N
N

N

HAL

open science

Mathematical study of degenerate Cahn-Hilliard
equations
Charles Elbar

» To cite this version:

Charles Elbar. Mathematical study of degenerate Cahn-Hilliard equations. Analysis of PDEs
[math.AP]. Sorbonne Université, 2024. English. NNT: 2024SORUS053 . tel-04590460v2

HAL Id: tel-04590460
https://theses.hal.science/tel-04590460v2

Submitted on 28 May 2024

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

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


https://theses.hal.science/tel-04590460v2
https://hal.archives-ouvertes.fr

"\ SORBONNE

S UNIVERSITE

SORBONNE UNIVERSITE

LJLL

JiL

Ecole doctorale Ecole Doctorale Sciences Mathématiques de Paris Centre

Unité de recherche Laboratoire Jacques-Louis Lions

Thése présentée par Charles ELBAR

Soutenue le 15 mai 2024

En vue de 'obtention du grade de docteur de Sorbonne Université

Discipline Mathématiques appliquées

Spécialité Equations aux dérivées partielles

Etude mathématique d’équations
de type Cahn-Hilliard dégénérées

Benoit PERTHAME
Emmanuel GRENIER

Thése dirigée par

Composition du jury

Rapporteurs Harald GARCKE
Alain MIRANVILLE
Ezaminateurs Virginie EHRLACHER

Luis ALMEIDA
Filippo SANTAMBROGIO

Nicolas VAUCHELET

Benoit PERTHAME
Emmanuel GRENIER

Directeurs de thése

directeur
co-directeur

professeur & University of Regensburg
professeur a I’Université de Poitiers

professeur a I’Ecole des Ponts ParisTech
directeur de recherche & Sorbonne Université
professeur & I’Université Claude Bernard Lyon
1

professeur & I’Université Sorbonne Paris Nord

professeur a Sorbonne Université
professeur & ’Ecole Normale Supérieure de
Lyon

président du jury


https://www.sorbonne-universite.fr/
https://ljll.math.upmc.fr/
https://www.sorbonne-universite.fr/
https://ljll.math.upmc.fr/
http://www.ed386.upmc.fr/
https://ljll.math.upmc.fr/
mailto:charles.elbar@sorbonne-universite.fr




Mots clés: Cahn-Hilliard, limite incompressible, tension de surface, analyse asymptotique,
flow gradient

Keywords: Cahn-Hilliard, incompressible limit, surface tension, asymptotic analysis, gradient
flows






Cette thése a été préparée au

Laboratoire Jacques-Louis Lions

Sorbonne Université

Campus Pierre et Marie Curie
4 place Jussieu

75005 Paris

France

a +33 144 27 42 98
Site https://1jll.math.upmc.fr/



https://ljll.math.upmc.fr/
https://ljll.math.upmc.fr/
https://ljll.math.upmc.fr/




A mes parents, mon frére et Mohamed Amine Belabbes . . .






Résumé ix

ETUDE MATHEMATIQUE D’EQUATIONS
DE TYPE CAHN-HILLIARD DEGENEREES

Résumé

Nous étudions des équations de type Cahn-Hilliard, équation qui fut introduite pour décrire la séparation
de phases dans les systémes multi-composants. Les résultats obtenus dans ce travail ont été motivés par
des applications biologiques, notamment la formation de tissus et la croissance de tumeurs, ainsi que par
des applications physiques, tels que les écoulements de fluides impliquant des phénoménes de tension de
surface.

La premiére partie de cette thése est une analyse de la relation entre I’équation de Cahn-Hilliard et les
modéles Hele-Shaw, qui sont fréquemment utilisés pour modéliser I’écoulement des fluides ou I’évolution
de tumeurs cancéreuses dans des espaces confinés. Nous examinons en particulier comment obtenir les
modéles Hele-Shaw dans la limite dite incompressible de I’équation de Cahn-Hilliard. La deuxiéme partie
de la thése se concentre sur 1'étude de I’équation de Cahn-Hilliard non-locale (et ses variations) et sa
convergence vers ’équation locale. Cette équation, qui peut étre dérivée rigoureusement & partir d’'un
systéme de particules en interaction, est obtenue en remplacant le laplacien, qui est un terme local, par
une approximation non-locale prenant en compte les interactions a longue distance entre les composants.
Nous montrons que la solution de I’équation non-locale converge vers la solution de I’équation locale dans
la limite d’interaction & courte distance. La troisiéme partie de la thése se penche sur I’étude des modéles
de fluides plus classiques, tels que les équations d’Euler et de Navier-Stokes, qui intégrent des phénoménes
de tension de surface. Ces modéles sont utilisés pour décrire les écoulements de fluides ou les mouvements
de cellules dans lesquels les forces interfaciales jouent un roéle important. La quatriéme partie juxtapose
la théorie cinétique, traditionnellement employée pour la représentation de phénoménes physiques & une
échelle mésoscopique, avec ’équation de Cahn-Hilliard. Notre étude se concentre spécifiquement sur
I’équation de Vlasov-Cahn-Hilliard, qui décrit les processus de transition de phase.

Mots clés : Cahn-Hilliard, limite incompressible, tension de surface, analyse asymptotique, flow gra-
dient

Abstract

We study Cahn-Hilliard type equations, an equation that was introduced to describe phase separation
in multi-component systems. The results obtained in this work have been motivated by biological
applications, such as tissue formation and tumor growth, as well as physical applications, such as fluid
flows involving surface tension phenomena.

The first part of this thesis is an analysis of the relationship between the Cahn-Hilliard equation and
the Hele-Shaw models, which are frequently used to model fluid flow or the evolution of cancerous
tumors in confined spaces. In particular, we examine how to obtain Hele-Shaw models in the so-called
incompressible limit of the Cahn-Hilliard equation. The second part of the thesis focuses on the study of
the non-local Cahn-Hilliard equation (and its variations) and its convergence to the local equation. This
equation, which can be derived rigorously from a system of interacting particles, is obtained by replacing
the Laplacian, which is a local term, by a non-local approximation taking into account the long range
interactions between the components. We show that the solution of the non-local equation converges
to the solution of the local equation in the short range interaction limit. The third part of the thesis
focuses on the study of more classical fluid models, such as the Euler and Navier-Stokes equations, which
incorporate surface tension phenomena. These models are used to describe fluid flows or cell motions in
which interfacial forces play an important role. The fourth part juxtaposes kinetic theory, traditionally
used to represent physical phenomena on a mesoscopic scale, with the Cahn-Hilliard equation. Our study
focuses specifically on the Vlasov-Cahn-Hilliard equation, which describes phase transition processes.

Keywords: Cahn-Hilliard, incompressible limit, surface tension, asymptotic analysis, gradient flows

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

The Cahn-Hilliard equation
The Cahn-Hilliard equation,

Ou —divim(u)Vp) =0, p=—-0Au+ F'(u), &§>0,

is a fourth-order parabolic equation, generally studied on a bounded domain with Neumann
Boundary conditions. This equation, was originally introduced by J.W. Cahn and J.E. Hilliard in
1958 [70] to explain the evolution of an isotropic system characterized by nonuniform composition
or density, that is a system with a variation in one of these two intensive scalar properties.

To understand the genesis of this equation we have to go back to the phenomenon of interfacial
energy in a system. A simple explanation is given in [134]: Interfacial energy characterizes the
energy required to form an interface with a certain surface area. For instance consider a water
molecule in the middle of others. The molecule is attracted on all sides by the polar nature of
its neighbors. But what happens if we transport this molecule to the air-water interface? Where
it was previously attracted equally in all directions, this is no longer the case. One side of the
molecule is now in contact with air, which, as a gas, has far less attraction for the water molecule
than water itself. Thus, there is a competition between a weak attractive force attempting to
extract it from the liquid, and a strong attractive force seeking to draw it towards the bulk of
water. This unequal attraction pushes the water molecule at the interface to attempt to return
to the liquid. Only by doing substantial work can a water molecule be pulled to the junction
between air and water. Each water molecule forced to the interface creates a small amount of
new interfacial area. If we express the work required to move a molecule to the interface in terms
of the new zone created, we obtain a measure of the interfacial energy of water when in contact
with air.

To determine interfacial energies, some theoretical studies have imposed arbitrary constraints
on the thickness of the interface. For example, Young and Becker assumed that two adjacent
phases are homogeneous up to their shared interface. However, as Cahn and Hilliard pointed
out, such assumptions may not hold in most cases, especially when the system’s temperature and
pressure are specified. In such situations, the interfacial thickness is no longer an independent
variable, making computations of interfacial energy inaccurate. To give a satisfactory theory of
the interfacial energy for a general nonuniform isotropic system, Cahn and Hilliard demonstrated
that the free energy of such a system can be expressed as (at least approximated by a Taylor
expansion):

)
E = NV/ F(u) + =|Vul*dV.
v 2

where the nonuniformity is given here by wu, the mole fraction of one of the component and Ny
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is the number of molecules per unit volume. The previous equation can be understood as the
sum of two contributions. One of these contributions represents the free energy that the volume
would possess in a homogeneous solution, while the other is a "gradient energy" depending on
the local composition. Once the free energy is derived, it is possible to compute the interfacial
energy of a flat interface, which is the difference between the actual free energy of the system
and that which it would have if the properties of the phases were continuous throughout the
interface:

)
o= NV/ F(u) + §|Vu\2 —upup — (1 —uw)pas dV
%

where u4 and pp are the chemical potentials per molecule of the species A and B.

With this expression, they were able to predict that the thickness of the interface is an increasing
function of the temperature # and becomes infinite at a critical temperature 6.. Moreover, they
computed that the interfacial energy behaves as (6 — 96)3/ 2. in agreement with experiments.
From the free energy expression, using the mass balance equation

% +divj =0,
and the generalized Fick’s law
oFE
. ekt
g =—mu)Voo

we obtain the Cahn-Hilliard equation. The equation, originally introduced in the context of
material science, has since been used to describe the evolution of nonuniform systems in different
fields: biology, image inpainting, fluid mechanics and even to explain the origin of the irregular
structure in Saturn’s rings [320]. In general, it is used as the main tool to incorporate the surface
tension effect in a model.

The results obtained in this work have been motivated by biological applications, such as tissue
formation and tumor growth, as well as physical applications, such as fluid flows involving surface
tension phenomena. The different models presented here, consists in using the Cahn-Hilliard
equation, possibly coupled with other equations depending on the application.

Contents of the thesis

We begin with a reminder of classical mathematical tools. Then, the study is centered around
four distinct parts, each exploring various aspects of mathematical modeling and their connec-
tions to the Cahn-Hilliard equation. The chapters within each part are self-contained and can
be read independently.

Part 1: The incompressible limit of the Cahn-Hilliard equation The first part deals with
the link between the Cahn-Hilliard equation and Hele-Shaw models, commonly used in fluid dy-
namics and the growth of tumors within confined spaces. Specifically, we investigate how to
derive some Hele-Shaw models in the context of the "incompressible" limit of the Cahn-Hilliard
equation.

Part 2: Nonlocal to local convergence of the Cahn-Hilliard Equation Part two cen-
ters on the nonlocal Cahn-Hilliard equation and its variants. This equation replaces the local
Laplacian term with a nonlocal approximation, accounting for long-range interactions between
components. We prove that, as the range of interactions decreases, the solution of the nonlocal
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equation converges to the one of its local counterpart.

Part 3: Fluid Models with surface sension The third part deals with classical fluid models,
namely the Fuler and Navier-Stokes equations, with additional surface tension effects. These
models are used to describe fluid flow and cell motion, where interfacial forces play a crucial role.

Part 4: Kinetic theory and the Cahn-Hilliard Equation Part four juxtaposes kinetic
theory, traditionally applied to describe mesoscopic-scale physical phenomena, with the Cahn-
Hilliard equation. Our focus is on the Vlasov-Cahn-Hilliard equation, a model that characterizes
phase transition processes.

At the end of the introduction, we discuss some current work and perspectives. In the appendix,
we mention a recent work, concerning a porous medium system.

Part 1: The incompressible limit of the Cahn-Hilliard equa-
tion

Consider two plates separated by a very small gap h as in Figure 1. In fact, an infinitesimally
small gap. We assume that the plates are of size L > h.

fluid in{iﬁc]’im

-

b

&y

Figure 1 — Hele-Shaw flow

This system is called a Hele-Shaw cell and is often used to reproduce two dimensional fluid
flows with low Reynolds number, generally around obstacles if an obstacle is inserted between
the two plates. The derivation of the Hele-Shaw equations may be found in [8]. We outline
here the fundamental idea behind the derivation. Consider an incompressible fluid with velocity
u = (Ug, Uy, u,) moving inside the Hele-Shaw cell. The fluid satisfies the Navier-Stokes equation

ou
e +plu-Vu=—-Vp+vAu, divu=0, u(z,y,0)=u(z,y,h)=0, (0.0.1)
where p is the density of the fluid and Vp the pressure gradient. From the incompressibility
relation divu = 0 and assuming u, ~ u, we get the approximation
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Uy U Uy h
f-i-fy—&-zz()iuzzzuz,y«“z,yaSh_ﬂ)

where u, , represents either u, or u,. Therefore we can reglect the z component of the velocity
compared to the component in = and y and write u = (ug, uy,0). Also, since h is much smaller
than L ) )
0% ug y < 0% Ug y
Ox? 022

Assuming that the fluid is of low Reynolds number we can neglect the first two terms of the
Navier-Stokes equation (0.0.1) compared to the viscosity term vAu:

O*u,  Op O*u,  Op 0 p
Vo2 9z

“or Va2 oy’ - 0z

Therefore the pressure does not depend on z. Assuming that u,(x,y,0) = ug(z,y, h) = uy(z,y,0) =
uy(x,y, h) = 0 (Dirichlet conditions) yields

Noting upar = (Uz, Uy), Ppar(z,y) = p(,y, 2) the velocity and the pressure in the parallel plane
(xOy) we obtain

1
Upar = —EVpparz(h —2).
Using the incompressibility relation one can also get the laplace equation
Appar =0,

supplemented by the no-penetration boundary conditions on the side walls Vppq, - @ = 0 where
77 is a unit vector perpendicular to the side wall. We note the important fact that the equation of
Hele-Shaw flows is the same to that of the flow of incompressible fluid through a porous medium
with Darcy’s law. These models are referred to as ’free boundary models.” In this context, there
exists a domain, often denoted as €(t), which defines the fluid region with a clear boundary.
This boundary evolves over time according to a pressure law. Introduced to describe fluids,
these models found application in the modeling, analysis and simulation of biological phenomena
such as tumor growth. In the particular case of tumor growth, an additional term has to be taken
into account for the proliferation of cells, resulting in a different formulation of the Hele-Shaw
equation: Apper + G(Ppar) = 0, where G is the growth term.

Using Hele-Shaw models to describe tumor growth Initiated by Greenspan [196], general me-
chanical models of tumor growth have been proposed and used internal pressure as the main
effect that drives the movement and proliferation of cells. The prototypical example of a me-
chanical living tissue model is

Ogn = div (nVp) + nG(p), p=n", (0.0.2)

in which p is the pressure and n the cell density. In this kind of model, Darcy’s law of movement is
used to reflect the porous media formed by the extra-cellular matrix and the tendency of cells to
move away from regions of high compression. Recall the sentence the equation of Hele-Shaw flows
1s the same to that of the flow of incompressible fluid through a porous medium with Darcy’s law.
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The previous equation models the flow of a fluid through a porous medium type with Darcy’s law.
However the fluid is not incompressible. Interestingly, Perthame et al. [289] have shown that
the incompressible limit can be found sending v to co. In that limit, solutions of Model (0.0.2)
converge to a limit (neo,Poo) solution of a free boundary limit problem of Hele-Shaw type for
which the normal component of p., gives the speed of the free boundary. In the limit, the solution
to Equation (0.0.2) can be divided into two distinct regions: Q(t) = {z, poo (¢, 2) > 0} where the
pressure remains positive (representing the tumor), and the region outside where po, = 0. Note
also the important graph equation peo(neo—1) = 0 which implies the incompressibility of the fluid.
Indeed, in the zone (t) we immediately get no = 1 which corresponds to an incompressible
tumor. The graph equation can be easily seen from the relation pyn, = (nz)(VH)/ 7 and sending
gamma to co. The free boundary problem has also an additional equation specifying that the
pressure satisfies

—Apso = G(ps), in Qt), orequivalently poo(Apoo+G(Ps)) =0 almost everywhere in €.
(0.0.3)
These equations can be seen by taking ne, = 1 in (0.0.2). When the source term is set as
G(p) = 0, the classical Hele-Shaw system, which was derived earlier, is retrieved. The result
established by Perthame, Quiros, and Vazquez stimulated the exploration of multiple variations
of the general model (0.0.2), introducing different physical effects in mechanical models of tissue
growth. As an example, the inclusion of viscosity effects has been incorporated into the model to
represent cell friction [38, 50] using Stokes’ or Brinkman’s laws. A consistent aspect across these
variations is the presence of a parameter + within the pressure law, which is sent to infinity to
achieve the incompressible limit of the model.
Surface tension A major assumption that was made in all the previous models in the absence of
surface tension and interfacial energy. Surface tension is a concept associated with the internal
cohesive forces between the molecules of a fluid: hydrogen bonds, van der Waals forces, metallic
bonds, etc. Inside the fluid, molecules are attracted equally in all directions leading to a net
force of zero; however molecules on the surface experience an attractive force that tends to pull
them to the interior of the fluid: this is the origin of the interfacial (or surface) energy. This
energy is equivalent to the work or energy required to remove the surface layer of molecules in
a unit area. The value of the surface tension will vary greatly depending on the nature of the
forces exerted between the atoms or molecules. In the case of solid tumor cells in a tissue, it
reflects the cell-cell adhesion tendency between the cells and depends on the parameter 6 and
the geometry of the tumor.
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i i — Cohesive forces

O cells

—
E\dhesion
(%) :Tumor at time t

—Ap = G(p)

Figure 2 — Tumor evolving with pressure and surface tension

Figure 2 represents tumor (in white) denoted as Q(t) infiltrating a healthy tissue (in blue). The
tumor cells are dividing through a proliferation (or source) term denoted as G(p), resulting in
the generation of a pressure gradient. This pressure gradient exerts a force on the surrounding
tumor cells. It’s noteworthy that within the tumor itself, the cohesive forces between the tumor
cells do not matter, as the cells are attracted equally in all directions.

The pressure can be described using the Hele-Shaw equation as —Ap = G(p). At the inter-
face or boundary, the cohesive force is no longer zero. Instead, it gives rise to a force, named
Faanhesion, which tends to draw the boundary cells into the tumor. Then, the boundary be-
comes a competition between growth and pulling, hence creating interfacial energy. One way
to incorporate surface tension in the existing models is by considering the Cahn-Hilliard equation.

The Cahn-Hilliard equation and the Hele-Shaw models. Recall that Cahn and Hilliard have proved
that the free energy of a volume V of an isotropic system of nonuniform composition or density
is given by

)
E:NV/ fo(c)+§|Vc|2dV,
14

where Ny is the number of molecules per unit volume, Ve is the composition gradient, and
fo(c) is the free energy per molecule of a homogeneous system. The second component within
the free energy E takes into account the fluctuations in composition or density, which is at the
origin of the surface tension. The equation introduced by Perthame, Quirés, and Vazquez (0.0.2)
corresponds to the situation where fo(c) = 7};:11 and 6 = 0, meaning there’s no interfacial energy
involved. An inherent question arises: what occurs when ¢ is not equal to 07 Can we still send
7 to oo and find the incompressible limit of the model? The solution to this question remains
open in the general context. Nevertheless, in specific cases it can be done. This is the case in the
nonlocal Cahn-Hilliard equation and also in a ’smoothed’ variant of the Cahn-Hilliard equation
(which can be transformed into a Keller-Segel type equation), such as those discussed in the first

and second chapters of this section. More precisely, in the first chapter we study the system

On — div(nVu) = nG(p),

0.04
—oAp+p= (n—%u)y—(SAn. ( )
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The o coefficient is typical of the Brinkman’s law for porous medium and introduces viscosity
effects in the equation. It also provides better regularity of the system. When ¢ — 0, we expect
to recover a solution of the Cahn-Hilliard equation

om — div(nVu) = nG(p), (0.0.5)
/.l = ’l’L’y - 6An

This assertion can be proved rigorously:

Result 1 (Convergence of the relaxed system when o — 0. Cf. Theorem 1.2.1). From the weak
solutions (ng, o) of the system (0.0.4) with parameter o we can extract a subsequence converging
to (n, p) weak solution of the system (0.0.5).

We also study the incompressible limit v — oo of the system (0.0.4) with o > 0 fixed. The case
o = 0 is open. The major difficulty in the latter case is the lack of any estimates on p itself.
Indeed, we are not able to control the vacuum zones n = 0 that make the estimates degenerate.
In the case 0 > 0 the main idea of the proof is to rewrite the system as a Keller-Segel system.
More precisely, defining

w=mn-— %,u, p=w’, (0.0.6)
we can rewrite the system as
d —iAMéd' (nVw) = nG é( —w) (0.0.7)
in — oA + —div(nVw) = nG | —(n —w 0.
—ocAw + %w“’ +w=n. (0.0.8)

In this formulation, we observe that p, the difficult term to control, does not appear anymore and
we need to control mainly w, that satisfies an elliptic equation. Moreover using Alikakos iteration
method we derive an L° estimate on n which is crucial to find the incompressible limit of the
system. Also, the solution can be proved to be unique in the case of no source term, controlling
the H~! between the difference of two solutions. Concerning the incompressible limit, we prove
the following result

Result 2 (Incompressible limit. Cf. Theorem 1.3.5). Let (ng ., lo,y) be a weak solution to
the system (0.0.4). Then, when v — oo, after extraction of subsequences, (Mg, to~, Wo.y) —
(No,005 fo,cos Wo,o0)- These functions satisfy in the weak sense

0N, 00 — diV(no,oov.Uo,oo) = no,ooG(,UOO)~

and

g g
Ho,co = Po,co — 5Aw0,oo» _UAwJ,oo + <DPo,~ + Wo,00 = No,005  Wo,00 = No,0o0 — S,U/cr,oo~

0

In this ’stiff pressure limit’, the system has three unknowns 1y o0, We,co (OF e 00) and Py oo and
is completed with a type of incompressibility condition

po,oo(wa,oo - 1) =0. (009)
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The tumor is situated in the zone Q(¢) := {(¢, x), poo(t,2) > 0} and we observe that inside Q(t),
Noo = 1, and thus from the evolution equation —Ap = G(u), which is a Hele-Shaw relation. The
second chapter is dedicated to the study of the incompressible limit (i.e. v — 00) of the nonlocal
Cahn-Hilliard equation, as well as its convergence to stationary states:

8tu — le(’LLVM) = UG(p)a
ILL = TL’Y + BE(U)'

Here, B. denotes the nonlocal operator defined as

Bulul(w) = (ula) —w xulw)) = 5 [ w0)(ue) = ule = ) dy

e2

Because of the convolution term, there is no maximum principle and our approach relies on a
new L estimate obtained by De Giorgi iterations. Also, since the diffusion term is given by
nY 4+ n?2, instead of the usual n” in the work of Perthame, Quiros, Vazquez, it seems not possible
to use the classical Aronson-Benilan estimate, a natural estimate that provides an L' bound on
the laplacian of the pressure, hence provided compactness of the gradients. For this reason, we
have to rely on an energy trick to achieve strong convergence of the gradients of the pressure.

