq. (6.23)
to obtain Eq. (6.32).

Finally, to complete the proof of Theorem 6.4.2, we show that the complementarity relation
(6.31) holds true. Let us multiply Eq. (6.6) by v, to get

1 8914’2: v
v+2 ot 41

1
v,YAvnyrvq,/o nyR(y, py) dy.

As already proven, v,,p, and Vv, are strongly compact in L?(Q7). Therefore, passing to the
limit v — oo we obtain

Voo <Avoo + /01 Too (Y) R(Y, Doo) dy) =0, inD'(Q2x (0,00)),

which concludes the proof.

6.5 Additional regularity estimates

Here we present some regularity estimates on the pressure p = oY, where p is a solution of
Eq. (6.10). In particular, we extend a result already proved in [123] for a Hele-Shaw model
of one species, which implies that p®~1|Vp|* is integrable, for certain values of o. This new
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estimate allows us to prove an L2?-version of the Aronson-Bénilan estimate for the structured
model at hand. The original AB estimate is a lower L°°-bound on the Laplacian of the pressure.
In recent years, several extensions in both L' and L2-settings have been proposed in the context
of degenerate parabolic equations and systems. We refer the reader to [26, 31, 61, 63, 94] for a
comprehensive overview.

Before presenting the proof of the main results, ¢f. Theorem 6.5.2 and Theorem 6.5.4, we point
out that as a consequence the following corollary holds.

Corollary 6.5.1. With the assumptions of the previous sections, for all T > 0 there exists a
constant C(T) which does not depend on v, such that

/Q Ap(t)] de < C(T), (6.47)

for allt € [0,T7.

Let us stress the fact that this estimate, together with a regularisation argument on Eq. (6.2)
and Eq. (6.3), implies the existence of weak solutions. In fact, considering the equations

dro =V - (oVp) + oR,

we can replace the initial data ng(y) by no,.(y) = no(y) + pe 11" with > 0. Therefore, the
equations are non degenerate and have a positive solution (n,,0,) and o,(y) = nu(y)/o, is
well defined. Since the bound on the Laplacian, Eq. (6.47), is independent of the regularisation,
applying the Aubin-Lions lemma it is possible to obtain strong compactness of the pressure
gradient in LI(Qr) for all 1 < ¢ < ﬁ, as 4 — 0. Hence, combining this result with the
compactness of n, o and p stated in Remark 6.3.4 allows to pass to the limit in the model and
prove existence. For the detailed proof of a particular case, we refer the reader to [94], where
the authors study the same problem for two species, n; and ns, rather than for an infinite set of
phenotypic traits, y € [0,1]. In fact, the estimate on the Laplacian of the pressure is analogous,
and relies on the Aronson-Bénilan estimate in an L?-setting. The improvement that we bring
here is to prove the AB estimate removing the strong technical assumption that the authors in
[94] impose on the reaction terms, namely

where the source term of the total density is

R(pa 01, 02) = F(p)01 + G(p)UQa

with o; = n;/(n1 + ng), for i = 1,2. As shown in the previous section, the question of how to
prove existence without this assumption can be achieved using the method by Price and Xu in
[135]. However, to recover the bound (6.47) on the Laplacian removing the condition on the
reaction terms was still an open question.

Theorem 6.5.2 (L*-estimate). There ezists a constant C(T) such that for any 0 < a < % the
following estimate holds true
k(o) / /
Qr

4
IVEI dzdt < C(T),
p «
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with k(o) := §(1 — ay).

Proof. First of all, let us recall that R = fol a(n)R(n, p) dn, hence 9,R < 0

We multiply Eq. (6.34) by —p®(Ap + R) to obtain

L Op
e P (Ap+R) = —p*T (Ap+ R)? — p*|Vp|*(Ap + R). (6.48)

Now we integrate in space and we split the left-hand side treating each term individually.

0 1 0 op
_ a %P A _ 2z a9 2 a—10D 2
/Qp 5t pdz /Qp 8t|Vp| dx+0¢/@p t|Vp| dzx

1d
T odr
1d
Todr

pa\Vp\deJrg/ ot p\Vp|2d~’C

Q 2 Ja
po‘\Vp\de—k—Cw/po‘(Ap+R)|Vp\2dx+g/po‘71|Vp|4dm.
Q 2 Ja 2 Ja

Let us define the following function

R(p.o) = /Op ¢*R(q, o) dqg.

It immediately follows

aap _ aﬁ 1 P o
o™= o (/O q R(n,Q)dq>8tadn.

Now using the equation on the fraction density o, Eq. (6.11), we have

/ ?;;Rdx———/Rdx+// (/ q an)dq)VU Vpdndx
Q

// (/ ¢"R(n,q)d >(R(777P)R(p))adndx
:7&/Qﬁdx+/9/o </0pqaR(77’Q)dq>VU'Vpdnderde,

where we use Bdd to denote the bounded term

C
// (/ q RUQ)dQ)( (n,p)—R)adndx<OTl p*thda < Cllp|7-,

where C' is a positive constant that depends on ||R||e. Now let us come back to Eq. (6.48) and
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integrate on €2

g/pa*l|vp|4@1x+7/p°*+1(Ap+7z)2dgc
2 Q Q
ary (e% 2 d D a‘Vp‘g
= — 1 — —_ — _—
(1+3 )/Qp (Ap+R)IVp| dx+dt/ﬂ(R P )Y 6

1 P
*// </ qaR(%(I)dq)Va'Vpdndo:de.
QJo 0

A

Let us integrate by parts the term A. We obtain

1 D
—A:—/ /(/ qaR(n,q)dq>VU-Vpd77dx
0 Q 0
1 1 4
:/p‘*IVp|2</ R(mp)adn) dx+/ /(/ qaR(n,q)dq)aApdndx
Q 0 0 Q 0

2
1 P

1 fo (fo q“R(n,q) dq)adn 1
<HRHOOP%/ |Vp|2dx+§/ ( ot1 ) dx"‘ﬁ/PaH\AP\dea
Q o D i

where in the last line we used Fubini’s Theorem and Young’s inequality. Since by assumption
both R(y,p) and 9,R(y,p) are bounded, the second term in the right-hand side is bounded.

Combining the estimate on the term —A with Eq. (6.49) and integrating in time, we obtain

g// p“_l\Vp\“dxdtJrv// p* T (Ap +R)? dxdt
2 Qr Qr

< - <1+%> //Q pa(Ap+R)|Vp|2dmdt+/ﬂﬁ(T)dx

B

2 1
+/(po)aMd$+f// p* | Ap|? dz dt + Bdd,
Q 2 2 QT

(6.50)

where Bdd now includes other bounded quantities. Now it remains to treat the term B. Let us
point out here that we cannot estimate it in the same way as in [123], since the authors make
use of a lower bound of the quantity Ap+ R, i.e. the L>°-Aronson-Bénilan estimate, which does
not hold for a multi-species system like the one at hand. For this reason, we deal with the term
B by splitting it into two parts. The one coming from the source term is easier to estimate, since
it can be bounded in the following way

/ /Q PRIV de dt < 3[Rl | VoI < max(L, pan)|R e IVpI2. (6.51)

The term with Ap is instead more involved. We refer the reader to [61] for the same method
applied to the case of one species and @ = 0. From now on, for the sake of simplicity, we only
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compute the integral in space. Integrating by parts twice we have

/ p*Ap|Vp[* dz =/ A(p®|Vp[*)p da
Q Q
:/ Ap|Vpl2pda —|—2a/ Vp - V(|Vp)p® do +/ pOHIA(|VpI?) dz. (6.52)
Q Q Q
Computing the sum of the first two terms of the right-hand side, we find
/ Ap®|Vp|*pdx + 2a/ Vp - V(|Vp|*)p® da
Q Q

:a(a—1)/p(’_1|Vp|4dx+oz/p“Ap|Vp|2dx—2a/
Q Q

p“Ap|Vp|2 dz — 202 / p(’_1|Vp|4 dz
Q

Q
—a(a+1) / p* | Vp[tdz — a/ p*Ap|Vpl* dz,
Q Q

where we used integration by parts on the second term.
We compute the last term in Eq. (6.52) as follows

/ p*TLA(|Vp|?) dz = 2/ p*TIVp - V(Ap)dx + 2/ p°‘+1(DZ»27]»]9)2 dz
Q Q Q
= —2(a+1) / p*Vp|*Apda — 2/ P Ap|* dz + 2/ p* (D} jp)? da,
Q Q Q

where in the last equality we used integration by parts and we denoted (D7 ;p)* = Y=, j(az D)%
By consequence, Eq. (6.52) now reads

/p“Ap\Vp\de = —ala+ 1)/}7“*1|Vp|4 dx — (3a+2)/po‘Ap\Vp\2dx
Q Q Q
—2/p““\AP\deJr?/pa“(Df,jp)de,
Q Q

and thus

o 2
ozAv2d __ = aflv 4d7 /OHrlA 2d
/Qp p|Vp|® da 3/Qp Iplx3(a+1)gp |Ap|” d
2
/pa+1(D?)jp)2dx.
Q

+ 3(a+1)
Using Eq. (6.53) in Eq. (6.50), we finally find

Q a—1 4 a1 2 2+ ay // atl P2 \2
— Vp|* dx dt + // Ap+R)*dxdt + ——— Dy dx dt
5 //Q | Vp|* da v o p*“TH(Ap ) dx ot 1) QTp ( ’Jp) T

2
1+— // - 1|Vp|4dxdt+( + oy )// PO Ap[? dz dt + Bdd,
QT 3(a+1) Qr

where Bdd includes also the bound in Eq. (6.51). By Young’s inequality, we have

// p”‘“\Ap\dedtég// pa+1|Ap+R|2d:cdt+3// PR dz dt.
Qr Qr Qr

(6.53)
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Then, we finally have

3
«) // p* 1 Vp|*dz dt + (’y - 2> // p* T (Ap +R)?* dx dt
QT QT

2 (6.54)
+ cw // (D2 p)2dzdt < C(T),
QT
with s(a) := §(1 — ay). Since we assumed 0 < o < %, this concludes the proof.
O

Let us point out that for &« = 0 the result proved above immediately implies a bound on the
pressure gradient which is uniform with respect to v. This bound was also investigated in [61],
where the authors prove its sharpness.

Corollary 6.5.3. The following estimate holds uniformly in -y,

// |Vp[*dzdt < C(T).
Qr

Proof. Let us take & = 0 in Eq. (6.54). Then, we infer the following bounds

/QTp(Ap+R)2dxdt<C(T), // 2 4z dt < C(T),

QT

and both hold uniformly with respect to . Since both p and R are uniformly bounded in L°,

this implies
// p?|Apl> dzdt < C(T), // 2dzdt < C(T).
QT QT

Using integration by parts, it follows that the boundedness of these two terms implies
Vp € L*Qr). We refer the reader to [61] for the detailed proof.

O

Theorem 6.5.4 (L?-Aronson-Bénilan estimate). With the assumptions of Section 6.2.3, for all
T > 0, there exists a constant C(T') independent of 7, such that for all t € [0,T] we have

2 dz 3 dzdt < .
/Q (Ap(t))? dz < O(T), / /Q (@) drdr < C(T)

Proof. We define w = Ap + R. Hence, Eq. (6.34) reads
Bp = ypw + |Vp|*.

Let us recall again the definition of R

Rp,o) = / R, p(ar, ) (1, 2, £) oy,
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Now we compute Jyw

ow a0 OR
o =A(ypw + [Vp|®) + o
=vyA(pw) + 2Vp - V(Ap) + 2 Z(a? D) + IR
o iiP ot
2 OR
>YA(pw) +2Vp - Vw = 2Vp- VR + S(w — R)? + o
! 2 OR
2 2
=yA(pw) +2Vp - Vw — 2R, |Vp[” — 2/ R(n,p)Vo - Vpdi+ 2(w =R)" + 5=
0

1
2
=yA(pw) + 2Vp - Vw — 2R, |Vp|* — 2/ R(n,p)Vo - Vpdn + =(w — R)?
0

i
L 0o 9
+/ ¢ Bl p) dn + Ry (ypw + [Vp[7)
0
1
2
=yA(pw) +2Vp - Vw — R, |Vp|* — 2/ R(n,p)Vo - Vpdy + 5(w = R)?
0
' 0o
+/ ¢ B0, p) dn + Ryypw
0
! 2 9 L 9o
27A(pw) +2Vp-Vw =2 | R(n,p)Vo - Vp+ 2w =R)"+ | = R(n,p)dy + Ryypw,
0 0
where in the last inequality we used that R, < 0. We recall that

o !
o5 = Vo Vp+ oR(y,p) — U/ a(n)R(n,p)dn.
0

We multiply by sign_ (w) to obtain

g(w —R)?sign_ (w)

1
Olw)- <yA(p(w)-) +2Vp - V(w)- —2 Signf(w)/0 R(n,p)Vo - Vpd + -

ot -

1
+ sign_ (w) / Vo - VpR(n,p)dn + C + Ryyp(w)—,
0

where C' is a constant depending on || R||so-

Firstly, we multiply by (w)_ and use again that R, < 0 to obtain

Ld dx<7/A dx—|—2/VpV w)_(w)_ de

2d
+/Q(/ R(n,p)Vo - Vpdn>( )- dz (6.55)

/ da:—f/Rz dx—a/ﬂ(w)Q,Rdx—i—C/Q(w),
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We estimate the sum of the first two terms of the right-hand side.

'y/QA(p(w)_)(w)_der2/QVp~V(w)_(w)_dx(1g)/QVp~V(w2)2_ dxf’y/Qp|V(w)_|2d:E

:(%—1)/9Ap(w)2_ dx77/§2p|V(w)_|2dx

g(l—%) /Q(w)i dz + (1—%)/97%(10)2_ dz

— w,QZ'
V/QPIV()Id

<(1— %) /Q(w)?; dx—v/ﬂp|V(w),|2dx.

Now we treat the term with Vo. Since we do not have any BV -estimate on the density fraction
we lift the derivative from o

/01 (/Q R(n,p)Vo - Vp(w)_ dx) dn :—/01 /Q R(n,p)oAp(w)_ dx dn

A
1
*/ /R(n,p)UVp-V(W)—dxdn
0 Q
B

(6.56)

1
—/ /Rp(mp)UIVpIZ(w)_dmdn.
0 Q
C

Using Ap = w — R we find

A Q(w)z_ (/01 R(n,p)o d77> dz + QR(w)— (/01 R(n,p)o dn) dz 657

< IRl / (w)? dz + R /Q<w>_dx.