Result 3 (Incompressible limit. Cf. Theorem 2.1.5). Let u., be a weak solution to the previous
equation. Then up to a subsequence, uy — Uoo and py = Ul = Poo Where Use and po satisfy in

Ottoo — div(too V (Poo + Be(teo))) = oo G(Poo)s (0.0.10)
1 9 1. —

Poo (Apoo + @Aum 3 div (oo (Vwe * Uoo)) + uooG(poo)) =0, (0.0.11)

0<tuo <1, P >0, pPoo(l—us)=0 almost everywhere in Q x (0, 00), (0.0.12)

We also prove the long-term convergence to a single constant stationary state of any weak solution
using entropy methods, even when a source term is present. Indeed, and despite the source term,
we get a uniform control in time of the energy. Our result implies in particular that the surface
tension in the nonlocal (and even local) Cahn-Hilliard equation will not prevent the tumor from
completely invading the domain.

Result 4 (Long time behaviour. Cf. Theorem 2.1.6). There are two cases:

— for G(p) = pa — p, we have
1
lut) = pillLay = 0 ast — o0, Vgel[l,y+1). (0.0.13)

— For G(p) =0 and v > 1, we have an exponential decay towards the mean value: there exists
a constant C such that

u(t) —Tollpagy S e Vge[l,y+1). (0.0.14)

Although the incompressible limit is attainable, it is not clear what happens exactly at the
boundary 9€2(t). Therefore we look for a deeper understanding of the tumor’s boundary in this
limit. To address this, the third chapter of this first part introduces an external confining V'
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potential and we place ourselves in the radial setting:

d(rn) 0 Ap+V)\
at  or (m o )=

80 (o
H= ror \ or )’

The equation is set on the domain (0,7) x (0, Rp) for some R, > 0. Then, we can compute the
stationary states of the Cahn-Hilliard equation and prove their convergence towards a unique
profile, completely determined, as the incompressible limit is reached. This profile showcases a
pressure jump at the boundary, a hallmark of surface tension. The value of this jump is explicitly
determined based on the applied external potential.

(0.0.15)

Result 5 (Existence of solutions and long term asymptotic. Cf. Theorem 3.1.1). There exists
a global weak solution of 0.0.15. Moreover, up to a subsequence, {rn(t + k,r)}r converge to a

stationary solution 1 ns(r) > 0 where no € C1(Ig,) satisfies m = fOR" T Noo(r) dr and

INpoo +V) _ o éﬁ oo ’
or =0, Moo = N, — T o Moy

r or

Moo (0) =nl (Ry) = 0.

Our second result characterizes possible stationary states and shows we can distinguish an interval
where ny, = 0 and another where ., + V' is constant as expected from the first equation. We
consider the confining potential V (r) = r? for simplicity but the proof may be adapted to any
increasing potential.

Result 6 (Characterization of the stationary states. Cf. Theorem 3.1.2). Let noo be a solution
as built in the previous theorem.
(A) Then, no is nonincreasing and it satisfies 0 < noo(Rp) < 2.
b

(B) Assume noo(Rp) = 0 and let R > 0 be the smallest argument such that n(R) = 0 and thus
Neo > 0 in [0, R). Then, there is As € (0, R?) such that
nl, —onl, —onl, =R?—r?— )\ in(0,R), (0.0.16)

neo(R) =nl (R) = 0.

and, given R > 0, there is at most one couple (n,\) solving (0.0.16).
(C) Fiz 6 € (0,1). There exists R(m), independent of v, such that when R, > R(m), then
noo(Rb) =0.

Next, we focus on the incompressible limit of the solutions of (0.0.16), that is when ~, — occ.
We denote by ny the steady state associated with 4 and assume that R, is large enough so that
ng (Rb) =0.

Result 7 (Incompressible limit of the stationary states. Cf. Theorem 3.1.3). Let {v;}ren be
any sequence such that v, — oo. Let {ny}ren be a sequence of stationary states with the same
mass m and with radius Ry, being the smallest argument such that ng(r) = 0.

Then, ni, — Nine in C([0, Ry]) and Ry — R, where nyn. and R are uniquely defined and can
be computed explicitly. Moreover, the sequence of pressures {py := n}* }ren converges weakly to
some pressure Pine such that pie(Mine — 1) = 0 and pine has a jump at {nip. = 1}

[pinc] =~ V6 R?/3 /3, as 6 — 0.
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1 \ — pressure Pinc

— density nnc

Ry R Ry

Figure 3 — Plot of the limiting profile n,., as v, — 0o, for the potential V(r) = r2. We can

observe that the pressure has a discontinuity at Ry with (0, Ry) = {nine = 1} = {pinc > 0},
while the density remains C*.

Part 2: Nonlocal to local convergence of the Cahn-Hilliard
equation

The Cahn-Hilliard equation was derived in 1958 by Cahn and Hilliard. In 1997, Giacomin
Lebowitz rigorously derived an equation called the nonlocal Cahn-Hilliard equation. Their
derivation relies on a d-dimensional lattice gas evolving via Kawasaki exchange with respect
to the Gibbs measure for a Hamiltonian which includes both short-range and long-range interac-
tions. The two equations, nonlocal and local have many similarities, analytically and numerically,
and it is often the case that the two may be used in applications, arguing that they are the same
up to a Taylor expansion. Indeed, both of the equations can be written

O — div(m(u)Vu) =0,

where p has to be chosen accordingly
Hlocal = —Au + F/(’LL), Hnonlocal = /Js(xa Z/)(U(l") - U(y)) dy + Fl(u)

When we write u(y) ~ u(z) +y - Vu(x) + %Dz(u(m)) and assume that the kernel is symmetric,
with only non-zero second moments along the diagonal (yielding the Laplacian instead of the full
Hessian), we observe that fnoniocal S€IVes as an approximation to fijeeq;- The parameter € in the
kernel J. represents the range of the nonlocal interaction. Indeed, the kernel often takes the form
of J.(Jx — y|) and approximates a Dirac function as € — 0, containing all the information in the
zone x =~ y. As & — 0, the nonlocal Cahn-Hilliard equation formally converges to the local Cahn-
Hilliard equation. As previously mentioned, these two equations exhibit certain similarities, yet
they also present distinct challenges. For instance, studying the nonlocal Cahn-Hilliard equation
is in general simpler, as the equation is of second order. However the analysis on a bounded
domain can become challenging due to the nonlocal operator, and it is often studied in the
torus, as in the work of Giacomin-Lebowitz. Conversely, the local Cahn-Hilliard equation is
often studied on a bounded domain with Neumann boundary conditions. Moreover, explicitly
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computing the stationary states of the nonlocal Cahn-Hilliard equation proves to be a bit harder.
Assuming d;u = 0 and m(u) > 0, we can then derive x = C. In one dimension, the resulting
equation reduces to a simple second-order ODE for the local equation, and an equation evolving
a convolution for the nonlocal one. The nonlocal Cahn-Hilliard equation offers the advantage of
being easier to derive. We can rely on the work of Giacomin-Lebowitz, but when F’(u) is linear,
there is a more straightforward derivation, from the particle level, see also [279, 36] for similar
derivation in biological contexts.

Consider a system of N particles in interaction denoted {X;}i=1,.. n.

(] [ [ J
(]
X
[ [ [ J ' [ J
) o <)
° W (Xi °
[ [ [ J [ J [ J
Suppose that these particles follow the law
dX;
ﬁ:E}VW&—&) (0.0.17)

J#i

Let p be the empirical measure

L X
PN (t) = N Zéxi(t)’
i—1

then we see that the right-hand side of (0.0.17) can be rewritten as —VW x p/V. As the law
of motion is imposed on the velocity it makes sense to make a connection with the continuity
equation, and one can prove that the empirical measure satisfies (in the measure sense)

Aip™N — div(pN VW pN) = 0.
Sending N — 400 and assuming that p converges to p we obtain
Op — div(pVW % p)) = 0. (0.0.18)

To consider volume exclusion effect, for instance the cells have some volume and cannot stand
exactly on the top of each other one has to consider that the kernels are repulsive at the origin
and we rename (up to changing the sign)

W = —W + v, (0.0.19)

where v is the strenght of the local repulsion. Equation (0.0.18) thus becomes

Op — div(pV (=W x p+vp)) = 0.

Then, assuming that W is of mass 1 and writing vp = p + (v — 1)p, we obtain a nonlocal Cahn-
Hilliard equation. Note from (0.0.19) the competition between the long range attraction and
repulsion at the origin. The convergence of the nonlocal to local Cahn-Hilliard equation states
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that if these effects are scaled appropriately, we expect to obtain a fourth-order equation with
surface tension effects.
More generally, consider the equation:

Owu. = div(ucVp), in  (0,400) x T¢,

0.0.20
p= Blu] + F'(u.), in (0,400) x T% ( )

and its local counterpart:

Oy = div(uVp), in (0,400) x TY,

/ . (0.0.21)

p=—Au+F'(u), in (0,400) x T
In the first chapter, we prove existence of weak solution and the nonlocal to local limit. More
precisely we have the two following results:

Result 8 (Existence of solutions for the nonlocal equation. Cf. Theorem 4.1.7). There exists a
global weak solution u. of the previous equation.

Result 9 (Convergence of nonlocal to local Cahn-Hilliard equation on the torus. Cf Theo-
rem 4.1.8). Let {u.} be a sequence of solutions of the degenerate nonlocal Cahn-Hilliard equation.
Then, up to a subsequence,

u. — u in L*(0,T; H(T?))

where u is a weak solution of the local degenerate Cahn-Hilliard equation.

The proof of nonlocal to local relies on a new compactness argument in the spirit of Aubin-Lions
for nonlocal operators where the compactness in space is achieved with a nonlocal Poincaré
inequality proved by Ponce [294]. A similar result can be found for a system of two populations,
and it has a direct biological application, which is the understanding of the cell-cell adhesion
patterns and the so-called Steinberg differential adhesion hypothesis.

Figure 4 — Ramsey A. Foty, Malcolm S. Steinberg, Differential adhesion in model systems, Wiley
Interdiscip Rev Dev Biol actions.

Consider two populations of cells. Let them evolve, and wait enough time to observe a stationary
state. Then, one can observe 4 kind of different patterns: complete sorting, partial engulment,
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engulment and mixing corresponding to the 4 pictures above. The 4 patterns are a scale that
describe how much the cells interact with each other: that is how the two populations interact
and how individuals from a same population interact. These experiments lead Steinberg to the
formulation of the differential adhesion hypothesis. As an analogy to immiscible fluids such as oil
and water, Steinberg developed a thermodynamic model to explain this behavior by considering
the different strengths of cell-cell adhesion bonds. In this context, when different cell populations
are put together, they self-organize, with the objective of minimizing the overall energy within
the tissue. Motivated by these ideas, Baker, Carrillo and Falco introduced in [165] a new local
continuum model for cell-cell adhesion, aiming to replicate the diverse patterns observed in the
DAH phenomenon. This model is based on a set of Cahn-Hilliard equations. The derivation is
similar to that of the single equation.

Consider a system of N green particles denotes {X;};=1,.. v and N red particles denoted
{Y;}i=1,... v that satisfy

o ([ J
o o ([ J [ J
[ J
[ J
[
o o
X{:——ZVWHX - X;) ZVWmX Y;)
J#£i ];ﬁz
Yi’:——ZVWNY X;) ZVWQQY Y;)).
J#i J#z

To consider the repulsive effects at the origin (two cells cannot exactly stand on the top of each
other) we rename the kernels W; ; — W, ; + vdp. Consider the empirical measures pV(t) =

+ Zfil Sx, 0 MV (1) = % va:l dy,(+) and send N — oo.
In the limit we obtain

0
55 =V (pV (Wi xp+Wigxn+vip+n)),
0
St =V (07 (W s p+ Wog xn+v(p+1))).

Assuming W; ; = K; jw., W12 = Wa 1 and doing some rescaling and renaming of parameters we
obtain

Op
ot
On
ot

=V (pV (kBc[p] + aBe[n] —vp — 1)),
(0.0.22)

= V- (nV (aBclpl + Belnl = Bp —n)),
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with Be[u] = “=5* ~ Au.
Then, sending formally € — 0 we obtain

dp

3¢ =V (pV (=wDp —aln—7p = Bn)),

an (0.0.23)
o =V (V(=alp—An—fp—mn).

In their paper, Baker, Carrillo and Falco studied the stationary states of the last system in

dimension 1 and proved that depending of the parameters «, «, 7y, 8, we can observe four different

shapes, which correspond to the four cell-cell adhesion hypothesis: complete sorting, partial

engulfment, engulfment, and mixing. Three main questions remain

— Can we prove the existence of solutions to the nonlocal system and what is their regularity?
— Can we make the limit € — 0 rigorous?
— Can we prove convergence to stationary states of the local problem?

The first two questions are solved in the second chapter of this part, where as the third one is
still open at the moment. The existence result is based on the JKO scheme:

Result 10 (Existence of weak solutions. Cf. Theorem 5.1.1). When the matriz {Z ﬂ is

positive definite, there exists weak solutions of (0.0.22).
And for the convergence € — 0, the strategy is similar to the strategy for a single equation.

Result 11 (Convergence nonlocal to local. Cf. Theorem 5.1.2). Let (pe,ne) be weak solutions
of (0.0.22). Then when e — 0,

Pe =P, MNe 1, In LQ(OaT; Hl(Td))
where p,n are weak solutions of (0.0.23).

Choosing the right equation (nonlocal or local) to model a phenomenon is a natural question
that arises. Since the equations are similar, as demonstrated by the theorem of nonlocal to
local convergence, which one should be used to model a binary fluid, two types of interacting
populations... And the answer is not entirely clear in the literature. Historically, the equation
of local Cahn-Hilliard was derived for binary alloys and is still widely used in various fields such
as tumor growth, image segmentation, and copolymer melts. The nonlocal equation, on the
other hand, arrived later but has the advantage of being derived more simply. Moreover, it
also highlights nonlocal phenomena, which is important in the study of collective movements,
for example. It also allows for a nonlocality parameter epsilon that can be adjusted according
to the application. Numerically, it is observed that the nonlocal equation tends to favor sharp
interfaces, unlike the local equation, which always has a diffuse interface. Additionally, the
regularity of the solutions of the nonlocal equation is also lower, which is easily noticeable in
energy estimates. If we start with a less regular solution, for example, a constant state perturbed
by random data, numerically it is observed that the solutions of the nonlocal equation take more
time to become smooth. To provide a simple example, in the following numerical simulations
we consider a Cahn-Hilliard equation (nonlocal and local) with constant mobility in dimension
1 and 2. The kernel employed in the nonlocal equation is of gaussian type.
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Figure 6 — Comparision between the nonlocal and local Cahn-Hilliard equation in 1d and 2d



18 Introduction

The pictures correspond to the numerical simulations of

o= Ay, j= F'(u) + {—Au: local case

“=="*: nonlocal case

where F(u) = u?(1 — u?) is a polynomial approximation of the double well potential and
—_1z|2
we = Hw (%) with w(z) = W@ 3" a gaussian kernel. The numerical implementation

was carried out using Python, and numpy.fft, numpy.ifft to efficiently calculate the Fourier and
inverse Fourier transforms. The Fourier transform proves particularly useful for terms like A%u
and the convolution A(u — w * u). Then, an implicit Euler scheme is applied to the equation in
Fourier variables.

Part 3: Fluid Models with surface tension

The Cahn-Hilliard equation can be used to model a binary mixture in interaction with a diffuse
interface. More precisely, consider the general Cahn-Hilliard equation

Orc —div(m(c)Vu) =0, pu=F'(c) — eAc.

where ¢ is an order parameter. During the evolution, an interface between the two components
¢ =0, ¢ =1 will form with size \/e.
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Figure 7 — Typical evolution of the Cahn-Hilliard equation. The interface is in green: ¢ = 0.5.

A small argument in favor of this result is the form of the energy

El] = /SN;P + F(c).

As the energy is bounded we expect that |Ve|? takes at most value like %, and thus the transition
zone from ¢ = 0 to ¢ = 1 is of size \/e. The idea of a diffuse interface model in a binary mixture
is however not completely obvious in we refer to [22] for a review. The study of the interface
between two fluids started with Young, Laplace, and Gauss in the early 1800s who imagined
the interface as an infinitesimally thin surface. The physical quantities such as the density were
assumed to be discontinuous across the interface. Boundary conditions were used to explain
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physical phenomena like capillarity, which is the process where a liquid flows without the help of
any external forces like gravity. For instance, when we impose the condition that the sum of all
forces acting on an infinitesimal curved interface must equal zero, we obtain the Young-Laplace
equation. This equation states that the pressure difference between the two sides of the interface
(assuming each phase is in equilibrium) is equal to the product of the surface tension and the
curvature.

In the middle of the nineteenth century, Poisson, Maxwell, and Gibbs recognized that the interface
actually involved a smooth transition of physical quantities rather than abrupt changes. In
particular, Gibbs introduced the concept of a dividing surface, denoting a surface of discontinuity,
and introduced surface excess quantities to develop the equilibrium thermodynamics of interfaces.
In the end of the nineteenth century, Rayleigh and Van der Waals expanded on these notions,
describing the interface as having a non-zero thickness, or diffuseness, through thermodynamic
gradient theories. In 1901 Korteweg further advanced these ideas by proposing a constitutive
law for the capillary stress tensor based on density and its spatial gradients, and therefore on
density variations. More precisely, he assumed the stress tensor to be of the form

T =TV +T¢,
TN = —pI 4 2uD + Adiv(v)I, T = (a|Vp|? + BAP)I +~v(Vp @ Vp) + 6D?p.

Here TV? is the usual stress tensor applied in Navier-Stokes model for compressible fluilds, and
T is the introduced capillarity stress tensor. In particular, p is the pressure and D is the
rate-of-strain tensor. «, 3,7, are functions of the density p, representing long-range molecular
effects. In fact, the previous formula of the capillarity stress tensor is mostly used in single
component fluids and the density p is the variable that distinguishes the bulk fluids and the
interface: it is an order parameter. For a binary fluid, the stress tensor can be formulated on
another order parameter: the composition ¢ which can be for instance the mass fraction of one
component (Cahn and Hilliard 1958). This methodology was then expanded to simulate the
phase separation of polymer blends and alloys (de Gennes, 1980). Additionally, in the 1970s, the
diffuse interface approach merged with hydrodynamics, giving rise to a collection of conservation
equations. Kawasaki, Siggia, Hohenberg and Halperin among others named this approach "model
H" and it was later called the "diffuse interface method."

It is not completely clear whether or not the initial Korteweg model is consistent with the ba-
sic concepts of continuum thermodynamics. For instance, it was shown by Serrin in [309] that
"Unless certain conditions are satisfied, the only geometric phase boundaries that conform to
Korteweg’s theory are either spherical, cylindrical, or planar. In other words, disregarding the
effect of gravity, the physical situations that can arise in phase transitions governed by Korteweg’s
theory are: spherical liguid bubbles in an ambient atmosphere, spherical vapor bubbles in an am-
bient liquid bath, planar interfaces between the phases, or circular cylindrical interfaces between
the phases, which are likely unstable. This rather surprising conclusion can be understood as a
consequence of the mechanical equations of equilibrium (Cauchy’s equation) having three indepen-
dent components, while the equilibrium of liquid-vapor phase transitions is determined by a single
physical variable, the density. " Despite its uncertainty, Korteweg stresses have been succesfull in
describing experiments. In [100], Chen and Meiburg show that Korteweg stresses can account
for discrepancies observed between conventional Stokes flow simulations and experiments. They
present an estimate of the vorticity and stream function fields induced by the Korteweg stresses,
which shows these stresses result in the formation of a vortex ring structure near the tip of the
concentration front. Through this mechanism, the propagation velocity of the concentration
front is reduced, in agreement with the experimental observations.
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If we assume that the Korteweg stresses represent well the interactions at the interface, a logical
approach would be to formulate the corresponding Euler and Navier-Stokes equations. These
equations are commonly referred to as the Euler-Korteweg and Navier-Stokes-Korteweg equations
in the literature. The previous form of the Korteweg capillarity stress tensor is quite general and
considerable simplifications are often made in the literature. For instance, in the first chapter,
we only retain the Laplacian terms and consider

VT = pV By [p]

where B,, is a nonlocal operator of first order approximating the Laplacian when n — 0. Then we
study the approximation of the (local) Cahn-Hilliard equation by the (nonlocal) Euler-Korteweg
equation, particularly when the friction coefficient is large. More precisely, we consider

Owp + 1div(pu) =0,
< ) ) ) (0.0.24)
O:(pw) + — div(pu@u) = = pu— —pV(F"(p) + Bylr]).

This equation models the long-time asymptotics of the motion of a compressible fluid with density
p, velocity u which is in fact a liquid-vapor mixture. The fluid experiences high friction (due to
the term 76% pu) and additional capillary effects in the transition zone between liquid and vapor
(due to the term —2pV(F(p) + Byl[p)).

When ¢ is very small, the friction is so big, that we mostly observe a phase separation phenomenon
between the liquid and the vapor. When ¢,77 — 0 in some scaling to be determined, we prove
the convergence of (0.0.24) to the local Cahn-Hilliard equation

Op = div(pVp),
p=—Ap+F'(p).

which describes the dynamics of phase separation. The problem of deriving the Cahn-Hilliard
equation from the Euler-Korteweg equation was studied only recently by [249] assuming two
facts which are not guaranteed by the current theory: existence of weak dissipative solution of
the Euler Korteweg equation for general initial data, and existence of classical solutions of the
degenerate Cahn-Hilliard equation. For that reason, we propose to include a nonlocality in the
Korteweg tensor and consider measure valued solutions, which allows to bypass the two previous
assumptions to make the argument rigorous. Therefore, we start by proving the existence of
measure-valued solutions, which are dissipative (this term will be defined in the related chapter),
a tool particular useful to use relative-entropy method arguments.