Let us point out that it is in order to bound the term B that the assumption F(0) = G(0) was
needed in [94]. In fact, combining this assumption and Young’s inequality (with exponent 2),
the authors are able to estimate B by % JopIV(w)_ |2. In order to avoid imposing an analogous
assumption on R(y,p), we treat this term differently, using the estimate proven in Theorem 6.5.2.
Applying Young’s inequality with exponents 4 and 4/3, we have

R||so Vpl# 3
s Bl [ BIE g3 [ pevi)- 2 a.
Qb Q

Taking oo = 1/(y 4+ 2), we know by Theorem 6.5.2 that the first term is bounded. Let us denote
B = (v—=1)/3(y+2). Then using Young’s inequality with exponents 3/2 and 3 it is straightforward
to see

3 1

: 1
f/pl_o‘|V(w),|4/3dx< f/p(l_a_m%|V(w),|2dx+*/pwdx.
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Thanks to the choices of o and 3, we have

4 1 1 1
B< %/ [Vpl dx+f/p\V(w)_|2dx+f/pﬁ*l)/(v“‘) dz < f/p|V(w)_|2da:+C.
QDb Q 4 Jo Q

4 2 2
(6.58)
Coming back to Eq. (6.56) and recalling that R,, is bounded and non-positive, we obtain

C <IRy [ (w)-Vp- Vpds

Ryl [ V() Tpde ~ Ry [ (w)-pApds
¢ @ (6.59)

1

<5 [ oIV 0 [ oot IRyl | plw) dot Ryl [ Rofuw)-da

1
<= / p|V(w)_[*dx +C.
2 Ja
Finally, combining Eq. (6.56), Eq. (6.57), Eq. (6.58) and Eq. (6.59) we find

/O1 (/QR(n,p)va.Vp(w)_dx> dn<0/9(w)% dx+C/Q(w)_dmjL/QpW(w)_dera

We can finally come back to Eq. (6.55) to obtain

53 LR det (=) [ V() P da .
SC’(%d)/Q(w)?iderC’/Q(w)z_ d:c+C’/Q(w)_dx+C.

with C(v,d) = (1 -2 - %) being negative thanks to the assumption on «y. Since we are on a
compact support, by Young’s inequality we have

1
C’/(w)_dx < —|Q|+f/(w)_ dz.
Q 2 2 Ja

Let us stress that this assumption can be removed and all the estimates can be proven in R? by
multiplying by a properly chosen test function, see [94] for the detailed proof in the two species
case. Then we obtain

1d

and hence by Gronwall’s inequality, we have

(w)? dz < C/ (w)? dz + C,
Q

sup / (w(t)2 de < O [ (wo)2 dz+C < C.
0<t<T JQ Q

Finally, from Eq. (6.60) we also obtain

// |Ap + R[> dzdt < C(T),
Qr
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and this concludes the proof.
O

Proof of Corollary 6.5.1. Thanks to the Aronson-Bénilan estimate in L? proven above we have

/Q |Ap(t)| dz = i Ap(t) dz + Q/Q(Ap(t))_ dz < C (/Q(Ap(t))z dx>1/2 <C

for all ¢ € [0,T], and this completes the proof.

6.A Compensated compactness

Theorem 6.A.1. Let u,,w, € L>(0,T; L*(Q2)), and let oo, weo be the L?-weak limits of u., w.,
as v — oo, respectively. We assume that

(‘3%,

5 € L*(0,T; H (),  wy € L*0,T; H(Q)).

Then, up a subsequence, we have

// Uy Wy da dt e, // UooWeop da dt,
QT QT

for all ¢ € C(0,T;C ().
Proof. Let ¢.(z) := L(2) for € R? and ¢, (t) := L({(t), for t > 0 be smooth mollifiers. Then,

ed
we compute

B //QT (/Rd (wy(2)p(x) — wy(x — e2)p(x — £2))Y(2) dz) uy da dt
[ gy s vedrdn [ x o)) s vt
As v — 00, we have

// (Uy *t Co ) (Wyp) Kz Ve dzdt — // Uso Weop dz dt.
Qr

It now remains to prove that the other terms converge to zero as ¢ — 0 and ¢ — 0. By the
Fréchet-Kolmogorov theorem, we know that

[ )@~ e)@ + 1) s
/ (@) il) = ol + )P o+ | it + )y (@) =, o+ D) da

w(|k]),
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where w(|k|) — 0 as kK — 0. Hence

//QT </Rd (wr (@) () — wy(x = e2)p(x — £2))9(2) d2> w(z,t) dz dt

- ([ wr@)e@) = wr = 221te — 2Dy (.00 ) )
/ / (el2[) 2 lury (8) ]| L2y (2) dz dt — 0.

Now we treat the last term. For the sake of brevity, let us denote (w,p): 1= (Wyp) *5 Ve

//QT(M — Uy %t Go ) (wp)e dz dt = //QT (/R(U’Y(t) — uy(t — 05))¢(s) ds> (- ). der dt
- [ (L 2 ) o ana
:/RC (/ /tgs Qauw (wyp)e dxd7dt> ds

</R<(s)/0 (/jgs Oy ()

ot
T
< Co/ C(s)|s|/ w@)e sy At ds < Cor 0,
R 0

‘ dT) [ (wyp)ell () dt ds
H-1(Q)

as o — 0.

6.B Convergence of the reaction terms

Now we prove that (6.16) and (6.17) hold. By the Stone-Weierstrass theorem we know that, for
any ¢ > 0, there exists N > 0 and {a;}Y, and {G;}¥, such that

N

R(y7 pa) - Z ai(y)Gi (pe)

i=1

<0 (6.61)

Lo

Let ¢ € L'(Qr), such that ||o||z: = 1. Since 0. — o weakly* in L>°((0,1) x Q7) and p. — p
strongly in L?(Qr) as ¢ — 0, we have

//T<Z/ oe(n)ai(n (ps)dn> z,t) dedt = Z/ // oo (n)ai(n)Gy(p)p(x, t) dz dt dn
ﬂi_v:/; //Ta(n)ai(n)Gi(p)w(x,t) dz dt dn.
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Therefore, there exists ¢ such that for all ¢ < g

//T< / (m)ai(m)Gilpe) dn = Z/ )d77><pdxdt 6. (6.62)

We compute

//T(/ )R(n, pe) dn — /Olo(n)R(n,p) dn)<p(x,t) dzdt

/ () R(n, pe) dn — Z/ o= (n)ai(n)Gi(p-) dn

0

< el

Lo

+//T<Zl/ o= (n)a;(n)Gi(p-) di - Z/ )dn><ﬁdfﬂdt

1
W= [ a@Rmp | el <39
0 Lo
for € < gg. Since § was chosen arbitrarily, we conclude that
Re = / =(mR(n, pe) dn — / R(n,p)dn =R, weakly” in L=(Qr).
0

i.e. (6.16) is proven. By an analogous argument, we have

neR(y,pe) = nR(y,p), weakly™ in L*=°((0,1) x Qr),

and this concludes the proof of (6.17).



Bibliography

1
2]
3l

[4]

[5]

[6]

7]
18]

19]

[10]

[11]

[12]

D. Alexander, I. Kim, and Y. Yao. “Quasi-static evolution and congested crowd transport”.
In: Nonlinearity 27.4 (2014), pp. 823-858.

N. Alikakos, P. Bates, and X. Chen. “Convergence of the Cahn-Hilliard equation to the
Hele-Shaw model”. In: Arch. Rational Mech. Anal. 128 (1994), pp. 165-205.

L. Almeida, F. Bubba, B. Perthame, and C. Pouchol. “Energy and implicit discretization
of the Fokker-Planck and Keller-Segel type equations”. In: Networks & Heterogeneous
Media 14 (2019), pp. 23-41.

L. Almeida, P. Bagnerini, G. Fabrini, B. D. Hughes, and T. Lorenzi. “Evolution of can-
cer cell populations under cytotoxic therapy and treatment optimisation: insight from a
phenotype-structured model”. In: ESAIM: M2AN 53.4 (2019), pp. 1157-1190.

A. Ardaseva, A. R. A. Anderson, R. A. Gatenby, H. M. Byrne, P. K. Maini, and T.
Lorenzi. “Comparative study between discrete and continuum models for the evolution of
competing phenotype-structured cell populations in dynamical environments”. In: Phys.
Rev. E 102.042404 (2020).

A. Ardaseva, R. A. Gatenby, A. R. A. Anderson, H. M. Byrne, P. K. Maini, and T. Lorenzi.
“Evolutionary dynamics of competing phenotype-structured populations in periodically
fluctuating environments”. In: J. Math. Biol. 80 (2020), pp. 775-807.

D. G. Aronson. “Regularity properties of flows through porous media: The interface”. In:
Archive for Rational Mechanics and Analysis (1970).

D. G. Aronson. “The focusing problem for the porous medium equation: Experiment,
simulation and analysis”. In: Nonlinear Analysis 137 (2016). Nonlinear Partial Differential
Equations, in honor of Juan Luis Véazquez for his 70th birthday, pp. 135-147.

D. G. Aronson and P. Bénilan. “Régularité des solutions de I’équation des milieux poreux
dans RY”. In: C. R. Acad. Sci. Paris Sér. A-B 288.2 (1979), A103—-A105.

D. G. Aronson, O. Gil, and J. L. Vézquez. “Limit behaviour of focusing solutions to
nonlinear diffusions”. In: Comm. Partial Differential Equations 23.1-2 (1998), pp. 307—
332.

D. G. Aronson and J. Graveleau. “A selfsimilar solution to the focusing problem for
the porous medium equation”. In: Furopean Journal of Applied Mathematics 4.1 (1993),
pp- 65-81.

M. J. Baines, M. E. Hubbard, and P. K. Jimack. “A moving mesh finite element algorithm
for the adaptive solution of time-dependent partial differential equations with moving
boundaries”. In: Appl. Numer. Math. 54 (2005), pp. 450—469.

187



188

Bibliography

[13]

[14]

[15]

[16]

[17]

18]
[19]
[20]

21]

22]

23]

[24]
[25]
[26]
27]
(28]

29]

(30]

M. J. Baines, M. E. Hubbard, P. K. Jimack, and A. C. Jones. “Scale-invariant moving
finite elements for nonlinear partial differential equations in two dimensions”. In: Appl.
Numer. Math. 56 (2006), pp. 230-252.

F. B. Belgacem and P.-E. Jabin. “Compactness for nonlinear continuity equations”. In: J.
Funct. Anal. 264.1 (2013), pp. 139-168.

E. D. Benedetto and D. Hoff. “An Interface Tracking Algorithm for the Porous Medium
Equation”. In: Transactions of the American Mathematical Society 284 (1984), pp. 463—
500.

O. Bénichou, V. Calvez, N. Meunier, and R. Voituriez. “Front acceleration by dynamic
selection in Fisher population waves”. In: Physical Review E 86 (2012), p. 041908.

P. Benilan, L. Boccardo, and M. Herrero. “On the limit of solutions of u; = Au™ as
m — 00.” In: Rend. Sem. Mat. Univ. Pol. Torino. Fascicolo speciale on nonlinear PDE’s
(1991), pp. 1-13.

P. Bénilan and M. G. Crandall. “The continuous dependence on ¢ of solutions of u; — Ay
(w)= 0". In: Indiana University Mathematics Journal 30.2 (1981), pp. 161-177.

H. Berestycki, G. Nadin, B. Perthame, and L. Ryzhik. “The non-local Fisher-KPP equa-
tion: travelling waves and steady states”. In: Nonlinearity 22 (2009), p. 2813.

N. Berestycki, C. Mouhot, and G. Raoul. “Existence of self-accelerating fronts for a non-
local reaction-diffusion equations”. In: ArXiv Preprint, arXiv:1512.00903 (2015).

F. Berthelin, P. Degond, M. Delitala, and M. Rascle. “A model for the formation and
evolution of traffic jams”. In: Archive for Rational Mechanics and Analysis 187.2 (2008),
pp- 185-220.

F. Berthelin, P. Degond, V. Le Blanc, S. Moutari, M. Rascle, and J. Royer. “A traffic-flow
model with constraints for the modeling of traffic jams”. In: Mathematical Models and
Methods in Applied Sciences 18.1 (2008), pp. 1269-1298.

M. Bertsch, M. Gurtin, and D. Hilhorst. “On interacting populations that disperse to
avoid crowding: the case of equal dispersal velocities”. In: Nonlinear Analysis: Theory,
Methods & Applications 11.4 (1987), pp. 493-499.

M. Bertsch, M. Gurtin, D. Hilhorst, and L. Peletier. “On a system of degenerate diffusion
equations”. In: Nonlinear Functional Analysis and Its Applications 45.1 (1986), p. 133.

M. Bessemoulin-Chatard and F. Filbet. “A finite volume scheme for nonlinear degenerate
parabolic equations”. In: STAM J. Sci. Comput. 34 (2012), B559-B583.

G. Bevilacqua, B. Perthame, and M. Schmidtchen. “The Aronson-Bénilan Estimate in
Lebesgue Spaces”. In: Annales de 'Institut Henri Poincare - Analyse non lineaire (2022).

E. Bouin et al. “Invasion fronts with variable motility: phenotype selection, spatial sorting
and wave acceleration”. In: Comptes Rendus Mathematique 350 (2012), pp. 761-766.

D. Bresch, T. Colin, E. Grenier, B. Ribba, and O. Saut. “Computational modeling of solid
tumor growth: the avascular stage”. In: STAM J. Sci. Comput. 32.4 (2010), pp. 2321-2344.

D. Bresch and P.-E. Jabin. “Global existence of weak solutions for compressible Navier-

Stokes equations: thermodynamically unstable pressure and anisotropic viscous stress ten-
sor”. In: Ann. of Math. (2) 188.2 (2018), pp. 577-684.

D. Bresch and P.-E. Jabin. “Global weak solutions of PDEs for compressible media: a
compactness criterion to cover new physical situations”. In: Shocks, singularities and os-
cillations in nonlinear optics and fluid mechanics. Vol. 17. Springer INAAM Ser. Springer,
Cham, 2017, pp. 33-54.



Bibliography 189

[31]

[32]

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]

|46]

[47]

48]

F. Bubba, B. Perthame, C. Pouchol, and M. Schmidtchen. “Hele-Shaw limit for a system
of two reaction-(cross-)diffusion equations for living tissues”. In: Arch. Rational. Mech.
Anal. 236 (2020), pp. 735-766.

C. J. Budd, G. J. Collins, W. Z. Huang, and R. D. Russell. “Self-similar numerical solu-
tions of the porous—medium equation using moving mesh methods”. In: Philos. T. Roy.
Soc. A. 357 (1999), pp. 1047-1077.

A. C. J. Burton. “Rate of growth of solid tumours as a problem of diffusion.” In: Growth
30 (1966), pp. 157-76.

H. M. Byrne and M. A. J. Chaplain. “Growth of necrotic tumours in the presence and
absence of inhibitors”. In: Mathematical biosciences 135.2 (1996), pp. 187-216.