Result 12 (Existence of measure-valued solutions. Cf. Section 6.3). There exists dissipative
measure-valued solutions of (0.0.24).

Then we prove the following result

Result 13 (From Euler-Korteweg to Cahn-Hilliard. Cf. Theorem 6.1.4). Let p2 , and u) . be a
well prepared initial condition. Let (py.c, U, - be a dissipative measure-valued solution of (0.0.24)
with initial condition (pgm, ugm). Then, for each sequence m, — 0, there exists a subsequence
{nk} (not relabelled) and a sequence {e} depending on ny. and the final time T such that e, — 0

and py, e, — p » Where p is a weak solution of the local Cahn-Hilliard equation.

In the second chapter, we consider a generalized compressible Navier-Stokes-Cahn-Hilliard system
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(a bit distinct from the Navier-Stokes-Korteweg equation). The tensor considered here is
c . 1 2
V- T% = ~div Vc®V6—5|Vc\ 1).

and we study the system

op . _
% +div (pv) =0,
% + div (pev) = div (b(c) V) + F,

Mo
pp=—yAc+p—=,

1
% +div(pvev) = — [vp+ ydiv (Vc® Ve — 2|Vc21>] +div (v(c) (Vv + VvT))

— ;V (v(c) (div (v))) — k(p, c)v,

A rigorous derivation of the system is provided in the related article. It models the motion of
a diphasic fluid composed of two immiscible components,i.e. the cells of the two different types,
in a porous matrix and takes into account viscosity effects, surface tension, and friction on the
rigid fibers constituting the medium. p is the total density of the mixture (i.e. the sum of the
two partial densities), ¢ is the relative mass fraction of one component (e.g. the cancer cells),
v is the mass averaged total velocity, u is called the chemical potential, p is the pressure. The
coeflicient ~y is related to the surface tension and is equal to the square of the width of the
diffuse interface existing between the two populations. The friction coefficient £(-) is a monotone
increasing function of the density and takes into account the possible difference of friction strength
between the two populations. We use this friction term to model possible adhesive effects on
the extracellular matrix. The coefficient v(-) represents the viscosity of the mixture and again
possible differences of viscosities could be considered for the two populations. The function )
represents the separation of the two components of the mixture and phenomenologically models
the behavior of cells (i.e. cells tend to form aggregates of the same cell type). The function
F.(-) accounts for the possible proliferation and death of cells. The non-negative function b(-)
models the mobility of cells and is assumed to be doubly degenerated to, again, correspond to the
behavior of cells. The model aims to be as general as possible to study the possible mechanical
effects playing a role in invasive growth of a tumor.

We focus on the analysis and numerical simulation of the model. Our system is derived rigorously
and satisfies basic mechanics of fluids and the thermodynamics of particles. Under simplifying
assumptions, we prove the existence of global weak solutions. We also propose a structure-
preserving numerical scheme based on the scalar auxiliary variable method to simulate our system
and present some numerical simulations validating the properties of the numerical scheme and
illustrating the solutions of the model.

Result 14 (Derivation, analysis and numerical simulations of the Cahn-Hilliard-Navier-Stokes
model. Cf. Chapter 7). The previous system can be rigorously derived in thermondynamic
and fluid mechanics framework. There exists weak solutions and we can construct a structure
preserving numerical scheme.
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Part 4: Kinetic theory and the Cahn-Hilliard equation

Kinetic theory is a mathematical framework to describe the evolution of a gas or a plasma, and
more generally a system of N identical point particles, where N is assumed to be large. Such a
system considers three types of scales:

— Microscopic scale. The microscopic scale follows a Newtonian mechanical approach, treat-
ing each particle as a point in space. It uses Newton’s laws of motion to determine particle
acceleration, accounting for the interacting forces. Although this description offers remark-
able precision, it becomes impractical for systems gases, where the number of molecules
approaches Avogadro’s number (approximately N ~ 1023). Moreover, even when dealing
with a small number of particles, such as in the case of the 3-body problem, it can present
significant challenges.

— Macroscopic scale. Imagine a cube positioned in space, small enough compared to the
entire system yet capable of accommodating a large number of particles. Assuming that
the molecules within the cube have reached a local equilibrium, this approach considers
equations governing energy, momentum, and mass within the confined region. It yields
equations of fluid mechanics, including the Euler and Navier-Stokes equations.

— Mesoscopic scale. Serving as a middle ground between the previous approaches, the
mesoscopic scale considers molecular interactions without attributing specific effects to
individual particles. Instead, it focuses on quantifying the number of molecules engaged in
a particular activity, therefore providing a statistical perspective.

Kinetic theory follows this last approach. It represents a statistical point of view, which forgets
about the individual trajectories and describes the distribution of particles in the phase space.
This usually includes space and velocity, i.e. both macroscopic and microscopic variables.

The unknown is therefore the probability measure
f=1t28), t>0, zeR) R,

such that, for every infinitesimal volume dx d¢ around the point (x,&) in the phase space, the
quantity f(t,x,€&) dzdg is the number of particles which have position = and velocity & at fixed
time ¢. For this reason, f is a nonnegative function and integrable in both space and velocity
variables, but it is not directly observable. Nevertheless, at each point of the domain it provides
all measurable macroscopic quantities, which can be expressed in terms of microscopic averages,
for instance:

p(t,x) = /Rd ft,x, &) dE, (macroscopic density)
u(t,z) = %/Rd Ef(t,x,&)dE, (mean velocity)
T(t,x) = %/}Rd wf(t7 x, &) dg, (temperature)

We point out that such a statistical description makes sense only with a very large number of
particles.

Applications to phase transitions. (For further details see [281]) Any substance with a fixed chem-
ical composition, such as water can exist in different forms called states. Water can exist as a
gas, a liquid, or a solid (ice). These states differ in many properties, such as heat capacity,
density, and mechanical properties. Generally, a solid or liquid substance can have multiple
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arrangements of atoms, molecules, or particles, each associated with distinct properties of the
substance, forming different phases. Solid water, for instance, has several phases of ice. Through
experiments, phase transitions or changes of state can be observed. For example, a substance
transitions from a liquid to a solid state through solidification, while the application of pressure
can modify molecular arrangements in a crystal, causing a transition from one crystalline phase
to another. Phase transitions have been known for a long time and occur naturally (e.g., conden-
sation of water droplets in clouds) or in our daily lives. They are also used in various systems and
industrial processes. For instance, the evaporation of water in the steam generator of a nuclear
power plant is a physical process that activates turbines in electric generators, and the melting
and solidification of metals are crucial stages in metallurgical operations, among other examples.
It is important to note that a phase transition is induced by external influences that modify an
intensive thermodynamic variable of the system, such as temperature, pressure, magnetic field,
or electric field.

Furthermore, phase transitions are observed to begin on a microscopic scale. For instance, small
liquid droplets with radii smaller than one micron appear in the vapor phase before complete
condensation into a liquid state. This phenomenon is known as nucleation.

The initial exploration of a microscopic approach to understanding phase transitions can be
credited to Johannes Diderik van der Waals (1837-1923). In his doctoral thesis published in
1873, he introduced the "van der Waals equation of state," which is a theoretical model for the
coexistence of liquid and gas phases using microscopic principles. Another approach, less compu-
tationally expensive than treating the fluid as a system of particles governed by mechanical laws,
is the kinetic theory, which uses the mesoscopic scale mentioned above. During the early decades
of the 20th century, the Swedish physicist David Enskog (1884-1947) extended the Boltzmann
equation and, in collaboration with Vlasov, developed a model that addressed the problem of
phase transitions.

Nevertheless, in many instances, these equations provide an abundance of details that may not
always be necessary. This opens up the possibility of constructing simpler kinetic models that
capture the essential features required to describe phase transition phenomena.

This is the idea of Noguchi and Takata, that consider in [317] a kinetic model to capture the
dynamic of phase transition for the Van der Waals fluid. This model reads as follows:

Ouf +& Vauf +F-Vef = Alo)(eM — ), Ale) >0,
F=F'4+F? F"Y=-vo'?

L

" {Q_w P ~Cilog(l— o) + —%— —Cho, C1,C2€ER,

or —kAp 1—-op

The first equation is a Vlasov equation with a BGK term. The force F' is the gradient of a
potential ® and it is divided into two parts: ®! is either a nonlocal combination of short-range
repulsion and long-range attraction, or a local laplacian (see Part 2 of this thesis for more details
on nonlocal to local convergences when w” approximates a dirac). ®? is a short-range interaction
potential. The explanation for this precise form of potential can be found in [317], but it follows
by usual laws of thermodynamics and Van der Waals equation of state. The authors state that
full details of intermolecular collision are not taken into account so that the collision term on
the right-hand side plays just a thermal bath role and neither moment nor energy is conserved.
However, despite this approximation, they show that the system exhibits the essential features
of phase transition dynamics, both theoretically and numerically. A simple argument in favor
of this model is that it has a connexion with the Cahn-Hilliard equation, which has been used
intensively to describe the phase transition phenomena. The link with the Cahn-Hilliard equation
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is obtained after introducing the diffusive scaling in time and space,
t— 52t, T — ex,

and sending € — 0. Here ¢ is actually a physical parameter called the Knudsen number, which
is the ratio between the mean free path of a particle and a typical length scale of the system.
When ¢ is sent to 0, the limiting macroscopic density then solves a Cahn-Hilliard equation. Let’s
prove this statement formally. We start from the rescaled Vlasov equation (where we assumed

Alp) = 1)

528tf£ +e- vwfa + el - vffs = QEM(g) - f57 O = /d fg(t,l’,f) dé¢.
R
The potential is

F.=F!'+F2 F"?=-Vo'?

L
O — W™ % 0¢ 2 Qe
(bl = 5 (b = —10 1 - + - .
€ {or — Ape N gl —¢.) 1—o0c o

Integrating the Vlasov equation with respect to &, we obtain the mass conservation equation
. £
oo +divd =0, L= [ En@ad
Rd €
Integrating the Vlasov equation against &, we obtain the flux equation

J. = *82(%(]5 —-V. EREfedE+ Fro. .
N—— Rd N~

—0 —Fo
—+—Vo

The second term of the right hand-side converges to —Vp because we can decompose f. =
fe — peM (&) + peM (&) and we know by f. — pM(£) with rate e.
Therefore, in the limit when € — 0 we obtain the equation

do— Ap+div(oF) =0, F=—-V(—Ag+ ®*(0)).

Noting that Ap = div(¢V log(o)) we obtain the Cahn-Hilliard equation with degenerate mobility

However, this formal approach is quite hard to make rigorous. And one of the main reason is
that the Vlasov equation is not really well understood when the force depends directly on the
macroscopic density p and its derivatives: recall that the Vlasov-Poisson system is studied with
® = A~!p and here we would like (retaining only the highest order) ® = p or even better ® = Ap
so there is a loss of 2 or even 4 derivatives! In fact, the story may not be completely lost in the
case ® = p, as there are some results of the existence of solutions in small time, but this requires
a lot of assumptions on the initial data (Penrose stability criterion for instance), and even worse
this time of existence may depend on our parameter € that we intend to send to 0. A natural
way to make this approach rigorous is to convolve the force with a smooth kernel and to pass
to the limit. Then, we send the convolution kernels to a Dirac mass. A second problem is the
p

logarithmic term log(1 — p) and the term > which are singular when p is close to 1. Handling
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these terms would require some L bounds on p, but for this system it does not seem possible
to obtain such bounds independently of . So we simply suppose that these terms are 0, but for
applications, one can simply truncate these terms and add a convolution, the important property
is that they should not grow more than plog(p).

Following this plan, the next chapter is dedicated to the convergence ¢ — 0 with a mollified force
and with an interaction term set to 0 for simplicity.

Result 15 (From Vlasov-Cahn-Hilliard to Cahn-Hilliard. Cf Theorem 8.1.1). The solutions of
the Viasov-Cahn-Hilliard equation with a mollified force converge to

Oep — Ap + div(pVA(p * ws * ws)) = 0.
Then it remains to send § — 0, so that ws — dg. This is achieved in the last chapter of this part.

Result 16 (From mollified Cahn-Hilliard to Cahn-Hilliard. Cf Theorem 9.1.2). When § — 0,
the solutions of the mollified Cahn-Hilliard equation converge to a solution of the Cahn-Hilliard
equation.

A similar result is found in the case of systems. The strategy is based on commutator estimates,
but it turns out that the approach does not work for any type of kernel in any dimension. When
the dimension is strictly greater than two, we introduce a novel condition that discriminates
which kernels one can choose. This condition turns out to be pretty general as it covers for
instance the Gaussian kernel and every compactly supported kernel.

Perspectives

Nonlocal equations

Recently, and in continuation of my work on the non-local to local limit, I got interested in
different topics of nonlocal equations:

1. Extension of results to more general aggregation diffusion systems:

— Examine the applicability of our results of the nonlocal to local limit to more complex
aggregation-diffusion equations and systems such as [92], including considering various
types of interaction kernels. As an example, I am working on nonlocal operators that
could approximate systems d;u — div(AVu) where A is a matrix and preserving some
of its properties.

2. Steady states, their stability, and asymptotic behaviour:

— When considering competing effects, in nonlocal and local equations, the study of the
stationary states becomes nontrivial. Therefore we aim to work on the analysis of
steady states in the case of competing effects for aggregation-diffusion equations and
systems.

— Evaluate the convergence of solutions towards these steady states, including more
general scenarios.

3. Continuation of research projects:
— Explore laws other than the Brinkman law for the porous medium equations.

— Identify general conditions applicable to the convolution kernels mentioned in [153].
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The Vlasov-Cahn-Hilliard model

For the general system

Of+& Vauf +F-Vef=A(0)(eM — f), Alo) >0,
F=F'+F? FY2=_voh?

Y
el =Y T 2 _Oylog(l— o)+ —2— — Cho, C4,ChER,
or — kAp 1-o

there remains a lack of established existence results and numerical simulations in the existing
literature.

In my current work, I have succeeded in proving the existence of solutions for the system for
analytical initial data. However, the question remains open when the initial data is in Sobolev
spaces. It is widely recognized that similar equation, like the Vlasov-Benney equation, tends to
pose challenges in such cases, unless, perhaps, certain criteria, as the Penrose stability criterion
are met.

I am optimistic that the strategies employed to establish short-term existence of solutions in
Sobolev spaces, where the initial condition satisfies a different Penrose criterion as in [208, ],
could work. Currently, I am actively working in this direction. Furthermore, I aim to propose
numerical simulations of the model to validate its accuracy in describing phase transition pro-
cesses. There are different possibilities for simulation: either use particle methods such as lattice
Boltzmann methods, or hybrid methods as in [247] when the solution is close to an equilibrium.

1. Analysis and numerical simulation of the Vlasov-Cahn-Hilliard model
— Prove existence of the system for initial condition in Sobolev spaces.

— Design a numerical scheme at the kinetic level.

Theoretical and numerical analysis of fluid models for biology

In the work on the Cahn-Hilliard-Navier-Stokes model cited above, we argue that, from the
numerical simulations, our model seems capable to qualitatively represent patterns of invasive
growth of tumors and could show the possible mechanical effects playing a role in the emergence
of heterogeneous structures observed in tumor invasion of healthy tissue.

However, we emphasize that to achieve these latter goals, we have to be able to capture accurately
the possible fine structures emerging during the numerical simulations. Thus, our numerical
scheme will be improved to increase the spatial and temporal orders of accuracy. In a forthcoming
work, we will develop a high-order finite element scheme for the compressible system we proposed
in the present work. This numerical scheme will allow efficient simulations of compressible
diphasic fluids and will be used to simulate relevant test cases with applications in fluid mechanics
such as rising bubbles and Rayleigh-Taylor instabilities.

Objectives of this work:

1. Improve the actual numerical scheme

— Design an efficient discontinuous Galerkin finite element scheme which are well known
to be effective to catch little structures [140].

— Use the scalar auxiliary variable (SAV) method [311] proposed in our previous paper
to preserve energy decay.

— Benchmark the scheme to verify the ability to catch: Rayleigh-Taylor instabilities
(difference of densities between the two fluids), viscous Saffmann-Taylor instabilities
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(differences of viscosities between the two fluids), bubble rising test case (useful for
aerosols). See for instance 170, , , ]

2. Other applications of the model

— For instance application to the mathematical representation of tumor-on-chips [332]
that can replicate in a very accurate manner the micro-environment of the tumor.

To implement a discontinuous galerkin method, we intend to use DUNE software [40], the DUNE-
FEM module [129] and the DUNE-FEM-DG module [128].
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We present some of the key methods, concepts, and facts that are used in this thesis. This list
is not exhaustive and for the reader familiar with these methodologies, we suggest skipping this
chapter as we do not make any reference to it in other chapters, as they are mostly self-contained.
We start by defining the space of Banach-valued functions and recall some useful inequalities.

Spaces of Banach valued functions and classical facts

We are mostly concerned with evolution equations, meaning that some quantities is evolving
in time at each point of a domain. The usual framework is to view the functions depending
on time and space as function depending on time ¢ with values in the functions of space in x.
More precisely to u : (t,2) — u(t,x) where (¢t,2) € I x  we associate u : t — u(t) where
u(t) : « — u(t,x). Here I is an interval of R and X is a Banach space. Now we provide some
results that can be found in [54, , 63, |

Definition 0.0.1 (Lebesgue measurability). Let X be a Banach space and I an interval of R.
We say that a function from I in X is Lebesgue measurable if

1. The inverse image under f of all open sets of X is a Borel set of I,

2. We can change f on a subset of zero Lebesgue measure of I, so that f takes its values into
a separable subspace of X.

With this definition we can generalize the concept of Lebesgue spaces to Bochner spaces.

Definition 0.0.2 (Bochner spaces). Let I = (0,T), the spaces L”(I; X) with p > 1 of Lebesgue
measurable functions defined on I with values in X such that ¢ — || f(¢)||% is integrable on I is
a Banach space with the norm

1/p
Wl = ( [ dt) .

They admit the following interpolation property

Proposition 0.0.3. Let I be an interval of R and 2 be a open set of R%. Suppose f € LP*(I; L9 ()N
LP2(I; L2 (QY)) for some p1,q1,p2,q2 € [1,+00]. Then f € LP(I; LY()) for all p,q defined as

1 % 1-46 1 0 1-6
- =—+ , —=—+
p b1 b2 q q1 q2

for all 6 € (0,1). Moreover

1oy < 10 o W52 o ey
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As a corollary we obtain

Proposition 0.0.4. Suppose that a sequence of functions converges strongly in LP*(I; L9 (Q))
and is bounded in LP2(I; L92(QY)). Then by interpolation we have strong convergence in every

LP(I; L9(R2)) where p,q are defined above.

This corollary is fairly important as often we obtain strong compactness of a sequence in a low
Lebesgue space, for instance L' with the Frechet-Kolmogorov theorem (see below). Then if we
prove for that the sequence is bounded in some LP for some p > 1, we can upgrade this strong
convergence to every L? for q¢ < p.

More generally, for X a Banach space and Y a locally convex space with X C Y we define the
spaces

d
WP X Y) := {u € LP(I; X); di: € LYI,; Y)} (0.0.25)
where the derivative % has to be understood in the distributional sense i.e.

du dy
oy =— [ w22, vpeD(D).
G0 == [, veenu)
The inclusion 4% € L?(I;Y) means that there exists a function v € L9(I;Y) such that

G = [ve. voen)

As we have informations on the derivative in time, we expect some embedding into the space of
continuous functions.

Proposition 0.0.5. Let p,q > 1 and let X C'Y continuously. Then W1P4(I; X,Y) C C(I;Y)
continuously.

It allows for instance to makes sense of the initial condition of an evolution problem. More preci-
sely writing u(0) = wg for a given initial condition has a meaning if we know some informations
on ‘fi—?. In the case X =V and Y = V' and H is a pivot Hilbert space (identified with its dual
by the Riesz representation theorem) we can obtain a more precise result :

Proposition 0.0.6. LetV C H= H' C V' andp’ = % for somep > 1. then W2 (I, V, V') C

C(I; H) continuously and the following integration by part formula holds for any u,v € witpr' (L;V, V")
and0§t1§t2§T N

)t~ e ot = [ (Go0) (a0, ) a

The previous formula is quite general and one can deduce for instance the classical Lions-Magenes
lemma. An application of this result is the following : suppose we are given a function u solution of
a PDE which is in L2(0,T; H(Q)) such that 9,u € L?(0,T; H~'(Q)). Applying Proposition 0.0.5
only gives that u is C([0,7]; H~'(Q2)) which is a weak continuity. Proposition 0.0.6 shows that
u is in fact in C([0,T]; L?(©2)) where the continuity is understood for the strong topology of L2.
Also the integration by parts formula holds for instance for u,v = u.

Functional analysis theorems

We start with the classical Sobolev embeddings that allow for the comparison of norms.
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Sobolev embeddings and the Gagliardo-Nirenberg inequality

Let Q C R? be a domain sufficiently smooth (not necessarily bounded). Let k,m € N and
1 < p,q < +o0o. Then the following embeddings are continuous :

k, ; _d _d . _d_ _
W) < V[/k q((i) 1.fm 5 >k q,qup (unless m - d—k,Q—oo),
Ctrr(Q) if0<p<m-—k—9 <1 (unlessm— 2 €N).

Moreover, if €2 is bounded the embeddings are compact for strict inequalities i.e. respectively
m — % >k — g and m — % > k + p. For more details, we refer to [106]. It is also possible to
interpolate these spaces, and we have the following interpolation inequality on the whole space :

Theorem 0.0.7 (Gagliardo-Nirenberg inequality). Let 1 < q¢ < +oo. Let j,m € N such that
j<m.Let1 <r<+4o00,1<p<+o0, and 0 € [0,1] such that the relations

1 ] 1 1-6
oty e
p n T n q

1Dl gy < CUD™ oy e

<h<1

3|~

hold. Then,

for any v € LYR™) such that D™u € L"(R"), with two exceptional cases :

1. If = 0, ¢ = 400, and rm < n, then an additional assumption is needed : either u tends
to 0 at infinity, or u € L*(R™) for some finite value of s.

2. Ifr>1andm—j—2 €N, then the additional assumption L < 6 <1 is needed.
In the case of bounded domains we have

Theorem 0.0.8 (Gagliardo-Nirenberg on bounded domains). Let Q@ C R™ be a bounded domain
sufficiently smooth. Let 1 < q < oo. Let j,m € N such that j <m. Let 1 <r < 400, 1 <p < 400
be real, and 6 € [0,1] such that the relations

1 ] 1 1-6
oty 1o

3|~

q
hold. Then,

I1D7ul| Lo () < C||D™ul

@ lull ey + Cliullze @),

where u € LY(Q) such that D™u € L™ () and o is arbitrary, with one exceptional case :

L ifr > 1 and m—j— = is a non-negative integer, then the additional assumption % <f<1
1s needed.