H. M. Byrne and M. A. J. Chaplain. “Growth of nonnecrotic tumours in the presence and
absence of inhibitors”. In: Mathematical biosciences 181.2 (1995), pp. 130-151.

H. M. Byrne and M. A. J. Chaplain. “Modelling the role of cell-cell adhesion in the growth
and development of carcinomas”. In: Math. Comput. Modelling 24 (1996), pp. 1-17.

H. M. Byrne and D. Drasdo. “Individual-based and continuum models of growing cell
populations: a comparison”. In: J. Math. Biol. 58.4-5 (2009), pp. 657—687.

H. M. Byrne, J. R. King, D. L. S. McElwain, and L. Preziosi. “A two-phase model of solid
tumour growth”. In: Appl. Math. Lett. 16.4 (2003), pp. 567-573.

H. M. Byrne and L. Preziosi. “Modelling solid tumour growth using the theory of mix-
tures”. In: Math. Med. Biol. 20.4 (2004), pp. 341-366.

H. Byrne. “Using mathematics to study solid tumour growth”. In: Proceedings of the 9th
General Meetings of European Women in Mathematics (1999).

L. A. Caffarelli and A. Friedman. “Regularity of the free boundary for the one-dimensional
flow of gas in a porous medium”. In: American Journal of Mathematics 101.6 (1979),
pp. 1193-1218.

L. A. Caffarelli and A. Friedman. “Regularity of the free boundary of a gas flow in an
n-dimensional porous medium”. In: Indiana University Mathematics Journal 29.3 (1980),
pp. 361-391.

L. A. Caffarelli and S. Salsa. A geometric approach to free boundary problems. Vol. 68.
Graduate Studies in Mathematics. American Mathematical Society, Providence, RI, 2005,
pp. x+270.

L. A. Caffarelli, J.-L. Véazquez, and W. N.I. “Lipschitz continuity of solutions and inter-
faces of the n—dimensional porous medium equation”. In: Indiana University Mathematics
Journal 36.2 (1987), pp. 373-401.

L. A. Caffarelli and A. Friedman. “Asymptotic behavior of solutions of u; = Au™ as
m — 00.” In: Indiana University mathematics journal 36.4 (1987), pp. 711-728.

J. A. Carrillo, B. Diiring, D. Matthes, and D. McCormick. “A Lagrangian scheme for the
solution of nonlinear diffusion equations using moving simplex meshes”. In: J. Sci. Comp.
75 (2018), pp. 463-1499.

J. A. Carrillo, S. Fagioli, F. Santambrogio, and M. Schmidtchen. “Splitting schemes and
segregation in reaction cross-diffusion systems”. In: SIAM J. Math. Anal. 50.5 (2018),
pp. 5695-5718.

J. A. Carrillo, Y. Huang, F. S. Patacchini, and G. Wolansky. “Numerical study of a
particle method for gradient flows”. In: Kinet. Relat. Mod. 10 (2017).



190 Bibliography
[49] J. A. Carrillo, H. Ranetbauer, and M.-T. Wolfram. “Numerical simulation of nonlinear con-
tinuity equations by evolving diffeomorphisms”. In: J. Comp. Phys. 327 (2016), pp. 186

202.

[50] F. Cavalli, G. Naldi, G. Puppo, and M. Semplice. “High-order relaxation schemes for
nonlinear degenerate diffusion problems”. In: SIAM J. Numer. Analy. 45 (2007).

[561] C. Chatelain, T. Balois, P. Ciarletta, and M. B. Amar. “Emergence of microstructural
patterns in skin cancer: a phase separation analysis in a binary mixture”. In: New J.
Phys. 13.115013 (2011).

[52] C. Chatelain, T. Balois, P. Ciarletta, and M. Ben Amar. “Emergence of microstructural
patterns in skin cancer: a phase separation analysis in a binary mixture”. In: New Journal
of Physics 13 (2011), p. 115013.

[53] L. Chizat and S. Di Marino. “A tumor growth model of Hele-Shaw type as a gradient
flow”. In: ESAIM Control Optim. Calc. Var. 26 (2020), p. 103.

[54] E. Cinti and F. Otto. “Interpolation inequalities in pattern formation”. In: Journal of
Functional Analysis 11 (2016), pp. 3348-3392.

[55] P. Cizek and V. Janovsky. “Hele—Shaw flow model of the injection by a point source”.
In: Proceedings of the Royal Society of Edinburgh: Section A Mathematics 91.1-2 (1981),
pp. 147-159.

[56] A. Cohen, W. Dahmen, I. Daubechies, and R. DeVore. “Harmonic Analysis of the space
BV”. In: Revista Matemdtica Iberoamericana (2003), pp. 235-263.

[57] K. Craig, I. Kim, and Y. Yao. “Congested aggregation via Newtonian interaction”. In:
Arch. Ration. Mech. Anal. 227.1 (2018), pp. 1-67.

[58] M. G. Crandall and P. M. “Regularizing effects for u; = Ap(u)”. In: Trans. Amer. Math.
Soc. 274.1 (1982), pp. 159-168.

[59] N. David. “Existence of solutions to a mechanical model of tumor growth with phenotypic
heterogeneity”. In: Preprint, Submitted (2021).

[60] N. David, T. Debiec, and B. Perthame. “Convergence rate for the incompressible limit of
nonlinear diffusion-advection equations”. In: arXiv:2108.00787, Accepted for publication
in Annales de UInstitut Henri Poincaré C (2021).

[61] N. David and B. Perthame. “Free boundary limit of a tumor growth model with nutrient”.
In: Journal de Mathématiques Pures et Appliquées 155 (2021), pp. 62-82.

[62] N. David and X. Ruan. “Asymptotic preserving scheme for a mechanical tumor growth
model”. In: ESAIM: M2AN 56.1 (2022), pp. 121-150.

[63] N.David and M. Schmidtchen. “On the Incompressible Limit for a Tumour Growth Model
incorporating Convective Effects”. In: arXiv:2103.02564, Accepted for publication in Com-
munications on Pure and Applied Mathematics (2021).

[64] G. De Philippis, A. R. Mészéaros, F. Santambrogio, and B. Velichkov. “BV estimates in
optimal transportation and applications”. In: Archive for Rational Mechanics and Analysis
219.2 (2016), pp. 829-860.

[65] T. De¢biec and M. Schmidtchen. “Incompressible Limit for a Two-Species Tumour Model

with Coupling Through Brinkman’s Law in One Dimension”. In: Acta Applicandae Math-
ematicae 169 (2020), pp. 593-611.



Bibliography 191

[66]

[67]

[68]

[69]

[70]

[71]
[72]

(73]

[74]

[75]
[76]
[77]
78]

[79]

[80]

[81]
[82]

[83]

T. Debiec, B. Perthame, M. Schmidtchen, and N. Vauchelet. “Incompressible limit for a
two-species model with coupling through Brinkman’s law in any dimension”. In: Journal
de Mathématiques Pures et Appliquées 145 (2020), pp. 204-239.

P. Degond, S. Hecht, and N. Vauchelet. “Incompressible limit of a continuum model of
tissue growth for two cell populations”. In: Networks & Heterogeneous Media 15.1 (2020),
pp. 57-85.

P. Degond and J. Hua. “Self-organized hydrodynamics with congestion and path formation
in crowds”. In: Journal of Computational Physics 237 (2013), pp. 299-319.

P. Degond, J. Hua, and L. Navoret. “Numerical simulations of the Euler system with
congestion constraint”. In: Journal of Computational Physics 230.22 (2011), pp. 8057—
8088.

S. Di Marino and A. R. Mészaros. “Uniqueness issues for evolution equations with density
constraints”. In: Mathematical Models and Methods in Applied Sciences 26.09 (2016),
pp. 1761-1783.

X. Dou, J.-G. Liu, and Z. Zhou. “Modeling the autophagic effect in tumor growth: a cross
diffusion model and its free boundary limit”. In: arXiv preprint arXiv:2007.13543 (2020).

C. Elbar, B. Perthame, and A. Poulain. “Degenerate Cahn-Hilliard and incompressible
limit of a Keller-Segel model”. In: Preprint, hal-03484277 (2021).

C. M. Elliott, M. A. Herrero, J. R. King, and J. R. Ockendon. “The mesa problem:
Diffusion patterns for u; = V-(u™Vu) as m — o0”. In: IMA journal of applied mathematics
37.2 (1986), pp. 147-154.

C. M. Elliott and V. Janovsky. “A variational inequality approach to Hele-Shaw flow
with a moving boundary”. In: Proceedings of the Royal Society of Edinburgh 88 A (1981),
pp. 93-107.

J. Escher and G. Simonett. “Classical solutions for Hele-Shaw models with surface ten-
sion”. In: Adv. Differential Equations 2 (1997), pp. 619-642.

R. Eymard, T. Gallout, R. Herbin, and A. Michel. “Convergence of a finite volume scheme
for nonlinear degenerate parabolic equations”. In: Numer. Math. 92 (2002), pp. 41-82.

A. Figalli and H. Shahgholian. “An overview of unconstrained free boundary problems”.
In: Philos. Trans. Roy. Soc. A 373.2050 (2015), pp. 20140281, 11.

R. A. Foty and M. Steinberg. “The differential adhesion hypothesis: a direct evaluation”.
In: Dev. Biol. 278 (2005), pp. 255-263.

H. B. Frieboes, Y.-L. C. F. Jin, S. M. Wise, J. S. Lowengrub, and V. Cristini. “Three-
dimensional multispecies nonlinear tumor growth—II: Tumor invasion and angiogenesis”.

In: J. Theor. Biol. 264 (2010), pp. 1254-1278.

A. Friedman. “A hierarchy of cancer models and their mathematical challenges”. In: Dis-
crete Contin. Dyn. Syst. Ser. B 4.1 (2004). Mathematical models in cancer (Nashville,
TN, 2002), pp. 147-159.

A. Friedman. “Mathematical analysis and challenges arising from models of tumor growth”.
In: Math. Models Methods Appl. Sci. 17.suppl. (2007), pp. 1751-1772.

P. Gerlee and A. Anderson. “Evolution of cell motility in an individual-based model of
tumour growth”. In: Journal of Theoretical Biology 259 (2009), pp. 67-83.

P. Gerlee and S. Nelander. “The impact of phenotypic switching on glioblastoma growth
and invasion”. In: PLoS computational biology 8 (2012), e1002556.



192 Bibliography

[84] B. Gess. “Optimal regularity for the porous medium equation”. In: J. Eur. Math. Soc.
23.2 (2021), pp. 425-465.

[85] A. Giese, R. Bjerkvig, M. Berens, and M. Westphal. “Cost of migration: invasion of malig-
nant gliomas and implications for treatment”. In: Journal of Clinical oncology 21 (2003),
pp- 1624-1636.

[86] A. Giese, M. A. Loo, N. Tran, D. Haskett, S. W. Coons, and M. E. Berens. “Dichotomy of
astrocytoma migration and proliferation”. In: International journal of cancer 67 (1996),
pp- 275-282.

[87] O. Gil and F. Quirés. “Convergence of the porous media equation to Hele-Shaw”. In:
Nonlinear Analysis: Theory, Methods & Applications 44.8 (2001), pp. 1111-1131.

[88] O. Gil and F. Quir6s. “Boundary layer formation in the transition from the porous media
equation to a Hele-Shaw flow”. In: Annales de I'IHP Analyse non linéaire. Vol. 20. 1. 2003,
pp. 13-36.

[89] D. Gilbarg and N. S. Trudinger. Elliptic partial differential equations of second order. Sec-

ond. Vol. 224. Grundlehren der Mathematischen Wissenschaften [Fundamental Principles
of Mathematical Sciences|. Springer-Verlag, Berlin, 1983, pp. xiii+513.

[90] J. Graveleau. “Quelques solutions auto-semblables pour l’equation de la chaleur non-
linéair”. In: Rapport Interne C. E. A. (1972).

[91] J. L. Graveleau and P. Jamet. “A finite difference approach to some degenerate nonlinear
parabolic equation”. In: SIAM J. Appl. Math. 20 (1971), pp. 199-223.

[92] H. P. Greenspan. “On the growth and stability of cell cultures and solid tumors”. In: J.
Theoret. Biol. 56.1 (1976), pp. 229-242.

[93] N. Guillen, I. Kim, and A. Mellet. “A Hele-Shaw limit without monotonicity”. In: Arch.
Rational Mech. Anal. 243 (2022), pp. 829-868.

[94] P.Gwiazda, B. Perthame, and A. Swierczewska-Gwiazda. “A two-species hyperbolic-parabolic
model of tissue growth”. In: Communications in Partial Differential Equations 44.12
(2019), pp. 1605-1618.

[95] D. Hanahan and R. Weinberg. “The hallmarks of cancer”. In: Cell 100 (2000), pp. 57-70.

[96] S. Hecht and N. Vauchelet. “Incompressible limit of a mechanical model for tissue growth
with non-overlapping constraint”. In: Commun. Math. Sci. 15.7 (2017), p. 1913.

[97] D. Hilhorst, M. Mimura, and H. Ninomiya. “Fast Reaction Limit of Competition-Diffusion
Systems”. In: Evolutionary Equations 5 (2009), pp. 105-168.

[98] N. Igbida. “L!-Theory for reaction-diffusion Hele-Shaw flow with linear drift”. In: arXiv
preprint arXiw:2105.00182 (2021).

[99] S.Jin and Z. P. Xin. “The relaxation schemes for systems of conservation laws in arbitrary
space dimensions”. In: Commu. Pure Appl. Math. 48 (1995), pp. 235-277.

[100] A. S. Kalashnikov. “On the occurrence of singularities in the solutions of the equation of
nonstationary filtration”. In: Z. Vych. Mat. i. Mat. Fisiki 7 (1967), pp. 440-444.

[101] I. Kim and A. R. Mészaros. “On nonlinear cross-diffusion systems: an optimal transport
approach”. In: Cale. Var. Partial Differential Equations 57.3 (2018), pp. 1-40.

[102] I. Kim and N. Pozar. “Porous medium equation to Hele-Shaw flow with general initial
density”. In: Trans. Amer. Math. Soc. 370.2 (2018), pp. 873-909.



Bibliography 193

[103]
[104]
[105]
[106]
[107]
[108]
[109]

[110]

[111]

[112]

[113]

[114]
[115]
[116]
[117]

[118]

[119]
[120]

[121]

I. Kim, N. Pozar, and B. Woodhouse. “Singular limit of the porous medium equation with
a drift”. In: Adv. Math. 349 (2019), pp. 682-732.

[. Kim and J. Tong. “Interface dynamics in a two-phase tumor growth model”. In: Inter-
faces Free Bound. 23.1 (2021), pp. 191-304.