Convergence theorems

We first recall the definition of a uniformly integrable set.

Definition 0.0.9 (Uniform integrability). Let M be a set of functions in L (Q; R?). We say that
M is uniformly integrable if and only if the two following conditions hold :

1. for any n > 0 there exists a measurable set £ C Q with A\(E) < 400 such that

sup |u| dz < n;
ueM JO\E
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2. for any n > 0 there exists 6 > 0 such that, for every measurable set E C Q with A(E) < 4,

Sup/ |u| dz < 7.
weM JE

Note that the first condition is only important when the domain €2 is unbounded.

Theorem 0.0.10 (Vitali convergence theorem). Let {uy}reny C L'(Q) be a sequence converging
a.e. to some u. Then the following assertations are equivalent :

1. we LP(Q) and ux, — u in LP(Q)

2. {|ug|P}ren is uniformly integrable.
As a corollary we have the following theorem.

Theorem 0.0.11 (Generalized Lebesgue dominated convergence theorem). Let {uj}tren C
LY(Q) be a sequence converging a.e. to some u. Let {vi }ren be a sequence of non-negative Le-
besgue measurable functions defined on Q. Suppose that :

1. |ug(z)| < |vg(x)| for all k € N and for all a.e. x € Q2.
2. {vp(x)}ken converges a.e. and in LP(QY) to some v(x).
Then u € LP(Q?) and up — w in LP(Q).

Compactness toolbox for general PDEs

Compactness refers to the property of a set of functions that ensures that any sequence in the
set contains a convergent subsequence. In general to obtain compactness we need to bound
the sequence of functions in some norms. The easiest compactness result can be obtained by
considering weak topologies :

Theorem 0.0.12 (Banach-Alaoglu-Bourbaki). In a Banach space with a separable predual, any
bounded sequence contains a weakly* convergent subsequence.

For instance, if a sequence of functions is bounded in LP(Q2), for 1 < p < +oo we can extract
a subsequence that converges in the weak* topology of LP(2). When p < +oo the weak* and
weak topology are equivalent. In the case p = 1 the previous theorem cannot be applied. An
easy counter example is the sequence of mollifiers that converge to a dirac. However we can still
find compactness if we see the L'(Q) functions as a sequence of measures and use Prokhorov’s
theorem. If we know that the functions are just a little bit better than L(2), we can still find
weak compactness in L'(€2), this is the point of Dunford-Pettis theorem.

Theorem 0.0.13 (Dunford-Pettis). Let M C L*(2) be bounded. Then M is relatively weakly
compact in L*(Q) if and only if M is uniformly integrable.

For instance, in kinetic equations, if we look at a sequence of functions {ux}, we often obtain
some bounds on {uy log(ug)}. On a bounded domain it is sufficient to apply the previous theorem
and find a weakly convergent subsequence in L!. On the whole space, we need an additional
assumption on the moments, for instance, {|z|uz} is bounded in L! to prove that the sequence
is uniformly integrable.

In many cases, especially with nonlinear PDEs, weak convergence is not enough and we have
to use strong compactness methods. A characterization for a subset of LP(R?) to be (strongly)
compact is provided by the Fréchet-Kolmogorov compactness theorem. Its proof is usually based
on the Arzela-Ascoli theorem, which answers the same question but in the space of continuous
functions over a compact metric space.
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Theorem 0.0.14 (Arzela-Ascoli). Let (E,d.) be a compact metric space, (F,dy) a complete
metric space and M be a subset of C(E, F). The following properties are equivalent :

1. M is relatively compact (i.e. its closure is compact) in (C(E,F),ds) with doo(u,v) :=
sup,ep{ds(u(z),v(z))}.
2. M is uniformly equicontinuous, i.e.

Ve >0 36 > 0 such that, if de(x1,2) < 0, then dy(u(z1),u(z2)) <e Yue M,

and M, = {u(x), u € M} is relatively compact in F for all x € E.

Theorem 0.0.15 (Fréchet-Kolmogorov theorem). Let M be a bounded set in LP(Q) with 1 <
p < 400. Then M is relatively compact if and only if the following properties hold :
1. (Equicontinuity)
lim |7 — ull ) =0  uniformly in u € M,
|h]—0
i.e. for any € > 0 there exists 6 > 0 such that ||Tpu — u||Lp(Q) < ¢ for every u € M and for
every h € Q such that |h| < 9§ ;

2. (Equitightness) For any e > 0 there exists a bounded and measurable subset E C Q such
that ||ul| oo\ gy < € for every u € M.

When 2 is bounded, the equitightness condition is not required. To prove that a sequence satisfies
the condition of the previous theorem, we often need some estimates on the derivatives. For
instance this can be seen from the compact embeddings of the previous subsection. In fact,
this result can be refined : if a nonlocal approximation of the derivatives is bounded, we have
compactness.

Theorem 0.0.16 (Bourgain-Brezis-Mironescu compactness result). Let 2 be a smooth bounded
domain of R, Let (pr) be a smooth sequence of radial mollifiers that are radially non-increasing.
Let {ug} be a sequence of LP(QY) functions for 1 < p < +oo satisfying the uniform estimate

ug(z) —u p
| I o -y dsay < G
QxQ |z =yl
Then there exists u € LP(Q) and a subsequence of {uy} which converges in LP(2) to u. Moreover
1. If1 <p < o0, u € WHP(Q) and ||ullwir) < Cp, 2)Co,
2. Ifp=1,uec BV(Q) and |Jul|py ) < C(2)Co.
One crucial assumption in the proof of this theorem is that the mollifiers are non-increasing.
This assumption was later removed by Ponce in [294].
This theorem can be seen as a nonlocal version of the Rellich-Konchadrov theorem. As the

Poincaré-Wirtinger inequality is a corollary of Rellich-Konchadrov we can expect a nonlocal
Poincaré-Wirtinger inequality as a corollary of the previous result.

Theorem 0.0.17 (Nonlocal Poincaré-Wirtinger). There exists ko such that for all u € LP(Q)
and all k > kg

, ule) —ull?
[l <co [ HEEIE o (o — i azay,

where (u)g = |le\ Jo u is the mass of u.
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All the previous compactness methods mentioned above are mostly concerned with functions of
one variable, the ’space variable’. When dealing with functions of space and time, the situation
can become more tricky. Of course if we have for instance dyu, € L*(0,T;LY(Q)) and Vuy €
L'(0,T; L'(Q)) uniformly in k, we can apply the previous theorems to conclude compactness as
here the time and space play the ’same’ role. But in many cases, the PDE is of the form

Opu = div(Alul),

where Afu] has at most range in some LP spaces. Then we see that d,u(t) takes values in the
negative sobolev space W~1P(€2). In those cases we can use the fundamental result of Aubin-
Lions-Simon :

Theorem 0.0.18 (Aubin-Lions-Simon). Let Xo C X C X3 be three Banach spaces. We assume
that the embedding of Xy in X is compact and the embedding of X in Xy is continuous. For
1 <p,q < +oo, we have with the definition 0.0.25 :

1. If p < 400, WhP4((0,T); Xg, X1) is compactly embedded in LP(0,T; X),

2. If p=+oo and if ¢ > 1, WLP4((0,T); Xo, X1) is compactly embedded in C([0,T], X).
This theorem shows that if we have some compactness in space, here represented by the compact
embedding of X in X, and if we know that the derivative is in some L? space in time, we can
deduce compactness. In some situations, it may also happen that we know that a sequence is

compact in space, however not necessarily bounded in a compact space, and we can prove a
similar result that we state here in the case p = 2.

Lemma 0.0.19. Let {@s}s be the standard sequence of mollifiers. Suppose that {f.} is a sequence
bounded in L*((0,T) x T%) such that

1. Ouf- = VF(J.), where V¥ is any linear differential operator of order k € N and {J.}
uniformly bounded in L'((0,T) x T¢),

2. {f.} is compact in space in L*((0,T) x T?), i.e.

T
lim limsup/ / |fe % @s(t,z) — fo(t, )| dadt = 0. (0.0.26)
0 Td

=0 <=0

uniformly for all €.

Then, {f-} is compact in time in L*((0,T) x T), i.e.

T—h
lim limsup/ / |fe(t + h,x) — fo(t,x)|*dedt — 0 as h — 0 (0.0.27)
0 Td

h—0 <0
and so, it is compact in L2((0,T) x T4).

As the proof is quite interesting as it can be adapted in many situations, we detail it here. We
recall that
C

k
v <P5||LP(11'd) < Sktd—d/p’

and for any function g € LP(T4),

llg * <P6||Lp(1rd) < ||<P<$||Lp(1rd)||9||L1(1rd)~
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Démonstration. Using the mollifiers with 6 = §(h) depending on h to be specified later in the
way that d(h) — 0 as h — 0, we first split

T—h T—h
/ / |f€(t+h7x)—fs(t,x)|2dxdt§4/ / \fs(hx)—fs(t,')*Lp(;(x)|2dxdt
0 Td 0 Td
T—h
+4/ |f(t+ hyx) — f(t+hy-) *apg(ac)|2dacdt
0 Td

T—h
+4/ |fe(t+ R, ) % ps(x) = fo(t,") * ps(z)]* dz dt.
0 Td

When we apply limit limy_,qlimsup,_,,, the first and second term vanish due to (0.0.26). It
remains to study the third term which reads

T—h
/ | et ho) > os(a) = fe(t, ) * s )2 dedt =

T—h t+h T—h
/ / / Orf=(s,-) x ps(x)ds dxdt:/ /
Td 0 Td
T—h t+h )
< Ch/ / / | J * ngo(;(&x)’ dsdz dt,
0 Td Ji

where we used Jensen’s inequality. We perform the change of variables s — v =
theorem, and obtain

T—h t+h ) 1 T—h )
h/ / / }J*ngp(s(s,x)’ dsdxdt=h2/ / / |J*chp5(vh+t,x)‘ dt dz dv.
0 Td J1 o JraJo

Then we use the change of variables ¢t — 7 = v h 4+ ¢t and obtain

1 T—h
h2/ / / ‘J*ngo(s(vh—kt,x)fdtdxdv:
0 JreJo

1 T+h(v—1) 5 h?
:h2/0 /T/ | i % Vs (r,2)[" dr dedv < g T -

Using the L'((0,T) x T%) bound on {J.} and choosing § such that §2*¢ = h we conclude that

t+h 2
/ Jx VEps(s,z)ds| dadt

h , use Fubini’s

T—h
lim limsup/ |fo(t + h,x) — fo(t,x)|* dzdt < O(h).
0 T4

h=0  ¢—0

Combined with the compactness in space (0.0.27) and the Fréchet-Kolmogorov theorem we obtain
the compactness of {f.} in L2((0,T) x T%). O

Remark 0.0.20. Compared with the usual version of the Fréchet-Kolmogorov theorem, one would
expect that the condition for compactness in space should read

T
lim lim sup/ / |f-(t,z +y) — f-(t,2)|*dedt = 0. (0.0.28)
0 Jrd

y=0 ¢

However, by a careful inspection of the proof, (0.0.26) is sufficient and in fact, in the proof one
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deduces (0.0.26) from (0.0.28).

When one deals with the convergence of a product of a sequence ugvy it is sufficient to prove
that one of them converges weakly and the other one converges strongly in the dual space to
prove that (at least in the distributional sense) uiv,, — wv. With the ’compensated compactness’
approach in the space time setting is is enough to require that one sequence is compact in time
and the other is compact in space. Therefore, even if both sequence oscillates and do not converge
strongly, as long as they oscillate in a compatible way we can conclude. We formulate this theorem
in the very general setting from [280].

Theorem 0.0.21 (Space-time compensated compactness). Let 1 < ¢ < 400, 1 < p < d and
a < p'. Suppose that

1. {ug} is uniformly bounded in L(0,T; WP(Q)),

2. {vx} is uniformly bounded in LY (0,T; L% (2)),

3. {0y} is uniformly bounded in M(0,T; H-"™(Q)) for some m € N,
and that they converge respectively weakly or weakly™ to uw and v. Then ugvy — uv in the distri-

butional sense.

The following two sections are also compactness arguments. However as they are very specific to
some situations (kinetic equations and measure valued solutions respectively), we separate them
from the rest.

Velocity averaging lemmas

The kinetic equations are generally of the form
Orf +v-Vof =5,

where f = f(t,z,v) is a function describing the probability of finding a particle at a time ¢,
position x and velocity v. The transport operator being hyperbolic, we do not expect in general
to gain any regularity or compactness for the solutions. However this property can be obtained
for the moments of f, this is the so-called ’avering lemma’. We state it in the L? framework but
more general cases [194, 286] have been proven.

Theorem 0.0.22 (Averaging Lemma). Let f € L*(R; x R x R?) be a solution of the free
transport above. Then for all compactly supported test functions ¢ € C3°(R9),

fo(v)dv
]Rd

<C (||f||L2(R,,ngng) + ||S||L2(R,,ngng)) .
L2(R,H1/2(R4)))

As a consequence we obtain compactness in space for the moments, since we are able to have

informations on the 8;/ % derivative. A version of the velocity averaging lemma that will be used
in this manuscript is the following from [269, Lemma 4.2].

Lemma 0.0.23. Assume that {f¢} is bounded in L*>(R; x R% x RY), {f5} and {fi} are bounded
in LY (R; x Rg X Rﬁ). Moreover, suppose that

€S +v-Vaof =[5+ Vo fi.
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Then, for all ¢ € C§°(RY),

(et = £t o) do

— 0,

1
Lt,z

when y — 0 uniformly in ¢.

Therefore we can obtain compactness in space. It is not possible to obtain compactness in time
here with the velocity averaging lemma as there is an ¢ factor in front of the time derivative.

Young measures

We'’ve seen in the previous sections that we need strong compactness to identify the limit on
nonlinear terms. If u; converges weakly to u and u% converges weakly it is not true that its weak
limit is u2. A simple example is the sequence sin(kx), where the weak limits of uz and ui is
respectively 0 and 1/2. However we can still describe the weak limit of u2 in terms of u, this is
one of the purposes of the Young measures. The idea of Young measures is to embed the problem
in a larger space and gain linearity. We write f(ux(y)) = (f, 0y, ())> and if f € Co(R?), using the
duality (L'(Q; Co(R9)))* = L°(Q; M(R?)), Banach-Alaoglu theorem and weak-star continuity
of linear operators, we can pass to the limit. The same is true if {f(ug)} is weakly compact in
LY(Q) and {uy} does not grow too fast as the following theorem states :

Theorem 0.0.24 (Fundamental Theorem of Young Measures). Let Q C R? be a measurable set
and let uy : Q — R? be measurable functions such that

sup/ F(lu(w)]) dy < +oo
keNJQ

for some continuous, nondecreasing function f : [0,400) — [0,400) with lim;— 1 f(t) = +oo.
Then, there exists a subsequence (not relabeled) and a weakly star measurable family of probability
measures v = {vy }yeq with the property that whenever the sequence {¢(y,ur(y))}tren is weakly
compact in LY (Q) for a Carathéodory function (measurable in the first and continuous in the
second argument) 1 : Q x R? — R, we have

Dyu(y)) = | ly,A)dy () in LNQ).

Rﬂ,
We say that the sequence {uy}ren generates the sequence of Young measures {vy}yeq-

Example 0.0.25 ([297]). Consider the oscillating sequence for x € (0,1)

() o 1R = Lhe] € 0.1/2),
ug(x) = —1ifka — kx| € [1/2,1).

Then up, = 1/2%x141/2% (—=1) = 0 and the associated family of Young measures is
1 1
s = =01+ -0_1.
v 501 + 50-1

{vz }2 reflects the asymptotic distribution of values in the sequence uy which is in this case -1
and 1 with equal probability 1/2.
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Note that in the above theorem, we require that the sequence {9 (y,ux(y))} is weakly compact
in L'(Q). This prevents the concentration effect to appear (think about the family of standard
mollifiers). When we do not have weak compactness, we use the following proposition which
follows from the Banach-Alaoglu theorem. We formulate it with a distinguishment between time
and space variables (that is, @ = (0,T) x , y = (¢,2) with ¢ € (0,T) and = € Q) as usually in
applications one has better integrability in time which results in better characterization of the
resulting measure. The following proposition is a consequence of the Banach-Alaoglu theorem
and the Radon-Nikodym theorem, see [55].

Proposition 0.0.26. Let f be a continuous function and a sequence {f(t,x,ur(t,z))}ren be
bounded in LP(0,T; L*(Q)) with p > 1. Let {v4 . }+.. be the Young measure generated by {uy}r.
Then there exists a measure m? such that (up to a subsequence not relabelled)

Fltzun(t @) = (e, f) = m?in LP(0,T; M(Q)) if p > 1,

ft,xup(t,z) — (Vea, ) = mf in M((0,T) x Q) if p=1.

Moreover, if p > 1, the measure m! is absolutely continuous with respect to time : for a.e.
t € (0,T), there exists measure m/ (t,-) such that

T
/ W(t,z) dm (¢, ) = / ot 2)m! (¢, da) dt.
(0,T)x 0o Jo

Let us remark that by the fundamental theorem, we have m/ = 0 when the sequence { f(ux) }ren
is weakly compact in L'((0,7) x ). We use the notation :

F= N vea) +mf (0.0.29)

to represent weak limit of f(¢,x,ux(t,x)). We also have the following result which allows com-
paring two concentration measures m/* and m/? for two different nonlinearities f;, fo. For the
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proof, we refer to [167, Lemma 2.1].

Proposition 0.0.27. Let {v; ; }(t,0)e(0.7)x0 be a Young measure generated by a sequence {uy}jen.
If two continuous functions f1 : (0,T) x Q — R% and fo : (0,T) x Q — RY satisfy |f1(2)| < fa(2)
for every z, and if {f2(ux)} is uniformly bounded in L*((0,T) x §2), then we have

mT* (A)] < m'*(4),

for any borel set A C (0,T) x 2.

Here, |u| is the total variation measure defined as |u|(A) = pt(A) — p=(A) where put, p= are
positive and negative parts of u.

Let us conclude with a few comments about the measure m/ which captures concentration
effects. One can describe it more precisely. The first attempts to do so by some generalizations
of the Young measures were initiated by DiPerna and Majda in the case of the incompressible
Euler equations [139]. Then, Alibert and Bouchitté extended the result to a more general class
of nonlinearities in [15]. They proved that there exists a subsequence (not relabeled) as well as
a parametrized probability measure v € L (Q;P(R™)) (which is identical with the "classical"
Young measure), a non-negative measure m € M™*(Q), and a parametrized probability measure
v € L2(Q, m; P(S*1)) such that for any Carathéodory function f such that f(x,z)/(1 + |2|)
is bounded and uniformly continuous with respect to z,

fout) > [ N0+ [ s g @mi)

weakly™ in the sense of measures. Here,

o o [y, tp)
F=(y, f) = lim —=—.

55— 00

Their result was also extended to the case when f has different growth with respect to different
variables, see for instance [207].

Example 0.0.28 ([297]). Consider the concentrating sequence at 0 for x € (—1,1) ug(z) =
k(10,18 — 1(=1/k,0)). Then we have

1 1
Vy = (;0, m(y) = 2(50, 1/6>O = 551 + 55_1.

We get the information that the sequence concentrates around 0 in the direction 1 and -1 with
the same probability.
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Gradient flows and the JKO scheme

Gradient flows : The Cahn-Hilliard equation is a gradient flow. Let’s try to understand this
statement. First of all, a gradient flow system in its more general form can be written as

2’ (t) = =V F(z(t)).

Here x : t — X where X is a linear space and F' : X — R. Therefore x evolves in the direction
where F' decreases the most. Here F' is a functional and we have to specify for which metric we
consider its gradient.

Example 0.0.29. The heat equation
Oru = Au

is a gradient flow for the energy F'(u) = % [ |Vu|? for the metric defined by the L* scalar product.
It is also a gradient flow of the energy F(u) = %qu for the metric defined by the H™' scalar
product.
This setting is actually enough to understand that the Cahn-Hilliard equation
Opu = Ap,  p=—Au+W(u)
is an H~! gradient flow of the energy functional
1 2
F(u) = §|Vu| + W(uw). (0.0.30)

More tricky to understand is the Cahn-Hilliard equation with degenerate mobility :

Ou =div(uVp), p=—-Au+ W'(u). (0.0.31)
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We define the second Wasserstein distance as

W(uv)= inf /Q dwgfdn(ey). v € Pa@)
X

mell(p,v)

where P5(Q) is the space of probability measures with finite second moments, and II(u, ) is the
set of transport plans with first marginale p and second marginale v. More precisely

uv)i= (m e P@x ), [ [ o)+ o) dr= [wdu+ [oav).
With this definition in mind, it can be justified with optimal transport theory, and more precisely

the Benamou-Brenier theorem below and Otto calculus that we can make sense of the object
VW2F and

Vw,F(u) = —div (uVZZ) , (0.0.32)

where 2L is the gradient of F' in the L? metric.

Theorem 0.0.30 (Benamou-Brenier).

1
. dps .
W22(/’La1/> = inf {/ /‘V¢s|2dﬂs ds, po = py 11 = v, TMS = —le(MsV¢s)} :
0

Let us try to understand Equation (0.0.32). The idea of Otto is to use the Benamou-Brenier
theorem to define a metric structure (-,-),, on each tangent space T, P tangent to P(£2) at f.
This metric should satisfy (as in the case of the geodesic formula for Riemannian geomtry)

1 d 2
W22(/%1/)inf{/ ‘ Hs dS,MOM,MV}.
0 dS s
A natural guess is to take for two tangent vectors at p : dszl and dgzl the scalar product
d d
Bo, Sht z/v¢1-v¢2 du (0.0.33)
.~ dt /,
where ¢ and ¢4 solve
. d,ut. .
—d )=t =12
W(pVéi) = —=,

Then for a functional F : P(2) — R and (ut): a path we have

d B dpy
%]:(Mt) - <VMtFa dt >Mt .

d oF d

ZF(u) = (5o

dt (S‘Ll,t dt 2
and formula (0.0.33), we deduce formula (0.0.32). Note that the notation Vyy, in (0.0.32) is
a renaming of V,, to emphasize the metric structure of the Wasserstein distance. This shows

that the Cahn-Hilliard equation with degenerate mobility (0.0.31) is a gradient flow for the
Wasserstein metric of the functional (0.0.30).