I. Kim and Y. P. Zhang. “Porous Medium Equation with A Drift: Free boundary Regu-
larity”. In: Arch. Ration. Mech. Anal. 242.2 (2020), pp. 1177-1228.

I. C. Kim and H. K. Lei. “Degenerate diffusion with a drift potential: A viscosity solutions
approach”. In: Discrete & Continuous Dynamical Systems - A 27.(2) (2010), pp. 767-786.

J. King, A. Lacey, and J. Vazquez. “Persistence of corners in free boundaries in Hele-
Shaw”. In: Furopean J. Appl. Math. 6 (1995), pp. 445-490.

M. Kroemer and T. Laux. “The Hele-Shaw flow as the sharp interface limit of the Cahn-
Hilliard equation with disparate mobilities”. In: ArXiv Preprint, arXiv:2111.14505 (2022).

B. L. and G. T. “Non linear elliptic and parabolic equations involving measure data”. In:
Jour. Funct. Anal. 87 (1989), pp. 149-169.

P.-L. Lions and N. Masmoudi. “On a free boundary barotropic model”. In: Annales de
UInstitut Henri Poincare (C) Non Linear Analysis. Vol. 16. 3. Elsevier. 1999, pp. 373—
410.

C. Liu and Y. Wang. “On Lagrangian schemes for porous medium type generalized diffu-
sion equations: A discrete energetic variational approach”. In: J. Comp. Phys 417 (2020),
p. 109566.

J.-G. Liu, M. Tang, W. L., and Z. Zhou. “An accurate front capturing scheme for tumor
growth models with a free boundary limit”. In: J. Comp. Phys. 364 (2018), pp. 73-94.

J.-G. Liu, M. Tang, L. Wang, and Z. Zhou. “Analysis and computation of some tumor
growth models with nutrient: From cell density models to free boundary dynamics”. In:
Discrete & Continuous Dynamical Systems - B 24 (2019), p. 3011.

J.-G. Liu, M. Tang, L. Wang, and Z. Zhou. “Towards understanding the boundary prop-
agation speeds in tumor growth models”. In: arXiv preprint arXiv:1910.11502 (2019).

J.-G. Liu and X. Xu. “Existence and incompressible limit of a tissue growth model with
autophagy”. In: ArXiv preprint arXiv: 2102.05844 (2021).

Y. Liu, C.-W. Shu, and M. Zhang. “High order finite difference WENO schemes for non-
linear degenerate parabolic equations”. In: SIAM J. Sci. Comp. 33 (2011), pp. 939-965.

T. Lorenzi, A. Lorz, and B. Perthame. “On interfaces between cell populations with dif-
ferent mobilities”. In: Kinet. Relat. Models 10.1 (2017), pp. 299-311.

T. Lorenzi, B. Perthame, and X. Ruan. “Invasion fronts and adaptive dynamics in a model
for the growth of cell populations with heterogeneous mobility”. In: Furopean Journal of
Applied Mathematics (2021), pp. 1-18.

J. S. Lowengrub et al. “Nonlinear modelling of cancer: bridging the gap between cells and
tumours”. In: Nonlinearity 23.1 (2010), R1-R91.

P. Lu, L. Ni, J. L. Vazquez, and C. Villani. “An accurate front capturing scheme for tumor
growth models with a free boundary limit”. In: J. Comput. Phys. 364 (2018), pp. 73-94.

P. Macklin, S. McDougall, A. R. Anderson, M. A. Chaplain, V. Cristini, and J. Lowengrub.
“Multiscale modelling and nonlinear simulation of vascular tumour growth”. In: J. Math.
Biol. 58.4-5 (2009), pp. 765—798.



194

Bibliography

[122]
[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]
[133]

[134]

[135]
[136]

137]

[138]

[139]

B. P. Marchant, J. Norbury, and J. A. Sherratt. “Travelling wave solutions to a haptotaxis-
dominated model of malignant invasion”. In: Nonlinearity 14.6 (2001), pp. 1653-1671.

A. Mellet, B. Perthame, and F. Quirés. “A Hele-Shaw problem for tumor growth”. In: J.
Funct. Anal. 273.10 (2017), pp. 3061-3093.

L. Monsaingeon. “An explicit finite-difference scheme for one-dimensional Generalized
Porous Medium Equations: Interface tracking and the hole filling problem”. In: ESAIM:
M2AN 50.4 (2016), pp. 1011-1033.

G. Naldi, L. Pareschi, and G. Toscani. “Relaxation schemes for partial differential equa-
tions and applications to degenerate diffusion problems”. In: Surv. Math. Ind. 10 (2002),
pp- 315-343.

C. Ngo and W. Huang. “A study on moving mesh finite element solution of the porous
medium equation”. In: J. Comp. Phys. 331 (2017), pp. 357-380.

O. A. Oleinik, A. S. Kalashnikov, and J.-1. Czou. “The Cauchy problem and boundary
problems for equations of the type of non-stationary filtration”. In: Izv. Akad. Nauk SSSR
Ser. Mat. 22.5 (1958), pp. 667-704.

C. Perrin and E. Zatorska. “Free/congested two-phase model from weak solutions to multi-
dimensional compressible Navier-Stokes equations”. In: Communications in Partial Dif-
ferential Equations 40.8 (2015), pp. 1558-1589.

B. Perthame, F. Quir6s, M. Tang, and N. Vauchelet. “Derivation of a Hele-Shaw type
system from a cell model with active motion”. In: Interfaces Free Bound. 16.4 (2014),
pp- 489-508.

B. Perthame, F. Quiros, and J. L. Vazquez. “The Hele-Shaw asymptotics for mechanical
models of tumor growth”. In: Arch. Ration. Mech. Anal. 212.1 (2014), pp. 93-127.

B. Perthame, M. Tang, and N. Vauchelet. “Traveling wave solution of the Hele-Shaw
model of tumor growth with nutrient”. In: Math. Models Methods Appl. Sci. 24.13 (2014),
pp. 2601-2626.

B. Perthame and N. Vauchelet. “Incompressible limit of a mechanical model of tumour
growth with viscosity”. In: Philos. Trans. Roy. Soc. A 373.2050 (2015), pp. 20140283, 16.
G. Pettet, C. Please, M. J. Tindall, and D. McElwain. “The Migration of Cells in Multicell
Tumor Spheroids”. In: Bulletin of Mathematical Biology 63.2 (2001), pp. 231-257.

L. Preziosi and A. Tosin. “Multiphase modelling of tumour growth and extracellular ma-
trix interaction: mathematical tools and applications”. In: J. Math. Biol. 58.4-5 (2009),
pp. 625—656.

B. C. Price and X. Xu. “Global existence theorem for a model governing the motion of
two cell populations”. In: Kinetic and Related Models 13.6 (2020), pp. 1175-1191.

J. Ranft, M. Basana, J. Elgeti, J. F. Joanny, J. Prost, and F. J ulicher. “Fluidization of
tissues by cell division and apoptosis”. In: Natl. Acad. Sci. USA 49 (2010), pp. 657—687.

B. Ribba, O. Saut, T. Colin, D. Bresch, E. Grenier, and J. P. Boissel. “A multiscale
mathematical model of avascular tumor growth to investigate the therapeutic benefit of
anti-invasive agents”. In: J. Theoret. Biol. 243.4 (2006), pp. 532-541.