Using the fact that
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Existence theory for gradient flows : From the theory of gradient flows, we can deduce existence
of solutions to some PDE. For instance in the case of an ODE

a'(t) = =V F(x(t)),

we can construct a sequence of points

2
Tp41 = argmin {F(x) + |x2$k} )
- T

provided we have some assumptions of F' like lower semi-continuity. By definition of z;y; as a

minimum we obtain
Te4+1 — Tk

VF(iCk_H) + -

=0

which is a discretization of the ODE. We can define a linear interpolation z, of the sequence xj
and the goal is to send 7 — 0. For Wasserstein gradient flows, the idea is similar and the scheme,

first introduced in [234] and called the JKO scheme, becomes
2
Tp41 = argmin {F(x) + W} .
* T

In the case of a PDE, to send 7 — 0 we require compactness in time and space. We recall that
by definition, z11 is bounded since it is a minimum and therefore we can expect F(z,) < C,
W2(x,,x5) < C|r — s|. The first bound usually gives informations on compactness in space
and the second one compactness in time. Of course it may happen that another functional
gives informations on the equation, this is exactly the case of the Cahn-Hilliard equation with
degenerate mobility : it is a gradient flow in the Wasserstein metric of the energy, but it is mainly
the entropy that provides estimates. It is important to note that this information is not lost in
the JKO scheme and one can use the so-called 'flow interchange lemma’ which states that the
dissipation of one functional along the gradient flow of another functional equals the dissipation
of the second functional along the gradient flow of the first one.
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Chapitre 1

Degenerate Cahn-Hilliard and
incompressible limit of a
Keller-Segel model

Abstract

The Keller-Segel model is a well-known system representing chemotaxis in living organisms. We
study the convergence of a generalized nonlinear variant of the Keller-Segel to the degenerate
Cahn-Hilliard system. This analysis is made possible from the observation that the Keller-Segel
system is equivalent to a relaxed version of the Cahn-Hilliard system. Furthermore, this lat-
ter equivalent system has an interesting application in the modelling of living tissues. Indeed,
compressible and incompressible porous medium type equations are widely used to describe the
mechanical properties of living tissues. The relaxed degenerate Cahn-Hilliard system, can be
viewed as a compressible living tissue model for which the movement is driven by Darcy’s law
and takes into account the effects of the viscosity as well as surface tension at the surface of the
tissue. We study the convergence of the Keller-Segel system to the Cahn-Hilliard equation and
some of the analytical properties of the model such as the incompressible limit of our model. Our
analysis relies on a priori estimates, compactness properties, and on the equivalence between the
Keller-Segel system and the relaxed degenerate Cahn-Hilliard system.

1.1 Introduction

When describing living tissue dynamics, the most relevant Hele-Shaw free boundary models come
with a surface tension term, [161, |. In the regime of a smooth free boundary, these problems
are well established and obtained as the sharp-interface limits of Cahn-Hilliard equations [17].
However, it is an open question to prove such a derivation in the global regime of weak solutions.
Our goals are to establish the incompressible limit departing from the Relaxed Cahn-Hilliard
system (RCH in short), and to make the link with a specific Generalized Keller-Segel (GKS)

45
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type system, namely
) 9 0 . ) .
On — —An® 4+ =div(nVw) =nG | — (n —w) |, in (0,400) x Q, (1.1.1)
20 o o

—oAw + %w’y +w=n, in (0,+00) x Q, (1.1.2)

where  C R? is a smooth open bounded domain. We are going to prove that as ¢ vanishes, its
limit is the Degenerate Cahn-Hilliard (DCH) model

Ogn — div(nVu) = nG(p), in (0,400) x Q, (1.1.3)
w=n"—=38An, in (0,400) x Q,

where p is formed of a repulsion potential n” and a surface tension potential —JAn (see further
explanations below). In this work, n? actually stands for max(0,n)” but since the solutions are
nonnegative, we keep the notation n” for sake of clarity. The growth (or source) term G(u) takes
into account death and birth of cells.

It is crucial for the analysis of the convergence of the GKS system to the DCH equation to remark
that the nonlinear system (1.1.1)—(1.1.2) is equivalent to a relaxed version of the Cahn-Hilliard
model (see [287]). Indeed, defining

M:é(n—w)7 w:n—%,u/, p:w77 M:p-&Aw7 (]_]_5)
g

System (1.1.1)—(1.1.2) can be rewritten in the form

On — div(nVu) = nG(p), in (0,400) x Q, (1.1.6)
—cAp+p= (n - %u)’y —0An, in (0,4+00) x Q. (1.1.7)

Although they are equivalent, Systems (1.1.1)—(1.1.2) and (1.1.6)—(1.1.7) carry different infor-
mations. For instance, since we consider non-negative densities n > 0, we also have

1)
w >0, u< —n.
o

The Keller-Segel formulation of the system also provides higher regularity of the solutions. In
the following, we combine analytical methods better adapted to each of these two equivalent
formulations in order to pass to the incompressible limit v — oo and obtain

atnmoo - div(na,oov,uo,oo) = na,ooG(,Uo,oo)a (1.1.8)

{ Moo = Po,co — 5Awa,007

o _ _ o
_UAwa,oo + 5Po,0 + Wo,00 = No,00;  Wo,00 = Noo0 — 5 Ho,00-

(1.1.9)

In this ’stiff pressure limit’, the system (1.1.8)—(1.1.9) has three unknowns nq. oo, W00 (OF fe,00)
and ps o and is completed with a type of incompressibility condition

Po,o0(Wo00 —1) = 0. (1.1.10)



1.1. Introduction 47

For these systems, we use the zero mass and energy flux boundary conditions

8u ow
5 % =0 on (0,00) X 39, (1111)

where v is the outward normal vector to the boundary of €2, and the initial condition
n(0,) =n® € HY(Q) N L®(Q), and 0<n’<1 ae. (1.1.12)
We also need assumptions on the pressure-dependent proliferation rate of the cells

G e C(R;R), sup(1+ |u))|G(p)] < 4o0. (1.1.13)
nER

For instance we can suppose that there exists g such that G(u) = 0 for |u| > pg. In that case,
the value py can be viewed as the homeostatic pressure which is the lowest level of pressure that
prevents cell multiplication due to contact-inhibition. For the pressure law exponent, we assume

v > 1. (1.1.14)

Using assumptions (1.1.13) the total mass of the system is bounded. More precisely, we find a
constant Cp such that for all ¢ € (0,T) and for all o, 7, it holds for all 7" > 0

|Q|/n‘,7 < Cr, |Q|/w[W < Cr. (1.1.15)

This allows us to use the Poincaré-Wirtinger inequality.
System (1.1.6)—(1.1.7) comes with the energy and entropy respectively defined by

R R e M IR 2

‘b[n]:/ﬂnlogn.

They formally satisfy, as already used in [287], the relations
d 2
Zélpl =~ | nlVul+ | nuGu),
Q Q
d o \|2 o
L[] = — ‘A g ‘ TV uf?
a = /95 (n=Fm)] + §1vu

s (n=50)" 9 (0= Gu)["+ [ nG0sn) + )

From (1.1.5), they also provide informations on w. The purpose of this work is to establish
estimates which allow us to study the convergence of the nonlinear GKS model to the DCH
model, and to analyze the incompressible limit v — oc.

Modelling of living tissues and assumptions Our study lies among other models which
represent, biological phenomena that we present here.

System (1.1.6)—(1.1.7) models the movement and proliferation of a population of cells constituting
a biological tissue and driven by the combined effects of the pressure, the surface tension occurring
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at the surface of the tissue, as well as its viscosity. As in the context of the modelling of diphasic
fluid, in System (1.1.6)—(1.1.7), n is the order parameter, i.e. the relative cell density n = ny /(n1+
ng). The unknown p is a quantity related to the effective pressure and is also used to relax the
fourth order Cahn-Hilliard type equation in a system of two-second order equations. Following the
Cahn-Hilliard terminology or Mechanobiology, we refer to p indistinctly as the chemical potential
or as the effective pressure. The equation for the effective pressure (i.e. Equation (1.1.7)) contains
the effects of both the pressure, through the term (n - % u)7 with v > 1 that controls the stiffness
of the pressure law, and surface tension by —§An, where /3 is the width of the interface in which
partial mixing of the two components nj, ns occurs. Equation (1.1.7) also contains a diffusive
term —oAyp used to relax the Cahn-Hilliard system (1.1.6)—(1.1.7) as in [287]. This relaxation
term can also be interpreted as the effect of viscosity.

Modelling tissue growth and understanding the dynamics of cells have been the center of many
research pieces in the past decade. Initiated by Greenspan [126], general mechanical models of
tumor growth [67, , | have been proposed and used the internal pressure as the main effect
that drives the movement and proliferation of cells. The prototypical example of a mechanical
living tissue model is

Ogn = div (nVp) + nG(p), p= Py(n):= %n“’fl, (1.1.16)
in which p is the pressure and n the cell density. In this kind of model, Darcy’s law of movement
is used to reflects the porous media formed by the extra-cellular matrix and the tendency of
cells to move away from regions of high compression. The dependency on the pressure of the
growth function has also been used to model the sensitivity of tissue proliferation to compression.
The behavior and stability of monotone traveling waves has been studied in [114]. Interestingly,
Perthame et al. [289] have shown that in the incompressible limit (i.e. ¥ — ©0), solutions of
Model (1.1.16) converge to a limit (ne,poo) solution of a free boundary limit problem of Hele-
Shaw type for which the speed of the free boundary is given by the normal component of ps.. In
this limit, the solution of Equation (1.1.16) organizes into 2 regions : £(¢) in which the pressure
is positive (corresponding to the tissue) and outside this zone where p = 0. Furthermore, the
free Boundary problem is supplemented by a complementary equation that indicates that the
pressure satisfies

—Apoo = G(Ppso), 1n Qt), orsimilarly peo(Aps + G(Po)) =0 ae. in Q. (1.1.17)

However, the crucial role of the cell-cell adhesion at the surface of the tissue is not retrieved at
the limit. Indeed, as pointed by Lowengrub et al. [264], the velocity of the free surface should
depend on its local curvature denoted by k.

Thus, multiple variants of the general model (1.1.16) have been suggested to consider other
physical effects in mechanical models of tissue growth. The addition of the effect of viscosity

in the model has been made to represent the friction between cells [38, 50] through the use of
Stokes’ or Brinkman’s law (see [18] for a rigorous derivation of Brinkman’s law in inhomogeneous
materials). However, as pointed out by Perthame and Vauchelet [291], Brinkman’s law leads to a

simpler version of the model and, therefore, is a preferential choice for its mathematical analysis.
Adding viscosity through the use of Brinkman’s law leads to the model

(1.1.18)

On = div (nVu) + nG(p), in (0,+00) x Q,
—oAp+ p=p, in (0,400) x Q.
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The incompressible limit of this system also yields the complementary relation (see [291])

Doo(Poo — oo — 0G(Ps)) =0, a.e. in L

In the incompressible limit, notable changes compared to the system with Darcy’s law are found.
First the previous complementary relation is different compared to Equation (1.1.17), and the
pressure p.o in the limit is discontinuous, i.e. there is a jump of the pressure located at the
surface of Q(t). However, the pressure jump is related to the potential ;1 and not to the local
curvature of the free boundary 9€(t). The authors already indicated that a possible explanation
to this is that the previous model does not include the effect of surface tension. Indeed, classical
solutions for the Hele-Shaw problem with the addition of the effect of surface tension leads to
the free boundary problem (see e.g. [L61])

1.1.19
pw=ock on OQt). ( )

{—A,u =0 in Q\0Q(t),
This correct Hele-Shaw limit has been formally obtained as the sharp-interface asymptotic model
of the Cahn-Hilliard equation [17].
Cahn-Hilliard type models are widely used nowadays to represent living tissues and in particular
tumors [328, |. Being of fourth-order, the Cahn-Hilliard equation is often rewritten in a system
of two second-order equations, i.e.

on =div(nVpuy),

W = —3Amt ) (1.1.20)

On = div (nV (¢'(n) — §An)) — {

where n is the concentration of a phase and p is called the chemical potential in material sciences
but is often used as an effective pressure for living tissues (see [97, , 11, 98]). Also, the inter-
action potential 1)(n) contained in this effective pressure term comprises the effects of attraction
and repulsion between cells. The physically relevant form of this potential is a double-well loga-
rithmic potential and is often approximated by a smooth polynomial function. However, recent
studies show that for the modelling of living tissues and for the particular application where only
one of the component of the mixture experiences attractive and repulsive forces, a single-well
logarithmic potential is more relevant [67]. In our particular application, the potential ¢)'(n) is
only related to the modelling of pressure and, therefore, the final model includes only repulsive
forces.

We emphasize that multiple variants of the Cahn-Hilliard model have been studied to represent
living tissues and tumors including passive transport by Darcy’s Law [187, , | and with the
effect of viscosity [144, ]. The existence of weak solutions for degenerate mobility has been first
studied by Elliott and Garcke in [157]. We also refer to [147] for the existence of weak solutions
for a multicomponent mixture with cross-diffusion effects. The case of a smooth potential and
mobility was treated by Dai and Du in [113]. In the definition of their weak solutions, the authors
did not identify the potential u except in the zone where the density does not vanishes. Indeed
this difficulty comes from the energy which provides the bound |[n'/2Vp| 12(0,) < C. The term
div(nVy) in the weak solutions is then treated as div(n'/2¢) where ¢ is an L? vector field that
can be identified in the zone n # 0. For our system, we identify the potential ;1 by considering a
weaker type of solutions.

Contents We present and analyze the convergence of the nonlinear GKS model to the DCH
model (corresponding to the study of the vanishing viscosity limit, i.e. o — 0). We also study
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rigorously the incompressible limit, i.e. v — oo for this new living tissue model.

Section 1.2 contains the proof that the nonlinear GKS system (1.1.1)—(1.1.2) converges to the
DCH model (1.1.3)—(1.1.4). This analysis is made possible from the fact that the nonlinear GKS
model is equivalent to the RCH model and from the use of standard compactness properties. To
the best of our knowledge, this is the first time that a Keller-Segel system is interpreted as a
Cahn-Hilliard system. The study of the incompressible limit is the purpose of Section 1.3. Since
uniform bounds in 7y are required to use standard compactness properties and pass to the limit,
we provide new estimates relying on results obtained for the non-linear GKS model. Section 1.4
contains a proof of the existence of weak solution for the system (1.1.1)—(1.1.2) and can be read
first for the reader’s convenience. The proof follows the lines of the works [157, |. Indeed,
using a regularization of the mobility, we apply a Galerkin approximation to show the existence
of weak solutions to the regularized model. The main novelty in the proof of this latter result is
the need of strong convergence for the chemical potential which is required to pass to the limit
for the source term. Then, a priori estimates on the regularized model give us sufficient control
to use standard compactness results and pass to the limit of the regularization, hence obtaining
the existence of weak solutions to the RCH-DKS model. Uniqueness of the weak solution is also
shown in the case where there is no proliferation term.

Therefore, our analysis relies on a combination of results obtained for the Cahn-Hilliard model
as well as the non-linear GKS limit. The addition of the regularization term in the Cahn-Hilliard
model opens a new angle of attack to solve new problems and to find the correct Hele-Shaw limit
for a simple living tissue model.

1.2 From the GKS to the DCH system (o — 0)

We consider weak solutions of System (1.1.1)—(1.1.2) as built in Section 1.4 and prove that weak
solutions of the DCH equation can be obtained as the limit of the GKS system. In the definition
of the weak solutions, there is not enough regularity on p to treat the term —div(nVu) as
[ nVuVx where x is a test function. We need to rely on another integration by parts based on
the definition of p and Equation (1.2.13).

Weak solutions of the DCH equation (1.1.3)—(1.1.4) satisfy both forms

T 2 d
/ (x,0n) = / [Lnﬁ'l — onAn — 6@} Ax +96 Z OinVn - Vo,x + nGox, (1.2.1)
0 Qr

v+1 i=1
T
/ (x,0m) = / #nWHAX — dAn(Vn - Vyx + nAx) + nGsoX, (1.2.2)
0 Qrp

for all y € L>(0,T, W?°°(Q)) with Vx - v =0, and

/OT<X,5‘m> = - /QT ndyx — /Qx(t — 0y, (1.2.3)

when, additionally, x € C1([0,T] x ) and x(T) = 0. The source term can be identified as
Goo = G(p) in dimension d < 4. The weak formulation (1.2.1) comes from Equation (1.2.13).
The forms (1.2.1) and (1.2.2) are equivalent with the formula

%v(|Vf|2) = div(Vf ® Vf) — AfV/.
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We have the following convergence theorem.

Theorem 1.2.1 (Convergence of the GKS system to the DCH eq.). Assume (1.1.12)-
(1.1.14). The weak solutions (ne, jts) of the RCH-DKS model converge to (n, ) weak solution
of (1.1.3)~(1.1.4) in the sense defined by (1.2.1)—(1.2.3). They satisfy the regularity estimates
n € L>(0,T,HY(Q)) N L?(0,T, H?(Q)), oyn € (L*(0,T,W5(Q))) where s is defined in Propo-
sition 1.2.2, € L2(0,T, L5 (Q)) N L3 (0, T, LT5 ().

In dimension d < 4, u belongs to L*(Q) and for all x € L*(0,T, W*>(Q)) with Vx -v = 0,
Equation (1.2.1) can be written as

T
/ (X, 0mn) :/ w(Vn - Vx + nAx) + nG(p)x. (1.2.4)
0 Qr

with p =nY —dAn a.e. in Q.

The rest of this section is devoted to prove this theorem.

1.2.1 A priori estimates

Since the two systems (1.1.1)—(1.1.2) and (1.1.6)—(1.1.7) are equivalent, all estimates proved for
a system apply to the other. Based on the construction in Section 1.4, the energy and entropy
structure of the RCH model provide us with the following bounds. Assuming (1.1.12)—(1.1.14),
there is a constant C' independent of v, o, such that, for all T > 0,

% 5 Va2 <0, 5/ W@ <C vte (0,T), (1.2.5)
/ (v - gu ))‘2 <C, vte(0,T), (1.2.6)
5/QT ‘A n— S“ ‘2 e (1.2.7)
/ n|Vul? < C, (1.2.8)

Qr
'y/Q (n—— ) ‘V(nf%,uNQSC’, (1.2.9)
/Q (n®) fyi”l(t))m <C, vte(0,T). (1.2.10)

Next, we deduce further a priori estimates which are enough to pass to the limit as ¢ vanishes.

Proposition 1.2.2 (A priori bounds). Assuming (1.1.12)—(1.1.14), there is a constant C(T)
independent of v and o such that the a priori estimates hold

Inllz20, 1m0 < Co 10mllzao,rwrs )y < C,

with s =2 ford=1,s>2 ford=2 and s = d+2 otherwise. Furthermore, we have

1 1 w+1
[wllpoeomrrti@y <C, ~[lwl”” ey <G *HMH L1 <C,
Y LY+1(0,T, L 4=2 ()) L™ (0,T,L1(R))

with ¢ = min(2, ‘(iéfg)lv))
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Démonstration. From Inequalities (1.2.5)—(1.2.6), we deduce that Vn € L?(0,T, L?(2)). Thus,
using the Poincaré-Wirtinger inequality, we obtain that n € L2(0,7T, H*(2)) uniformly in v, 0.
Next, we recall that in dimension d, H' < L" where r = % ford>2,1<r < oo ford=2,
and 1 < 7 < oo for d = 1. Thus, n'/? € L*(0,T, L?>"(Q2)). Therefore, for all p € L*(0, T, W"5(Q2)),
we can compute

‘/atnga’ = ’/nl/in/zvu-VsoJr/nG(u)w‘
Q Q Q

< [In*2[| 20y In* 2Vl 120 | Vo)

s + Clnllr@)llell L2

because f_rl = ﬁdQ := s for d > 2. For d < 2, we can consider any r > 1. Assumption (1.1.13) is

used to control the source term in L°°. Integrating in time, using the triangle inequality on the
integrals, Inequality (1.2.8) and Holder’s inequality, we obtain the second estimate,

‘/ 6tnS0‘ < Cllellao,rwre(@))-
Qr

The first Lebesgue estimate for w is just an application of Inequality (1.2.10). For the second
Lebesgue estimate for w we write Inequality (1.2.9) as

4’)/ y+1
et vl A e
T

With Sobolev’s embedding and the Poincaré-Wirtinger inequality, we obtain

1
~JlwF |2 . <C
i L2(0,T,L -2 (Q))

This yields the second estimate. In addition, this estimate allows us to bound w?” uniformly in

d( )
LWTH(O, T, L ()). Finally, we recall the last formula for p in (1.1.5), p = w” — Aw. Using
the previous bound on w” and the bound (1.2.7), we obtain the estimate on .
This ends the proof of Proposition 1.2.2. O

1.2.2 Convergence o — 0

To study the limit ¢ — 0, we write the equivalent RCH and GKS systems as

Ong — div(ineVie) = neG(pe), in  (0,+00) x Q,

o = w) — Aw,, wy=n, — %ug in (0,400) x Q.

The main difficulty is the convergence of the term n,Vy, in the first equation. We know that
ne — n strongly in L?(Qr) thanks to the Lions-Aubin lemma and Proposition 1.2.2. In fact,
the strong convergence is obtained in L<*°(0,T, L*(Q)) (see below). No useful information can
be obtained on Vyu, and for this reason, after an integration by parts, it remains to prove the
weak convergence in L>1(0, T, L?(2)) of . The estimate on p, given in Proposition 1.2.2 is not
enough in high dimension (i.e. d > 4) and we need to consider weak solutions given by (1.2.1)-
(1.2.2) in the limit. Strong convergence of p, is also needed in order to identify the source term.
Finally, with the definition of w,, notice that Inequalities (1.2.5) show that w, is a compact
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perturbation of n, (see Proposition 1.2.4) which has much higher regularity than n, due to
the entropy/energy structure of our system. Therefore the limit in the terms div(n,Vpy,) and
n,G(pe) is treated by writing n, = w, + 'compact perturbation’.

Remark 1.2.3. In the following proof and until the end, we consider convolutions which we
integrate on a bounded domain to prove compactness properties. This is just a formal writing
because the functions we consider are only defined on (2. To make it rigorous, instead of conside-
ring a function f we need to consider f¢ where ( is a truncature function. Then, the compactness
has to be obtained in domains ). for every € small enough where (2. C €2 and every points in {2,
is at distance e of the boundary of 2. From now on, we ignore this technical issue in the proof
below.

Proposition 1.2.4. With the assumptions of Theorem 1.2.1 we have Vw,, Vns — Vn strongly
in L?>(Qr) when o — 0.

Démonstration. Inequalities (1.2.5) show that oy, oV, — 0 in L2(Q27). In addition, Proposi-
tion 1.2.2 yields the weak convergence of Vw,,Vn, — Vn. It remains to prove strong conver-
gence. We rely on arguments similar to those of Appendix 1.5.1 using the Fréchet-Kolmogorov
theorem.

We know that Vw, is bounded uniformly in L*(0,7T, L*(2)) N L?(0,T, H*(Q)) using Inequali-
ties (1.2.6)-(1.2.7) and elliptic regularity. Then, by interpolation we have an LP(Q7) bound for
some p > 2. It remains to prove strong convergence in L'.

We already have compactness in space thanks to the H' bound. With the notations of Appen-
dix 1.5.1, it only remains to prove compactness in time, that means

T—h
/ / [Vwe (t+h, ) * o (x) —Vws (t, ) * e (x)|dzdt < 0(h), 6(h) — 0 when h — 0, (1.2.11)
0 Q

uniformly in o.
From (1.1.5) we can write

T—h .
/ / |Vwg (t+h, )*pe (2)—Vw, (t, ) xp. (z)|dedt < / / |(ne (t+h, ) —ne(t, -))xVie (z)|dudt
0 Q | A
T—h
+a/0 /Q|(V“"(t+h=') — Vo (t,-)) * pe(z)|dadt.

The term o'V, converges strongly to 0 in L?(£27). This provides equicontinuity of the last term.
The first term is dealt in the same way as in Appendix 1.5.1. This yields the strong convergence
of Vw,. Using once again the previous decomposition and oV, — 0 show that Vn, converges
strongly. O

Now, we can prove Theorem 1.2.1.

Démonstration. Step 1 : Strong compactness for wy,ny, Vw,, Vn,. This step is a consequence
of Proposition 1.2.2 and Proposition 1.2.4.

Step 2 : Convergence of nVu. Now, most of the convergences come from properties of the weak
limit and the bounds provided at the beginning of this section. For the case of any dimension,
we write n,Vy, as

Ne Vi, = We Ve + %ugVug.
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The last term converges strongly to 0 as ¢ — 0. Indeed, from Inequalities (1.2.5) together with
the Sobolev injection and the Poincaré-Wirtinger inequality, we know that

o2 el Lriory < C,

for some r > 2 and C independent of o. Using also that u is bounded in L'(£27) and interpolation

we find . ,

1/2 <Coz, =——<1. 1.2.12
/’L||L2(QT) <Co ’ 2(T — 1) < ( )

With Inequalities (1.2.5)-(1.2.12) we find 015 Viie = (012 115) (0" >V 15) — 0 strongly. We now

treat the first term on the right hand side. We recall that y, = w) — dAw, and therefore we

write w, Vi, as

lo

|Vw, |2

We Ve = LVU}WJA — | V(w,Aw,) +V 5

d
v ; 61(6ngVwo)} . (1.2.13)
We recall the strong convergence of w, and Vw, in L2(QT) to n, Vn and we have the weak
convergence of Aw, to An thanks to Inequality (1.2.7). Finally we obtain the convergence in the
distributional sense of the bracket in the right hand side. For the first term on the right hand
side, we use Proposition 1.2.2. This provides that w)™! is bounded uniformly L*(0, 7, LP(Q)) N
L>(0,T, L*(Q)) for some p > 1 and therefore by interpolation in some L4(0, T, L"(2)) for some
l<g<oocandr= m. Using the strong convergence of w, and the Lebesgue dominated
convergence theorem allows us to idenfity w?*! in the limit. Using integration by parts we obtain
the weak formulations (1.2.1)-(1.2.2).
The regularity of n, Vn, An in the limit comes from the uniform bounds on w,, Vw,, Aw, and
the convergence of ou, to 0.
In dimension d < 4 we have better regularity for ;1 and we can find another weak formulation.
This is achieved in the following step.
Step 3 : The weak formulation (1.2.4) in dimension d < 4. In the case d < 4 we have

ol 21 <O, |Vwellp<@r,200) < C,

L5 (0.r.2(90))

thanks to Proposition 1.2.2 and Inequality (1.2.6). We write
o
Mavna = ,u’O'va' + E/J/O'v,u«r

We know from above that the second term of the right hand side strongly converges to 0. For the
first term of the right hand side we know that Vw, — Vn strongly in L?(Q7). With the previous
bound on Vw, the convergence actually holds in every LP(0,T, L?(2)) for p < oco. Using the
weak convergence of y, we find the weak convergence of the product.

The weak convergence of ng,pu, is similar. Therefore, with integration by parts of the term
div(n, Vi, ) against a test function x we find the result.

Step 4 : Identification of the source term when d < 4. The last difficulty in the proof is to identify
the source term (i.e nG(1)). Indeed, we do not know that u, converges a.e. (up to a subsequence).
However, we know that n, converges a.e to n and G(u,) is bounded. It remains to prove that
o converges a.e. in the zone {n > 0}.

For this reason we search for estimates on n,pu, to prove its convergence almost everywhere.
Then, the convergence of n,u, and n, yields the convergence a.e. of u, in the zone {n > 0}.
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Now, we write ng iy = We e + %,ug and compute

30
V(neps) = n;/Qn}r/Qv,uo + po Ve + %v(ﬂi)-
As previously, the last term is bounded uniformly in L!(€27) (and even converges to 0). The
first term is also bounded in L!'(Qr) with Proposition 1.2.2 and Inequality (1.2.8). For the
d(v+1)

second term we use that i, is bounded uniformly in L5 (0,7, L@ (€2)). In dimension d < 4,
Inequality (1.2.6) provides a bound on the second term. Therefore we have compactness in space.
The proof of the time compactness uses arguments and lemmas reported in Appendix 1.5.1. Since
V(wp) is bounded, it only remains to show

T—h
/ / |we (t+ hy e (t+ by ) * @ () — we (L, ) o (t, ) * pe(x)|dadt = 0, uniformly in o,
0 Q -

where the smooth functions . are defined in the Appendix 1.5.1.
We know using (1.1.5) that

1)
Wy e = W) — SweAw, = w) Tt — §Aw(2, + 6|V |?.

d(v+1)

Since w,, converges strongly in L?(Qr) and is bounded in L> (0,7, LY*(Q))NL ™1 ((0,T), L= (Q))
thanks to Inequality (1.2.10) and Proposition 1.2.2, we conclude by interpolation the strong
convergence of w, in LY (Qr). Therefore the first term is equicontinuous by the converse of the
Fréchet-Kolmogorov theorem.

It only remains to estimate

/OT—h/Q[wa(t+h,-)Awg(t+h,~)—wa(u.)AwU(t’.)]*%S(xﬂdxdt
S/OTh /Q‘/Q(IVwa(t?y)IQ— \ng(t+h,y)|2)%(m_y)‘dydxdt
" /OTh /Q ’ /Q(“’?f(t +hyy) = wi(ty)Ape(z — y)’dyd:z:dt.

With the strong convergence of Vw, and w2 we find the equicontinuity of the second and third
term in the decomposition. This yields the equicontinuity with respect to time of wpu.

Therefore thanks to the Fréchet-Kolmogorov theorem we have strong convergence in some LP
and the convergence a.e. up to a subsequence of u in the zone n > 0. The Lebesgue dominated
convergence theorem then allows us to identify the source term in the definition of the weak
solutions. 0

1.3 Incompressible limit v — 400

We now fix §, 0 > 0 and study the incompressible limit 7 — oo for the RCH-DKS system. These
two constants are the main link between RCH and DKS models. We recall that in the case § = 0,
the incompressible limit is given in [291]. In the case o = 0, the regularity provided by the DCH
model is not sufficient to pass to the limit. From now on, we keep 6,0 > 0 fixed and we may
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consider them equal to 1 in some computations. We summarize the main bounds proved in this
section in the following proposition

Proposition 1.3.1. For all T > 0, there exists a constant C(T) independent of v such that the
weak solutions built in Section 1.} satisfy

lellzz0.rm @) <O, Inllzzor,m(0) < C, (1.3.1)

[l ) < C, (1.3.2)
lwl|Lee 0,7, 8520 < C5 WLy £ C, VWY || Lo 0,101 0)) < C, (1.3.3)
[Aw|| L~ @) < C, -
10l L2 0.m.5-1 ) <O, [0ww|lLz0.1m1() <Oy 0pllL20,7,5-1(2)) < C, (1.3.4)

10cw || 20,7, -1 (02)) < C

The weak solutions in the case of no source term, i.e G = 0, are unique.

1.3.1 Uniform a priori estimates in Proposition 1.3.1

Proof of Proposition 1.3.1. We start with the first two estimates (1.3.1) of Proposition 1.3.1
The first inequality is a consequence of Inequalities (1.2.5). The second inequality has been proven
in the previous section.

L bound for n. We now establish Inequality (1.3.2) under the assumption (1.1.12) on the initial
condition. The proof requires a variant of Gagliardo-Nirenberg inequality, namely there exists
C > 0 such that for every 0 < ¢ < 1/2 and every v € H'((),

C
[0l 720y < elVolZz@) + Edﬁ”””%l(ny (1.3.5)

This inequality is an application of the classical Gagliardo-Nirenberg and Young inequalities. We
refer the reader to [106], Equation (9.3.8).

First, to begin the proof, we wish to stress a few comments. The proof of this proposition relies
on the use of the Alikakos iteration method [16]. We prove it for smooth solutions of the equation
but the method can be applied for weak solutions, since the bounds only depend on the a priori
estimates already found.

We start by choosing ¢ = § = 1 to simplify the notation. We notice however that the L
bound is not uniform in ¢ and therefore this result does not apply to Subsection 1.2.2. In fact,
with the same proof, it is possible to show that the L* bound varies as 1/o. We multiply
Equation (1.1.1) by anfl, integrate over the domain, and after integration by parts that uses
the boundary conditions (1.1.11), we obtain

1 ,
—i/ n?" + (2F — 1)/ 712k_1|Vn\2 = (2F - 1)/ n2 vy - Vn—i—/ nng(u). (1.3.6)
2kdt Jo ) Q Q

Then, multiplying Equation (1.1.2) by nzk, integrating over €0, and after integration by parts,
we have from the non-negativity of both n and w (see Proposition 1.4.5)

2k —1 _ 1 2" 1 2k +1
/Qn Vw-Vn—Q—k/Q—Awn SQ—k/Qn . (1.3.7)

Therefore, rearranging the second term on the left-hand side of Equation (1.3.6), passing it to
the right-hand side, using Inequality (1.3.7), and, finally, using n?" < n?+1 41 for the second
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term of the right hand side, we obtain

1 d 2k 2+12
Fa "= 2k+1 /'V "+ (

This means exactly that for some C' > 0,

)/n2k+1—|—C.
Q

4(2F —1)2* 2k 41
sz(sz) < _W”V" 2

1220y + C2¥[|n)| 2 1L, + O2".

||7’LH L2k+1

.
Applying Equation (1.3.5) with v = n’ 2“, we obtain for any ¢ > 0

k . kE _ 1\9k
(CQk 4028 —1)28 >|| ”2 +1 C 42 1)2

2k 41
”n” (2k + 1) L2k+1 e(d+2)/2 (Qk + 1)2 |n 2

L2k @ =

Choosing € = C27% in order to let the first term of the right-hand side to be non-positive, leads
to

k
||n|| S C2(d+2)k/2Hn2 2+1

sz

Moreover, using Riesz—Thorln mterpolation theorem, we have

||n||L2k Q) < 02(d+2)k/2|‘n”L2k Q)||n| L2kt

2F—1 k
c2".
(©) +
Denoting my = sup¢ (o 1) ||n(t)||L2k(Q) and after integrating in time, we obtain

(d4+2)k ok _q

, 1/2F
mkS(CQ T mg_,m k—f—CQ) .
Following [106] (Lemma 9.3.1, p.213) the sequence my, can be dominated by m) which satisfies
k k—1
’ (02%)1/%7712:11/2 m/1/2

my, = . with C large enough and m{, > 1.,

i.e,

, @tak L 1=l
my = (C277 ) =2m > 7.
Letting & — oo and by induction we find [|n[|z~q,) = Mo < ml, < C. We refer to [106] for

the details. This yields the result. This in turn provides also higher regularity for w thanks to
Equation (1.1.2) and one can find estimates (1.3.3).

Proof of (1.3.3). The first estimate is a consequence of Equation (1.1.2) together with elliptic
regularity.

For the second estimate we multiply Equation (1.1.2) by w?("=1  After an integration by parts
and using the nonnegativity of n,w we find for every t,

[ (#)]I7

With Hélder inequality, we obtain

@) < In()w ()" (.

[w (@)l @) < [In®)llLr@)-
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Letting  — oo thanks to Inequality (1.3.2) and taking the supremum in time yields the result.
We refer the reader to Theorem 2.14 in [9] for further details. The third inequality is just the
result of the two previous inequalities as well as Equation (1.1.2). To get the fourth inequality
we differentiate in space Equation (1.1.2) and multiply by sgn(d,w?”). Since w is nonnegative,
sgn(d,w") = sgn(d,w). Using integration by parts on the first term yields the result. The com-
putations can be made rigorous with the derivative of a convex approximation of the absolute
value.

Remark 1.3.2. With Inequality (1.3.2) and Equation (1.1.2) it is possible to find that w €
L2(0,T,H3(2)) and therefore w” € L2(0,T, H*(f)) thanks to Equation (1.1.2). However, the
bound is not uniform in v and we cannot gain compactness.

Remark 1.3.3. When G = 0, Inequalities (1.3.3) provides uniqueness of the weak solutions, see
Appendix 1.5.2.

Time compactness of n. Compactness in time for n follows using once again the Lions-Aubin
lemma with the (L*(0,T, W*(Q)))’ bound on d;n from proposition 1.2.2. One can prove com-
pactness in time for w using the Fréchet-Kolmogorov theorem. However, with the previous regu-
larity results, we can get the better bounds (1.3.4) on the time derivative of n, w, p = w” and

L.
Proof of (1.3.4). Since we have found that n € L*(2r), we have for any test function ¢ €
L?(0,T; HY(Q)),

1/2
[ ool <2, [ 029190l < CIVGlizan),
Qr Qr

where we have used (1.3.2) and (1.2.8). Hence, we have 9;n € L?(0, T, H=*(Q)) uniformly. To find
compactness of O;p it is enough to find compactness for 9w thanks to Equation (1.1.5). Compu-
ting the time derivative of Equation (1.1.2), multiplying by a test function ¢ € L?(0,T; H(f)),
using the notation z = J;w, and integrating in space and time, we have

/ oVz-Vo+ %’yw'ﬁlqu +z¢ = ona.
Qr

Qr

Choosing ¢ = z, and from Young’s Inequality, we have

1 o _ 1
[, (o) e (5w w1 g ) < 2l o

Therefore, choosing r large enough, we obtain that d,w € L?(0,T, H!(Q)). Using Equation (1.1.2)
provides the compactness for 9;w”. This achieves the proof of (1.3.4) and Proposition 1.3.1. O

Finally, one can show that the regularity of the solutions provides continuity with respect to time
Proposition 1.3.4. Assume (1.1.12)—(1.1.13), the functionsn, w and w”Y belong to C'(0,T, LP(2))
for every 1 < p < oo.

1.3.2 Convergence 7 — +o0

With all the ingredients of the previous subsections we find

Theorem 1.3.5 (Incompressible limit). Assume (1.1.12)—(1.1.13) and let (ny , tho,y) be a weak
solution to the RDCH model (1.1.6)—(1.1.7). Then, when v — oo, after extraction of subse-
quences, (Mg, oy, Wary) = (Mo,00s foyoos Wo,0o) With the reqularity ny o € L*(0,T, H'(Q)) N
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L>®(Qr), Onooo € L2(0,T,H 1(Q)), wso € C(0,T,LP(Q)) N L>®(0,T, W?P(Q)) and py o €
C(0,T,LP(Q)) N L*(0,T, HY(Q)) for every 1 < p < co. These functions satisfy in the weak sense

atnc;,oo - diV(na,oovNcr,oo) = na,mG(NW)~

and

(o (o
Ho,o0 = Po,oo — 6Awa,ooa _UAwU,oo + <Po,~ + Wo,00 = No,00y  Wo,00 = No,00 — g,uo,ocw

)
where Py oo 08 the strong LP(Qp)-limit of w” and belongs to L>°(0,T, L>°(Q)) N C(0,T, L?(2)).

Démonstration. For the first term on the left hand side, the weak convergence of 0;n,  given
by (1.3.4) is enough. For the second term of the left hand side, we use (1.3.1)—(1.3.2) to prove
the weak convergence of n, Vs . Then, to identify its limit, we use the strong convergence
of ng from (1.3.1)-(1.3.4) and the weak convergence of Vi, given by (1.3.1). For the term
on the right hand side, we use the strong convergence of n, and js . Finally for the equation
on fg,~ and w, ., weak convergence is enough. To prove strong convergence of p,, = wj ., we
use the bounds on 0;ps -, Ve, from (1.3.3)—(1.3.4). An application of the Fréchet-Kolmogorov
theorem as in Appendix 1.5.1 yields the strong convergence. The continuity with respect to time

follows from the regularity of the solutions. O

Moreover, we find two propositions on ws,«, the first one provides an L*>°-bound on we. ~, and
the second one gives some information about the behaviour of the potential in the zones where

Wo,00 7 1.

Proposition 1.3.6 (L°°-bound for w, « ). For the limit solution w, « defined in Theorem 1.3.5,
we have, with Wy ~ = Ng » — $ o,

||wo,oo ||L°°(QT) S ]-v

Démonstration. In the case ¢ > 0, this estimate is trivial with the L° bound on w” from
Proposition 1.3.1. However, we also provide a proof that works in the case o = 0, i.e., when

Wo,y = N0,y )-
We start by using Inequality (1.2.10), we have

00 7 (®)l s < (Cly + DYYOHD < /G,

By interpolation, and with % =0+ % where ¢ € (1,7 + 1), we have

-6
1oy (B)l|za() < lwe (ITs (@) llwey (B 775

From the Cauchy-Schwarz inequality for theNLl norm and from the previous inequality for the
LY+ 1norm, we easily find two constants C, C such that

lwo~()|lLa@) < COfo=0/tr+1).

Since we know that w, — w, and by lower semi-continuity of the norm as well as the fact that
6 — 1/q when v — oo, we have

||’LU0,00||L00 (0,T,L1(2)) S llvn'_l)gf ||w0,'y||L°°(O,T,L<1 () S 61/’1,
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for any ¢ € (1, 00). Therefore, letting ¢ — oo, we obtain

[wo00 | Lo (27) < liqlgggf |we 00 l| Lo (0,7, L9y (@) < 1.

Compared to previous results on incompressible limits for living tissue models (see e.g. [289]),
we have a slightly different relation linking the pressure and the density. We have the following
proposition.

Proposition 1.3.7 (Relation between ps, and wy,). The following relation holds for the limits

Of Poy = wg,,y and W~ .
prr,oo(wa,oo - 1) =0, a.e in Qr.

Démonstration. The inequality po oo(Ws 0o — 1) < 0 is found in a straightforward manner using
Proposition 1.3.6, and the fact that ws, >0 = w;ﬁ >0 = psoo = 0.
It remains to show that ps co (We,0o — 1) > 0. We borrow the argument of [254]. For v > 0, there
exists 7y such that for v > ~,
wlf,l >wy ., — V.

Then, from the convergence of w, , and wgﬁ we know that wgﬁwa,7 converges t0 Do ocoWe,00-
Passing to the limit we get

Po,ccWo,00 Z Po,co — V,

for every v > 0. Letting v — 0 yields the result.

Remark 1.3.8. From this result we find that in the zone wy, # 1, we get po, = 0, and thus
lhoo = —0Aws, which can be interpreted as a term representing surface tension.

When the relaxation parameter satisfy o = 0, we expect to have w = n. Therefore, in the zone
Q4 (t) = {x,po(t,z) > 0} we obtain that the density stays constant n., = 1. With Equa-
tion (1.1.6) this means that formally

“Ap=G(p) inQ,
w=—3An on Q.

1.4 Existence of weak solutions

The proof of existence of weak solutions for system (1.1.6)—(1.1.7) follows the standard method
for the DCH (see e.g. [157, , 113]). We start by regularizing the model : using a small positive
parameter ¢ we define a positive approximation of the degenerate mobility b(n) := n. Existence
of a solution to the regularized system is found using standard methods for nonlinear parabolic
equations. Then, we derive a priori estimates on the regularized problem that allow us to pass
to the limit ¢ — 0 and, hence, show the existence of weak solution for System (1.1.6)—(1.1.7).
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1.4.1 Regularized mobility

We consider a small parameter 0 < € < 1 and define the regularized mobility

% for n > %,
B.(n)=(e forn<e, (14.1)
n otherwise.

Thereby, we write the regularized analogous of System (1.1.6)—(1.1.7)

One — div(Be(ne)Vue) = nG(ue), in  (0,400) x Q, (1.4.2)
—0Ape + pe = (ne — %,ua)"’ —6Ang, in (0,4+00) x Q, (1.4.3)

supplemented with the zero-flux boundary conditions

Owe o Opie -
5 "5, =0 on (0,00) x 09, (1.4.4)

where w, is defined by (1.1.5) and with the initial conditions (1.1.12).

We have the following existence theorem

Theorem 1.4.1 (Weak solutions for the regularized system). There exists a pair of functions
(ne, pe) such that for all T >0,

ne € L*(0,T,H* (), m. € L*(0,T, H *(Q)),

Me € LZ(O,T,HI(Q)), Orpe € L2(O,T, H_I(Q))a

we € L*(0,T, H*(Q)) N L>=(0, T, H(Q)), w? € L*(0,T,L*(Q)) . € L*(0,T, H'(Q)).

These functions satisfy the reqularized Cahn-Hilliard model (1.4.2)—(1.4.4) in the following weak
sense : for all test functions x € L?(0,T, H'(2)), it holds

T
/ (X, Ome) = 7/ B.(n:)Vu:Vx +/ neG(pe) X, (1.4.5)
0 Qr Qr
o Y
U/ VpVx Jr/ HeX = 6/ VnVx Jr/ (ns - gﬁ%) X (1.4.6)
Qr Qr Qp Qr
—ocAw, + %wg +w. =n. ae., (1.4.7)
e = wl — 6Aw. a.e. (1.4.8)

Démonstration. Step 1. Galerkin approzimation. We consider {¢; };cn. the eigenfunctions of the
Laplace operator with zero Neumann boundary conditions.