S. Richardson. “Hele-Shaw flows with a free boundary produced by the injection of fluid
into a narrow channel”. In: J. Fluid Mech. 56.4 (1972), pp. 609-618.

T. Roose, S. J. Chapman, and P. K. Maini. “Mathematical models of avascular tumor
growth”. In: STAM Rev. 49.2 (2007), pp. 179-208.



Bibliography 195

[140]

[141]

[142]

[143]

[144]
[145]
[146]

[147]

[148]

[149]

[150]
[151]

[152]

[153]

M. E. Rose. “Numerical Methods for Flows Through Porous Media. I”. In: Math. Comp.
40 (1983), pp. 435-467.

E. Sabinina. “On the Cauchy problem for the equation of nonstationary gas filtration in
several space variables”. In: Doklady Akademii Nauk. Vol. 136. 5. Russian Academy of
Sciences. 1961, pp. 1034-1037.

P. E. Sacks. “A singular limit problem for the porous medium equation”. In: Journal of
Mathematical Analysis and Applications 140.2 (1989), pp. 456—466.

F. Santambrogio. “A Modest Proposal for MFG with Density Constraints”. In: proceedings
of the conference Mean Field Games and related Topics, Roma 1 (2011) published in Net.
Het. Media 7.2 (2012), pp. 337-347.

F. Santambrogio. Optimal transport for applied mathematicians. Progress in Nonlinear
Differential Equations and Their Applications. Birkhduser, NY, 2015.

J. A. Sherratt. “Traveling Wave Solutions of a Mathematical Model for Tumor Encapsu-
lation”. In: SIAM Journal on Applied Mathematics 60.2 (2000), pp. 392-407.

J. A. Sherratt and M. A. J. Chaplain. “A new mathematical model for avascular tumour
growth”. In: J. Math. Biol. 43.4 (2001), pp. 291-312.

M. Tang, N. Vauchelet, I. Cheddadi, I. Vignon-Clementel, D. Drasdo, and B. Perthame.
“Composite waves for a cell population system modeling tumor growth and invasion”. In:
Chin. Ann. Math. Ser. B 34.2 (2013), pp. 295-318.

N. Vauchelet and E. Zatorska. “Incompressible limit of the Navier-Stokes model with a
growth term”. In: Nonlinear Anal. 163 (2017), pp. 34-59.

J. L. Vazquez. The porous medium equation: mathematical theory. Oxford Mathemati-
cal Monographs. Mathematical theory. The Clarendon Press, Oxford University Press,
Oxford, 2007, pp. xxii+624.

J. L. Vazquez. “The mesa problem for the fractional porous medium equation”. In: Inter-
faces and Free Boundaries 17.2 (2015), pp. 263-289.

J. Ward and J. R. King. “Mathematical modelling of avascular-tumour growth”. In: IMA
journal of mathematics applied in medicine and biology 14.1 (1997), pp. 39-69.

S. M. Wise, J. S. Lowengrub, H. B. Frieboes, and V. Cristini. “Three-dimensional mul-
tispecies nonlinear tumor growth—I: Model and numerical method”. In: J. Theor. Biol.
253 (2008), pp. 524-543.

Q. Zhang and Z.-L. Wu. “Numerical simulation for porous medium equation by local
discontinuous Galerkin finite element method”. In: J. Sci. Comp. 38 (2009), pp. 127-148.



196 Bibliography







INCOMPRESSIBLE LIMIT AND WELL-POSEDNESS OF PDE MODELS OF TISSUE GROWTH
Abstract

Both compressible and incompressible porous medium models have been used in the literature to describe
the mechanical aspects of living tissues, and in particular of tumor growth. Using a stiff pressure law,
it is possible to build a link between these two different representations. In the incompressible limit,
compressible models generate free boundary problems of Hele-Shaw type where saturation holds in
the moving domain. Our work aims at investigating the stiff pressure limit of reaction-advection-porous
medium equations motivated by tumor development. Our first study concerns the analysis and numerical
simulation of a model including the effect of nutrients. Then, a coupled system of equations describes the
cell density and the nutrient concentration. For this reason, the derivation of the pressure equation in
the stiff limit was an open problem for which the strong compactness of the pressure gradient is needed.
To establish it, we use two new ideas: an L3-version of the celebrated Aronson-Bénilan estimate, also
recently applied to related problems, and a sharp uniform L*-bound on the pressure gradient. We further
investigate the sharpness of this bound through a finite difference upwind scheme, which we prove to
be stable and asymptotic preserving. Our second study is centered around porous medium equations
including convective effects. We are able to extend the techniques developed for the nutrient case, hence
finding the complementarity relation on the limit pressure. Moreover, we provide an estimate of the
convergence rate at the incompressible limit. Finally, we study a multi-species system. In particular,
we account for phenotypic heterogeneity, including a structured variable into the problem. In this case,
a cross-(degenerate)-diffusion system describes the evolution of the phenotypic distributions. Adapting
methods recently developed in the context of two-species systems, we prove existence of weak solutions
and we pass to the incompressible limit. Furthermore, we prove new regularity results on the total
pressure, which is related to the total density by a power law of state.

Keywords: porous medium equation, tumor growth, Aronson-Bénilan estimate, free boundary, Hele-
Shaw problem

Résumé

Les modéles de milieux poreux, en régime compressible ou incompressible, sont utilisés dans la littérature
pour décrire les propriétés mécaniques des tissus vivants et en particulier de la croissance tumorale. Il est
possible de construire un lien entre ces deux différentes représentations en utilisant une loi de pression
raide. Dans la limite incompressible, les modéles compressibles conduisent & des problémes de frontiéres
libres de type Hele-Shaw. Nos travaux visent a étudier la limite de pression raide des équations de
type milieu poreux motivées par le développement tumoral. Notre premiére étude concerne I'analyse et
la simulation numérique d’un modéle incluant l'effet des nutriments. Ensuite, un systéme d’équations,
dont le couplage est délicat, décrit la densité cellulaire et la concentration en nutriments. Pour cette
raison, la dérivation de I’équation de pression dans la limite incompressible était un probléme ouvert
qui nécessite la compacité forte du gradient de pression. Pour I’établir, nous utilisons deux nouvelles
idées : une version L3 de la célébre estimation d’Aronson-Bénilan, également utilisée récemment pour
des problémes connexes, et une estimation L* sur le gradient de pression (ou 'exposant 4 est optimal).
Nous étudions en outre I'optimalité de cette estimation par un schéma numérique upwind aux différences
finies, que nous montrons étre stable et asymptotic preserving. Notre deuxiéme étude est centrée sur
I’équation de milieux poreux avec effets convectifs. Nous étendons les techniques développées pour le
cas avec nutriments, trouvant ainsi la relation de complémentarité sur la pression limite. De plus, nous
fournissons une estimation du taux de convergence a la limite incompressible. Enfin, nous étudions un
systéme multi-espéces. En particulier, en tenant compte de 'hétérogénéité phénotypique, nous incluons
une variable structurée dans le probléme. Par conséquent, un systéme de diffusion croisée et dégénérée
décrit 1’évolution des distributions phénotypiques. En adaptant des méthodes récemment développées
pour des systémes & deux équations, nous prouvons ’existence de solutions faibles et nous passons & la
limite incompressible. En outre, nous prouvons de nouveaux résultats de régularité sur la pression totale,
qui est liée a la densité totale par une loi de puissance.

Mots clés : équation des milieux poreux, croissance tumorale, estimation d’Aronson-Bénilan, frontiére
libre, probléme de Hele-Shaw
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