—A(bz = )\l(bz € Q) with V¢, -v=0 on o9, (149)

which form an orthogonal basis of both H!(Q) and L?(Q2) and we normalize them such that
(¢i, &) 2(0) = 0i;. Furthermore we assume without loss of generality that A\; = 0.
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We consider the following discrete approximation of System (1.4.2)-(1.4.3)

N N
- ZCN (@), p (o) =D dY (0i(x)
i=1
/ atansj / B.(n™)VuN Vo, + /QnNG(uN)¢j, for j=1,...,N,

/,u (;5]—5/ )V(bj /Q<nN—%uN>PY¢j, forj=1,.... N,

n™N(0,z) = Z(no, ®i)r2(0) Pi-

i=1

where the coefficients cj ,dN for j =1,.., N are determined by

]

el = — /Q (ZCN@)WNV@JFC /G ),

i=1

N
4} (1+0);) 25/\j0§y+/ (Z(CZN— gdf-v)@y%,

2" im1 y
' (0) = (no, ¢5) L2(e)-

Since the right hand side of Equation (1.4.14) depends continuously on the coefficients ¢

(1.4.10)

(1.4.11)

(1.4.12)

(1.4.13)

(1.4.14)

(1.4.15)

(1.4.16)

IR

standard results on ODE systems gives the existence and uniqueness of a local solution to the

initial value problem (1.4.14)—(1.4.16).

Step 2. Inequalities and convergences. Multiplying Equation (1.4.11) by d;(t) and summing over

j leads to

[ o = [ Bt [ ¥t
Q Q Q

Rearranging the left-hand side, we obtain

N, N _ N_ O N toa N2
/Qa’f” p _/Qat(” 5“ +25dt/|

Using in Equation (1.4.12), ¢, = %(cﬁy — %dj-v)qﬁj and summing over j , we have

N _ o N\
/Qat(”N_%“ Y= 2dt/‘v )‘QJFCZ/Q(n yiﬂ1) '

Altogether, we obtain the discrete energy dissipation

/B )|Vl |? = /QnNG(uN)uN,

in which the energy is defined by

Y v+1
A e s

v+1 246

(1.4.17)
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Taking j = 1 in (1.4.11) leads to 0, [, n™ = [, ¢1 [, nN G(u")d1 where ¢ is constant, and with
the assumptions on G (see (1.1.13)), together with Gronwall’s inequality we find

’/nN’ <, (1.4.18)
Q
where C' is a positive constant independent of N. Using this inequality in (1.4.17) and the
assumptions on the source term G, we have

%E(t) +/ B.(n™M) VN2 < C. (1.4.19)
Q

Altogether, we find the following inequalities

g N _ o N\
= . < 4.
Q/Q‘V(n - )‘ <c, (1.4.20)
g N2
il <C 1.4.21
v [ psc (1.4.21)
/Bs(nN)\VuNIQSC, (1.4.22)
Qp
v+
/<nN_gMN) <C (1.4.23)
) — <C. A.

Using the definition (1.4.1) of B.(n) and Inequality (1.4.22) we find a control on |V |2. Com-
bined with Inequality (1.4.20), we have

/ [VulN|? < C, Va2 < C. (1.4.24)
Qr Qr

Using (1.4.18), (1.4.24) and the Poincaré-Wirtinger inequality, we obtain the following conver-
gence as N — 400
nN —n. weakly in L*(0,T, H'(2)). (1.4.25)

From (1.4.20)-(1.4.21), we find that the coefficients cé-v,dj-v are bounded and a global solution
to (1.4.14)—(1.4.16) exists. Choosing j =1 in (1.4.12) gives

/QMN=/Q(TLN—%MN)77

which is bounded thanks to (1.4.23) and the Holder inequality. Therefore, combining (1.4.24)
and the Poincaré-Wirtinger inequality, we obtain

N — pe  weakly in L2(0,T, H'(2)). (1.4.26)

Then, denoting by Il the projection operator from L?(Q2) to span{¢i,...¢n}, using Equa-
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tion (1.4.11), we have for every test functions ¢ € L?(0, T, H'(Q2)),
’ 8tnN¢’ - ‘ 3tnNHN¢’
QT QT

:‘ BE(nN)V,uNVHN¢+/
QT QT

<o ) ([ vmer) ([ mer) "

T

™ G g

< Cllollz2(0,7,m21 ()

where the last inequality is obtain from (1.4.22). Therefore, from the previous result, we can
extract a subsequence such that

on” — On.weakly in L?(0, T, H~(Q)). (1.4.27)

Hence, combining the weak convergences (1.4.25) and (1.4.27), and using the Lions-Aubin lemma
we obtain the strong convergence

n™ — n. strongly in L(0,T, L*(Q)). (1.4.28)

Step 3. Strong compactness for . To identify the limit in the source term, we need to find

strong compactness for the potential /JN . As we have strong compactness for n , it is enough to

find strong compactness for w?.

Using the notation w™ = n® — %MN, we change Equation (1.4.12) in

O'/QV’UJNVd)j—F%/Q(wN)’Y(ijF/QwN(bj :AHN¢j7

with w™ (t,z) = Ei\il g (t)¢i(x). The coefficients ¢ for j = 1,..., N are determined by the
equation

(oA + 1) gV U/NN ) g
NN+ | Zqz i) | ¢ =cf. (1.4.29)

Thus, denoting z = J;w, and computing the time derivative of the previous equation, we obtain

d d > Lo d
(oA; +1) i%{v + %@/ﬂ (;qi\/@)@(w)) ¢i = @cév'

We use the notation d,w™ = 2, Multiplying the previous equation by ¢;(d,w’), summing over
the j and integrating over the domain lead to

O_/|VZN‘2+/|ZN|2+E (wN)’yfl|ZN‘2:/atnNZN.
Q Q o Ja Q

Integrating the previous equation in time, and from the use of Young’s inequality on the right
hand side, we have

g
/Q o VNP + 2V]? < CHatnNH%?(O,T,H*l(Q)) + §||ZNH%2(O,T,H1(Q))
T
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Then, assuming 1 — § > 0, we find HZHQLQ(O,T’Hl(Q)) <C.

This previous result allows us to pass to the limit in the source term using the Lions-Aubin
lemma. We refer to [287] to pass to the limit in other terms of the equation and detail the
differences.

Lastly, it remains to prove the regularity of w, w”. To do so, we use Equation (1.4.29) and
successively multiply it by —¢; Aw", integrate it in space, use integration by parts, and integrate
with respect to time, to arrive to

0/ |Aw™ |2 —|—/ |V |2 + g'y(wN)"’_l\VwNF = —/ nN Aw?.
Qr Q d Qr

Since n?V is bounded L2(0,T, H*(f2)), we can use Young inequality and elliptic regularity to find
that w! is bounded in L2(0, T, H%(Q2)). Inequality (1.4.20) provides the L>(0,7T, H'(2)) bound.
Finally the regularity of (w¥)” comes from Equation (1.1.2).

This concludes the proof.

1.4.2 A priori estimates

To show the existence of weak solutions of the non-regularized model (1.1.6)—(1.1.7), the idea
is to pass to the limit & — 0 in System (1.4.2)—(1.4.3). A priori estimates derived from the
regularized model help us to find the required compacity and pass to the limit in the model.
The computations of the a priori estimates follow closely the paper [287] where the case of a
single-well potential was considered. The addition of the source term G, which is not present in
[287], induces the need of new computations. The second main difference is that we consider a
potential term w?” in (1.1.7) instead of a smooth and bounded potential as it was done before.
We start by defining the entropy of the system

B.[n] = /Q be(n())dz, & (x) = 6:(0) = 6.(0) = 0,

and we recall the energy

= [ ST - S+ S

In comparison with the previous subsection, when ¢ — 0 we loose the uniform L?(27) bound on
Vi which was obtained with the regularized mobility. This bound is actually recovered with the
estimates provided by the entropy that could not be used in the Galerkin scheme. Also, when
e — 0, the time derivative of the density lies in a larger space than L2(0,T, H~*(f2)), which is
(L4(0,T,Wh#(2))) where s > 2. This prevents us from using the previous computations and
we lose the bound on d;w and Oypu. To recover their strong convergence and thus to identify the
source term, we need to rely on the Fréchet-Kolmogorov theorem. This last difficulty is dealt
with the following proposition

Proposition 1.4.2 (Compactness for w. and p.). The sequences (we)e and (pe)e converge
strongly in L'(Qr).
Démonstration. We use the Fréchet-Kolmogorov theorem as in Appendix 1.5.1. Indeed, we have

the compactness in space for w and Equation (1.1.2) provides

—oAfw(t+ h) — w(t) + %[uﬂ(t +h) — w ()] + w(t + h) — w(t) = n(t+ h) — n(t).
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Multiplying formally by sgn(w(t + h) — w(t)) (rigorously by ¢'(w(t + h) — w(t)) where ¢ is a
convex approximation of the absolute value), integrating in space and using Appendix 1.5.1, we

obtain the compactness for w. Since p = g(n — w) we have compactness for u.
O

Remark 1.4.3. The strong convergence actually holds in higher Lebesgue spaces since (we). is
bounded uniformly in L?(0, T, H?(Q)) N L>(0,T, L"*1(Q)) and (pe)e in L?(0, T, H'(Q)).

1.4.3 Limit ¢ =0

From the previous estimates on the regularized model, we are now in position to prove the
existence of global weak solutions for System (1.1.6)—(1.1.7).

Theorem 1.4.4 (Existence of weak solutions). Assume an initial condition satisfying (1.1.12).
Then, for o small enough, there exists a global weak solutions (n,u) of Equations (1.1.6)-(1.1.7)
such that

n € L*(0,T,H(Q)), om e (L*0,T,Wh*(Q))),

pe L*(0,T,H (),

w e L*(0,T, H*(Q)) N L>=(0,T, H'(Q)), w” € L*(0,T, L*(Q)),

n>0, w>0, ae inQp,

where s is defined in proposition 1.2.2. Moreover, as € — 0, the inequalities provided by the
energy and entropy hold true.

Démonstration. The estimates on dyn has been proved in Section 2. The proof of this theorem

is a straightforward adaptation of Theorem 5 in [287] using the computation of Section 1.4.2,
therefore, we do not repeat the proof arguments here. The nonnegativities of n and w are a
consequence of Proposition 1.4.5. O

The regularity of the solutions is higher than it is expected in Theorem 1.4.4. We refer to
Section 1.3 for the proof of this result.

Proposition 1.4.5 (Nonnegativity of n and w). The solution (n,w) of System (1.1.1)—~(1.1.2)
defined by Theorem 1.4.4 is nonnegative, i.e.

n(z,t), w(z,t) >0, a.e. in Q.

Démonstration. The proof of the nonnegativity of the density n follows the same argument than
[287] that uses the boundedness of the entropy (uniform in ¢). Hence, we do not repeat the proof
here. Now, we recall that the repulsive potential from (1.1.2) is actually defined by assumption
in the introduction as w? = max(0,w?). Then, since n > 0, Equation (1.1.2) implies that for
every function n > 0, we have

/Vw~V77+/max(O,wV)n—i—/wnZO,
Q Q Q

where we supposed o = § = 1 for the sake of clarity. Using the previous inequality, and choosing
7 = —w_ (where w_ represents the negative part of w), we obtain

/|Vw,|2+/w3 <0.
Q Q
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This achieves the proof of the nonnegativity of w. O

Remark 1.4.6. A main difference with [287] is that we can not find an upper bound using an
entropy argument. Indeed, the result in [287] relies on the singularity of the potential at n = 1.
Furthermore, Dai and Du [113] notice that with a smooth potential at n = 1, one cannot prevent
the solution from exceeding this threshold. This is due to the Gibbs-Thomson effect, where the
mean curvature of the interface plays a role in the concentration of the phases.

However, from a different argument relying on the Alikakos iteration method [16], see Inequa-
lity (1.3.2), we are able to show an L*-bound for System (1.1.1)—(1.1.2) and therefore better
regularity for the functions of our system.

1.5 Appendix

1.5.1 Compactness with the Fréchet-Kolmogorov theorem

We provide another method to prove strong compactness in « for n only using the fact that nVpu
and Vn are integrable. This proposition can be applied to prove compactness in ¢ and € with
the parameters defined respectively in Section 2 and 4.

Proposition 1.5.1 (Strong compactness for n). The sequence (ny ) is compact in L*(0,T, LP(£2))
for1<p<2d/(d—2)ifd>2and1<p< oo else.

The proof of this proposition uses a sequence (¢s)s>0 € C.(R?) of standard mollifiers with mass 1
such that

IV*@sllL1 () < 6%’
for any function g € LP(2),
g * psllzr) < lesllor@llgllor @),
and when g € WH?(Q) it holds
llg* s —gllLe <6[VallLr)-

Proof of proposition 1.5.1. Since Vn is bounded in L!(£27) we only need to prove the time com-
pactness

T—h
lim / / [Noy(t+ h,z) —ng o (t,x)|dedt =0 uniformly in .
|hl=0Jo Q

Using the mollifiers with § depending on h to be specified later on, we first notice that
T—h T—h
/ / [n(t + h,z) — n(t,x)|dzdt < / / [n(t,x) — n(t,-) * ps(x)|dxdt
0 Q 0 Q
T—h
+/ / [n(t + h,z) —n(t+ h,-) * os(x)|dedt
0 Q

T—h
+ /0 /Q [n(t + h,-) xps(x) —n(t,-) * os(x)|dedt.
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For the first and second term, the computations are the same, hence, we only present it for the
first term. Using the properties of the mollifiers, we have

T—h T
/ / In(t, ) — n(t, )  ps(x)|dadt < 5/ V()] 21 g dt < C.
0 Q 0

To control |[Vn|[z1(q) we used the Cauchy-Schwarz inequality and Proposition 1.2.2. The third
term can be written as

/OTh/Q [n(t+ h,-) * ps(z) — n(t,-) * ps(x)|dzdt = /OTh/Q ’ /tHh dsn(s, ) * ps(x)ds|dxdt.

And using Equation (1.1.6) yields

L

t+h
/ 0sn(s, ) * s (x)ds|dxdt
t

_ /0 o /Q | /t Hh[div(nVu)+nG(u)](s,-)*cpg(:r)ds‘d:cdt
<L St <o e

[T e gateas]asa

The first term is bounded by

T—h t+h d T—h pt+h
[ L] Smtentsronpswislase<c [ [ nu )l 1965l
0 ol i 0 t

Writing nVy = n'/?n'/2Vp, using the Cauchy-Schwarz inequality, Inequality (1.2.8), the first
term is bounded by Ch/J.

The second term is bounded by Ch using assumptions on G. Choosing § = h'/? gives compactness
in Ll (QT)

Finally using Proposition 1.2.2 and interpolation, we get the result.

1.5.2 Uniqueness with no source term

We consider Equations (1.1.1)-(1.1.2) with G = 0. Therefore we have conservation of the mass.
To simplify the notations we suppose 0 = § = 1. We retain the regularity of the solutions from
Section 1.3. Writing n = ny — n; and w = ws — wy the difference of two solutions we consider
©(t) such that

—Ap(t)=n inQ,
Vo(t)-v=0 on dQ.
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Multiplying Equation (1.1.1) by ¢, integrating in space and using integrations by parts we obtain

1
5%/|V¢|2—/(n%—n%)Ago—/anz-Vgo—/anw-ch:O.

We denote by Iy, I, I3 the last three terms. Using the definition of ¢, we have

h=— [ =)o = [ s - ma),

which is nonnegative since z ~ 2 is increasing for > 0. Now, we treat I5. Using integration
by parts and n = —Ayp one can show that

IQ = — Z/@Zga@wwgajcp — Z/@iapang&-jgo
i,J ,J
=J1 + Js.

Using integrations by parts on the second term we find

Drpl?
Jo = Z/@' ;l ang + Z/|8igo|28jjw2
,J 1,

1

We finally obtain
I, < C/|D2w2||w|2.

From Inequality (1.3.3) together with the Calderén—Zygmund lemma and using Vo € L™ we
find

(p—1)/
12 < C«p(/‘V@lQP/(P—l)) p P

(p—1)/p
<colvelz( [1ver)" ",

for every 1 < p < oo. For I3 we recall that n; is bounded in L*°. Using the Cauchy-Schwarz
inequality we only need to show that ||Vw||r2 < C||Ve| 2.

Equation (1.1.2) for the difference of the two solutions can be written as
—Aw 4wy —w] +w=—Ayp.

Now, we multiply by w, use integration by parts and the fact that z — z7 is increasing for x > 0

to get
/|Vw|2+w2 g/\Vgo'VwL

Applying Young’s inequality yields the result. Therefore

Is < C| Vel
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Combining the previous results we obtain

%n(t) <Cp max(n(t)lfl/p,n(t))’

for every 1 < p < oo where n(t) = [ |V (t)|*.
Following [48, 41], for t < 1/C, the solution is bounded by

n(t) < (Ct)P.

For t < 1/(2C) we then find
a(e) <277,

Letting p — oo we find uniqueness on [0, %) and this procedure can be iterated on the whole
interval of existence.



Chapitre 2

Nonlocal Cahn-Hilliard equation
with degenerate mobility :
Incompressible limit and
convergence to stationary states

Abstract

The link between compressible models of tissue growth and the Hele-Shaw free boundary problem
of fluid mechanics has recently attracted a lot of attention. In most of these models, only repulsive
forces and advection terms are taken into account. In order to take into account long range
interactions, we include a surface tension effect by adding a nonlocal term which leads to the
degenerate nonlocal Cahn-Hilliard equation, and study the incompressible limit of the system.
The degeneracy and the source term are the main difficulties. Our approach relies on a new L
estimate obtained by De Giorgi iterations and on a uniform control of the energy despite the
source term. We also prove the long-term convergence to a single constant stationary state of
any weak solution using entropy methods, even when a source term is present. Our result shows
that the surface tension in the nonlocal (and even local) Cahn-Hilliard equation will not prevent
the tumor from completely invading the domain.

2.1 Introduction

Nonlocal parabolic equations are commonly used to describe living tissues because cells expe-
rience two types of forces : repulsive and attractive. The repulsion arises at high volume fraction
because, locally, cells occupy a non-vanishing volume, while cell adhesion and chemotaxis create
attraction at long range, i.e., low densities. These effects, as well as surface tension effects, can
be considered by using the Cahn-Hilliard equation (see, e.g., [277] for a review on these mo-
dels). Our work is dedicated to the analysis of the nonlocal Cahn-Hilliard equation for long
range interactions with a repulsive potential. More precisely we are interested in two results :
the incompressible limit connecting mechanistic and free boundary descriptions of the tissue and
the long-time asymptotics of equations. Concerning the first result, the main difficulty is that
we lose any maximum principle and we have to rely on different arguments to obtain the same
results concerning the incompressible limit. Concerning the convergence to the stationary state,
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we prove that it converges to a nonnegative constant which shows that the surface tension effect
(modeled by the Cahn-Hilliard equation) is not strong enough to prevent the tumor from inva-
ding the entire domain.

2.1.1 Mathematical setting

Our settings is as follows : we let  be the d = 1,2,3 dimensional flat torus in R¢, which is
particularly useful when treating nonlocal terms and we consider the equation

Ou — div(uVp) = uG(p) in Q x (0,T),

p=p+ Bc(u) inQx(0,7T), (2.1.1)

with the initial condition u(0) = up > 0 in  and u(x,t) > 0 represents the cell density. Here,
B. denotes the nonlocal operator defined as

1 1
Bulul(o) = 3(u(e) —weru(e) = 55 [ we)ul) —uw—u)dy  (212)
for fixed ¢ small enough (in order to be able to use [155, Lemma C.1] and Lemma 2.5.3) and w,

is a usual mollification kernel w.(z) = E%w(%) with w compactly supported in the unit ball of

R? satisfying
/ w(y)dy =1, w(-) is radial. (2.1.3)
Rd
The pressure and source term are defined, for v > 0, as
p=u’, ~v>1, G(p) = pg — p, (2.1.4)

with py > 0 a constant called the homeostatic pressure, which is the threshold where cells begin
to die, assuming that pressure produces an inhibitory effect on cell proliferation.

We comment the different terms appearing in the equation. First, u is the density of tumor cells
and can be thought of as being between 0 and 1. However, this fact is not easy to prove since
the maximum principle does not hold here. Using a De Giorgi iteration technique, we can prove
however that the bound holds with a small perturbation terms which vanishes as 7 — oo (see
Lemma 2.3.1). From the Cahn-Hilliard terminology, we refer to i as the chemical potential, which
is composed by two terms : one is the pressure p = u” and the other is B., the approximation
of the Laplace operator, which takes into account surface tension effects, see for instance [155].
Concerning the initial condition, we distinguish two sets of assumptions.

Assumption 2.1.1 (Initial condition). We assume :
1
(A) 0 < up < pj, for almost any x € Q.

Note that the same assumption has already been considered, e.g., in [116] and that it implies
ug € L1(Q), for any g > 1, since 2 is of finite Lebesgue measure. For the single Section 2.3, we
need additionally :

Assumption 2.1.2 (Additional assumption for Section 2.3). We assume :
(B) There is 9 > 0 and C' = C(p) > 0 such that ||A(u(1)+7)||L1(Q) +|Vugl| 22(0) + [[Auol| 1 () <
07 V7 Z Y0-
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System (2.1.1) is associated with the energy £ and entropy ®, respectively defined by

1 uY Tt
Ew) = 15 /Q/Qwa(yﬂu(m) e — )P dydz + /Q L a0, (2.1.5)
O(u) == / Zlog | o)L 41)dz>0. (2.1.6)
2\ P Pu)  Ph
They formally satisfy the identities
d 2
Lewy+ [ wvu? = [ wGw), (2.1.7)
de Q Q
d 1 ,
—®(u) + —— we ()| Vu(z) — Vu(z — y)|" dz dy
de 2c2p7, /2 /0
1 4 2 1
—1/ 772 ‘V|u|WTH dx — —1/ ulog &1 G(p)dz = 0. (2.1.8)
p7 /o (v+1) py Jo o]
H H H

Moreover they provide us with direct a priori estimates, provided we can control the integral
related to the source term in (2.1.7), which may change sign. Here, we assume that we have
existence of solutions with regularity typical of the Cahn-Hilliard equation. We do not include
the proof, since most of the a priori estimates are derived in Section 2.2. For a rigorous proof of
existence by means of an approximating scheme, we refer for instance to [155].

Lemma 2.1.3. Let ug satisfy assumption (2.1.1). Then, for any T > 0, there exist constants
Co(T, E(uo), ®(ug),e) and C1(T,E(uo), P(uo),€,v) and a global weak solution u such that,

u>0 a.e inx(0,00), (2.1.9)
w € C([0,00); (W (2))") N Copear([0,00): LFH(RQ)), 7 = W“)f”“) (2.1.10)
u(t) == ﬁ/gu(m,t) dz < pi Vit >0, (2.1.11)
llull 20,711 () + #HUHZLI(O,T;L“#%Q)) + lull L2241 (2x 0,7)) < Co, (2.1.12)
0sull 20, 750w 27 (2))) + 10sull Lo (0,1, ra ())) < Crs (2.1.13)

where % + % =1,qg= w Moreover, for any v € WHT(Q), u satisfies

1 1
(Opu, v) (wrr(Q)y W) + / uVp - Vodx + 2 / uVu - Vodx — 2 / u(Vw *xu) - Voda
Q Q Q
= / uG(p)vde, for almost every t > 0, (2.1.14)
Q

with u(0) = ug almost everywhere in 2. Here (-,-)(w1.r(q))y,wir() denotes the duality product
between (WL (Q2))" and WhHT(Q).

Remark 2.1.4. The first continuity result follows from the bounds on d;u in (2.1.13). Moreover,
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being u € L°°(0,T; LY 1(Q)), we also deduce that u € Cyear([0,T]; LYTH(Q)), see [, Lemma
I1.5.9]. This clearly also implies that & = f"lg‘dz e C([0,T)).

2.1.2 The main results

Our first result establishes the incompressible limit v — oo of the system (2.1.1) which links
two descriptions of the tumor growth : mechanistic and free-boundary. The main mathematical
novelty here is the nonlocality which makes it difficult to establish the uniform L* bound on u..
To overcome this problem, we apply the De Giorgi iterations, see Lemma 2.3.1, in the spirit of

[182, 293].

Theorem 2.1.5 (Incompressible limit). Let u, be a weak solution to (2.1.1) as defined in
Lemma 2.1.3 and initial datum satisfying Assumptions 2.1.1-2.1.2. Then, as v — 0o, we have
for all T > 0, up to a (not relabeled) subsequence

Uy 2 Uso i L(Q x (0,00)),

Uy = Uso 1 LI(Q % (0,T)) Vg € [2,+00),
Uy = Uoso N L*(0,T; HY(Q)),

Oty — Oyune in L2(0,T; (H'(R))),

Py = Poo in L*(0,T; H'()),

Dy = Poo in L' (2% (0,7)), Vre[2,3),

where Uy and poo satisfy in D'(Q x [0, 00))
Optoo — div(teo V(Poo + Be(tiso))) = oo G (Do), (2.1.15)
2.1.16)

1 1
Do (Apoo + @Augo 3 div (oo (Vwe * too)) + UooG(poo)) =0, )
1.17)

DO

(
0< U <1, Poo>0, poo(l—uw)=0 almost everywhere in  x (0,00), (2.1
with s (0) = ug. Furthermore it holds (Ostoo, Poo) (H1 (), H1 () = O for almost any t € (0, 00).

This theorem entails that in the limit vy — oo we can consider the measurable set Q(t) := {z €
Q: poo(t) > 0}, where uoo = 1 by the graph relation (2.1.17) so that it can be interpreted as
the ‘tumor zone’. Note that it must hold

1 1
—Apoo — =5 AU = = div (oo (Vwe * Uso)) + oG (Doo)  In Int(2(¢))

22

which yields a Hele-Shaw type equation.

Our second result is concerned with the convergence to stationary states. We distinguish two

cases : when G(p) = py — p and when G(p) = 0. The main novelty lies in the first case which is

not conservative and its proof requires a careful analysis of the entropy. We prove that as t — oo,
1

the solution converges to the constant p?{ > 0, which shows that the surface tension is not strong
enough to prevent the tumor from invading the entire domain. We have the

Theorem 2.1.6 (Long time behaviour). Let u be a solution to (2.1.1) with fized v > 1 in the
sense of Lemma 2.1.8 and initial datum satisfying Assumption 2.1.1 Then, if ug Z 0, there are
two cases :
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— for G(p) = pg — p, we have
1
llu(t) = pfllLa) = 0 ast — oo, Vge[l,y+1). (2.1.18)

— For G(p) = 0 and v > 1, we have an exponential decay towards the mean value : there
exists a constant C = C(, v, q, ®(ug), o) such that

u(t) — Tollpagy S e Vge[l,y+1). (2.1.19)

There are two possibilities to prevent steady states to be constant. The first one is to consider
different potentials than just repulsive ones like w”. The second possibility is to include an
external force, which can be taken into account either by a generic force that acts directly on
the cells like it was done in [154]. One can also include the effects of nutriments and impose that
the tumor cells die in the regions where there are no nutriments.

Remark 2.1.7. In the case of nonzero source term G, Theorem 2.1.6 implies that the constant

1
solution u = 0 is unstable, whereas pj; is the only asymptotically stable equilibrium and any weak
solution u (in the sense of Lemma 2.1.3) departing from any nonzero initial datum converges to
1

Py

2.1.3 Literature review

Incompressible limit for tumor model. The incompressible limit connects two models of

tumor growth : the mechanistic one proposed in [289] and the free-boundary one analysed in
[275]. Since [289], many substantial contributions were made, allowing nutrients [119], advection
effects 120, , |, additional structuring variable [116], congesting flows [211], concerning
two species [127, | or including additional surface tension via Cahn-Hilliard equation [151,

I

One of the major difficulties for establishing the incompressible limit is proving strong compact-
ness of the gradient of the pressure. The main tool is the celebrated Aronson-Benilan estimate

[28, 112]. The estimate has been recently readressed in [419] but the generalization available there
are not applicable for the pressure p = u” + E%u as in our case cf. [19, Theorem 4.1]. Another
direct technique was developed in [260] which is based on deducing strong convergence from a

sort of energy equality. This is the strategy we follow in our proof.

Nonlocal Cahn-Hilliard equation. The nonlocal Cahn-Hilliard is an approximation of the
Cahn-Hilliard equation proposed to model dynamics of phase separation [70]. While originally
introduced in the context of material science, it is currently widely applied also in biology [265,

, ]. The nonlocal equation was obtained for the first time by Giacomin and Lebowitz as
the limit of interacting particle systems [190, |. Their work can be considered as the first
derivation of the Cahn-Hilliard equation up to a delicate passage to the limit from the nonlocal
equation to the local one. The latter problem was in fact addressed only recently, first for the
case of the constant mobility [123, , , | and finally for the case of degenerate mobility
[155, 81]. Another derivation as a hydrodynamic limit of the Vlasov-type equation was proposed
recently in [150], following the work of Takata and Noguchi [317].

Entropy dissipation methods and asymptotic analysis. For establishing convergence to
stationary states we use methods based on the entropy dissipation. In the simplest scenario, it
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can be applied to the PDEs equipped with the entropy ® which decreases with some dissipation
DP(t) >0:
O ®(t) + DP(¢t) < 0.

Then, one tries to prove that the dissipation is bounded from below by the entropy |®(¢)|* <
D®(t) so that ®(¢) — 0 with an explicit convergence rate (exponential if & = 1 and polynomial
if a > 1). Finally, by virtue of Csiszar-Kullback inequality, one deduces convergence in L'. The
last step requires conservation of mass which is not available if G(p) # 0 in (2.1.1).

The approach presented above was successfully applied to study classical problems, including
heat equation, porous media equation, fast diffusion equation or p-Laplace equation (see [78]
and references therein). In particular, we refer to Section 2.4.2 where we present the method
in detail for the Cahn-Hilliard equation without the source term. Finally, we point out that
the entropy dissipation method is also applied to several problems of current interest, incluing
Landau equation [74], reaction-cross-diffusion systems [115] and reaction-diffusion systems with
nonlinear diffusion [172]. Another method to obtain convergence to equilibrium, applied in the
context of the Cahn-Hilliard equation, is via the Lojasiewicz-Simon inequality [105, 7].

2.2 Basic a priori estimates

The energy/entropy structure usually provides a priori estimates on the solutions. However, in
the case of a source term which may change sign, we first need to prove that we can control their
dissipation. Before tackling the problem of energy/entropy we first show a basic estimate which
ensures the control of the mass of the system, uniformly in time. This estimate is useful to obtain
a first L{°LL bound on the solution. Our proof of these estimates is somehow formal but can be
carried out rigorously with an approximation scheme as, e.g., in [155]. These estimates are also
fundamental to prove the existence Lemma 2.1.3.

2.2.1 Control of the mass

We recall that the total mass of the system is defined in (2.1.11) and we prove the corresponding
bound.

e

Proposition 2.2.1 (Mass control). For allt > 0 we have u(t) < p

Démonstration. Integrating equation (2.1.1), we obtain

d

1
—u = — — w1 dz. 2.2.1
= T [ wpn =) da (221)

By the Holder inequality,

1

v+ ol
/udx < </ u ! dx) |Q|7+T
Q Q

di PH v+l 1 _ 1
- < [ udr - d — = S
dtu_ |Q| Qu x (/Qu x) |Q|7+1 PHU — U »

so that, with the Assumption 2.1.1 on the initial condition, we can conclude (2.1.11). O

we deduce
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2.2.2 Energy and entropy estimates

We recall that the energy, the entropy as well as their dissipation have been defined in (2.1.5)—
(2.1.8). We prove that, for a fixed time horizon T, we have the following inequalities.

Proposition 2.2.2 (Control of the energy and entropy dissipation). The inequalities hold

iglgfb( 252 / //wE )| Vu(z) — Vu(z — y)|* de dy dt
1 (2.2.2)
E fy+1 / /‘V|u| = dxdt—i—/ /ulog T (p— pg) dedt < P(up),
8+ 5 [ w)ule) —ule =)@ @) @ =) o+ [ uValds o

1
+ §/ W+ dg < C(E(u) + 1),
Q

and thus there exists C(E(ug), T, ) > 0 such that

sup E(u / / 2l dedt < C(E(ug), T, €).

t€[0,T

Remark 2.2.3. The above estimate in the energy £ depends exponentially on the final time 7T'.
We improve this result to a global one in Proposition 2.2.5.

Démonstration. Control of the entropy. Note that ®(u) > 0 by the inequality x log (%) —r+y >
(Vz—/y)* forz >0and y > 0 (z = %, y = 1 here). Then we have
vy

Py

—/ulog ii G(p)dx:—/ulog % (pg —p)dx >0,
Q 5 Q 5

Py P

since v > 0 and z — logx is increasing for x > 0. Therefore, all the terms in the dissipation
of entropy in (2.1.8) are nonnegative so that we can integrate in time and obtain (2.2.2), which
clearly implies the control of the entropy independently of T.

Energy control. Turning to the energy &£, departing from (2.1.7), we observe that

/QuG(p)udw=/QU(;DH—p)pdw+/QuBs(u)(pH—p)dm-

The first term can be written as

/u(pH—p)pd:r:—/up2dx+/updex
Q Q Q

1 1 1
§—/up2dx+f/udex—i—fp%{/udxg—f/up2dx+C,
Q 2 Ja 2 Q 2 Ja
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where we used the mass control (2.1.11). For the second term we have, by symmetry of w,

[ B = e =5% [ [ wluto) - vt — ) drdy
figl;éwxww@»fmx—mxwﬁwmfuﬂ%xfwMMdy

All together, these inequalities give immediately (2.2.3) and by the Gronwall lemma the energy
control. O

Remark 2.2.4. In the limit v — oo it holds that u., < 1. This follows from the bound obtained
with the energy in Proposition 2.2.2 since

ool = lim [ucollzy  and [fullg2ri < CF (v + 1) 7T — 1
’\/*)OO

because of the weak convergence of u7. We refer for instance to [151, 322]. However in the next
section we obtain a better control on u by the De Giorgi iteration method.

Now, we improve the local in time estimate on £ to a global one. Since Proposition 2.2.2 gives
the uniform control ®(u(t)) < ®(ug) for any ¢ > 0, our aim is to control in a uniform way the
energy £ as well.

Proposition 2.2.5 (Uniform in time estimates for the energy). There exists a constant inde-
pendent of time and 7y such that

E()<C, Vt>0. (2.2.4)

Démonstration. We estimate separately the two terms defining the energy in (2.1.5).

Firstly, from the entropy estimate (2.2.2), we immediately infer that, for a constant C' > 0
independent of time and for any sufficiently small ¢,

1 4 t+1
— we (y)|u(z) — u(z —y)|* dedyds < C(Q) [l 1 (@) ds
t 4e* Jo Ja t

t+1 1 t+1
< C/ —2/ / we(y)|Vu(z) — Vu(z — y)|? de dy ds + C’/ ||UH%1(Q) ds (2.2.5)
t 4% JaJo ¢

<C+Cpj, Yt>0.

where the second inequality follows from Equations (2.5.4) and (2.1.11).

Secondly, we control the remaining part of the energy £, the one related to ? Q wtdz. To
this aim, we integrate Equation (2.2.1) in time over [¢,t + 1] and get

t+1
u(t+1) - |Q|/ / (upgr — w1t da ds,

so that, rearranging the terms, we control the second term of the energy as

t+1 t+1 t
/ / wWtdrds < — / upg deds +u(t) = (p + 1)/ u(s)ds <C
1Q IQI Q t
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because %(-) < pj, for any ¢ > 0 thanks to (2.1.11). This, together with (2.2.5), implies that

t+1
/ E(s)ds < C, (2.2.6)

with C' > 0 independent of ¢ > 0 and ~.

We now conclude the energy estimate. By Proposition 2.2.2, we have
d
ag(u) <C(E(u)+1).

Using the Gronwall lemma, we obtain for all ¢t > 0 and all 0 < s <1,

Elu(t+1) <CEu(t+s))+C.

Integrating in s and using the bound (2.2.6), we conclude the proof of Proposition 2.2.5.

2.2.3 A control on J,u

Here we prove the estimate on time derivative, which appears also in Lemma 2.1.3 and is used
in the proof of Theorem 2.1.6.

Proposition 2.2.6. There exists C = C(v,T) > 0 such that the bounds hold

22v+1) 1 1
0eull Lo (0,10 )y < C qz(iy),q+q=L (2.2.7)

+1)(2v+1
Jorull ooy < €, = TEETED, (2.2.8)

Démonstration. For v > 1 fixed, any T > 0, any ¢ € L9(0,T; W9()), we have

T
‘/ (Oru, @) (wa (), wha() dt‘
0

1
+ / —Q/uVu-Vgodxdt
o € Jao

/ = u(Vwe *u) - Vpda dt| +
Q

YuTVu - Vpdrdt
Q

ulpg —u”)pdadt
Q

<7z ||U||z(223++11()gx(0T))||72U =Vl z2ax 0.1 IV Lo 0.1y)

+ C(&)[Jull L2v+1@x 0, I VUl L2 (2x 0,7 [ Vol RICEE:

1 (©2x(0,1))
+ C@)lull L2 (x 0,1 IVwe * ull L (ax 0,1 IVl L2 (2 (0,7))

— Y
+ Cllull L2v+1@x o,y lpr —u HLQ(QX(O,T))||50||L2<22Jj11) @ (0.1))

< Ce, Tyl Lao.rwra(@)-
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More precisely, to estimate the first and second terms, we used the Holder mequahty with expo-

nents M 2, q and 27 +1, 2 and 2(%’“) , respectively. Then, ||u\|z(22]ff()ﬂx(0 7y is bounded

due to (2.2.3), lyzu'z Vu||L2 @x(0,7)) 18 estlmated by (2.2.2) while the bound on Vu follows
from (2.2.2) and nonlocal Poincaré inequality (2.5.4). The fourth term is bounded in the same
spirit. Concerning the third one, we simply estimate

[Vwe * ull Lo @x (0,1)) < IVWwell oo (@ [ull Lo 0,7;21(02)) < C(€)

and use the estimate on the total mass (2.1.11). The final conclusion follows from the inequalities
g>2andq> 2(27“ for any v > 1.

Concerning (2.2.8), let ¢ € L?(0,T; W17 (Q2)), with r = w Then,

T
’/ (O, ) (wor (@) wir (o) dt
0

ulpy —u")pdadt

uVu - Vodrdt| +
Q

1 1
< |u?|| e . 2V \Y%
<z (0,T,L2<v+1>)||u H”L?(Qx(o,T))H <PHL2(O’T;L2<~7+1> @)

+ pal[ull Lo 0,75 0+1(2) H@HLl(O,T;LWTH ()

+ lull L= 0,752+ () 1wl L2241 2% 0,1)) ||<P||ngjl (0.T:27()

< Cliellzzo,mwrr @)

exploiting Proposition 2.2.2, recalling that r > w > WTH and % < 2. This concludes the
proof.
O

2.3 Incompressible limit : proof of Theorem 2.1.5

We see the incompressible limit of (2.1.1) as the limit ¥ — oo and the resulting problem turns
out to be a free boundary problem of Hele-Shaw type. Concerning the techniques adopted here,
we first show that, for any fixed T > 0, u, is bounded in L>(Q2 x (0,7")) by a quantity which
converges to 1 as v — oo (see (2.3.1)). Due to the presence of the convolution term, which makes
the equation nonlocal, we cannot apply any classical maximum principle, so that we need to re-
sort to De Giorgi’s iterations, exploiting the fact that the equation is a second order differential
equation.

With uniform estimates in L>° at hand, we may apply standard energy estimates to gain sufficient
regularity on the pressure p,, which we bounded in L3(Q x (0,7))NL?(0,T; H'(£2)) uniformly in
7. Then, one can obtain uniform controls in L>(0,T; L'(Q2)) for d;u., and in L*(Q x (0,7T)) for
dip~, s0 as to deduce the strong convergence of u, and p., in L*(Q2 x (0,7)) to some to and poc.
With the help of these bounds, we are able to pass to the limit as 7 — oo in Equation (2.1.1)
and obtain Equations (2.1.15) and (2.1.17) for the limit concentration .
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In order to obtain more information on e, Poo, like complementarity conditions (2.1.16), we
need a stronger convergence for Vp,. The standard technique uses some control on Ap thanks to
the Aronson-Bénilan inequality (see, e.g., [120]) which do not apply here due to the higher-order
term. In particular, the (formal) CH equation can be written as

5 1 1.
Oruy — mAui“ - @Aui + ?dlv(uv(VwE *u)y) = uy,G(py),

and the extra term Au,zy, independent of 7, appearing, and this prevents us from obtaining the
Aronson-Bénilan inequality. Taking inspiration from [116, |, in the second part of the present
section, we instead show the strong L?(2 x (0,7T)) convergence of

v +1 L oy
v(%ﬂﬂ *%ﬂo’

which is shown to be enough to guarantee the validity of the condition (2.1.16).

2.3.1 An L* bound on u,

1
Lemma 2.3.1. Assume 0 < ug < pj;. For any T > 0 there exists (T, ¢) > 2, explicitly computed
as a function of T, such that
1

L 2
0 < uy §p;’1—|—7, a.e. on Q2 x (0,T), Vv >7(T,¢). (2.3.1)

3

1 v
Remark 2.3.2. Notice that the bound (2.3.1) is useless to control the pressure, since (p]{ + \3%) —

+00 as vy — +o00.

Démonstration. To simplify notations, we set ¢ := —=. The iterative scheme is as follows. Let

7

£
an’

us consider the sequence

1
kn=pph +2¢ — n >0,

1 1
and note that py, + ¢ < k, < pj + 2. Now we define the sequences

T
Ap(t) ={z € Q: uy > kp}, yn:= / / dz ds.
0 Ay (s)

By testing the equation against u,  := (uy — k,)*, we immediately infer that

1d

53510 = k) e+ [ 7031 = k) P de+ [ 0 VB ;) Vi, — ) da
= [ w6 k)

By the definition of B, we get

1 1
/ uy VBe(uy) - V(uy — kp) T da = —2/ Uy |Vt |* dz — —2/ Uy (Vwe * uy) - Vi, , do.
Q € (9] e 0
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1
The first term is nonnegative. For the second we use that v > 2, |[uy||re(0,00;21 () < PEIQ
thanks to (2.1.11) as well as uy, > k,, > p 7+ ¢ on A, to obtain

1

= /Q Uy (Vwe * uy) - Vg, do <

1

574% u%—’v‘vwg*uvﬁdx_’_%/Qu’vY‘Vun,ﬂde

1 1 ¥
< = 772||Vw5*1LA,||2L°Q(Q)/A dw+§/QuZ/Wunﬁ|2dx

e 1
2y (pﬁl + 5)

1 1 %
= 7_2”VWEHQLOO(Q)HU"YH%%Q)/A dx+§/u3wunﬂ|2da:

el 1 Q
29\ py +€

Cy Y 2
772/ dx+§/ﬂuz|Vunﬁ| dz,

1 A,
y (p?i + E)

where C; > 0 is a constant that depends on € but not on 7" and ~y. Moreover, since on A,, we
1

IN

have u, > pz and thus p, > py, we immediately infer that

[ G~ k) do <.
Q

We can then sum up the results above to obtain

42 l v V2 G
g~ k) o+ [ IV~ e s Sy [ an
VP +€

N ¥
which also implies, since on A,,(t) we have u) > <p;I + §> ,

2 2
s, )y + ) /\v by Pars—— s [ e
gl (pzl + 5) !
It is now clear that,

2C4
sup ||un,w(t)||2L?(Q) < T N—2Yn
te[0,7) , (p” N f)
H

(pH+§) / / IV (u )T (s)?dzds < Z,. (2.3.3)

where we used, by the assumptions on the initial conditions, ||un ~(0)|/z2(q) = 0. Now for any ¢

=: Zp, (2.3.2)
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and for almost any z € A,,11(t), we get

1 & 1 1
un,»y(l',t) = ’Uuy(l',t) - {P?{ + 25 - 2n+1:| +§ [2” - 2n,+1:| 2 on+1’

Un41,(2,1)>0

Then we have

g 3 ’ 3 3 e I3 3
|tn | dz ds 2/ / Uny["drds > ( ) / / dzds = () Ynt1-
/0 /sz i 0 AM(S)' 4 2071 ) Joo i gntl )
Then we have
£\ T " BT o
<n+1> Ynt1 < / / |t |3 deds / / dz ds . (2.3.4)
2 o Ja 0 Jans)

For the sake of clarity we now present the argument in the case d = 3, but it can be easily
adapted to any dimension d > 1. We recall that by a variant of the three-dimensional Sobolev-
Gagliardo-Nirenberg inequality (see, e.g.,[63, Ch.9]) we get

2 3
lo =l 10 gy < Co 0l | Vol oy Vo € H' (),

3(Q)

with Cs > 0 depending only on 2. Therefore,

/ /|un7|3 dxds<23/ /|un,Y unfy\?» dxds+23/ /\un,y|3 dzds

23
< C, 23/ Vu U ds —|—7/
G 0 H n7'yHL2(Q)” n,’Y||L2(Q) |Q‘%

(Q)

T z T
z 2 5 25 7
< Cg2s o Hvun7’YHL2(Q)||u",’Y||L2(Q) ds + m o ||un,7 ‘LZ(Q)’

so that by (2.3.2) and (2.3.3) we immediately infer

T 10
/ /|un7.y|7 dzds
o Jo

CG % T % K T 2
<SG sup Ol a2 (7 +€) [ IVt (]2 ds
5 te[0,T] 0

1N

i

T23
+ sup ||un7’7()||L2(Q

te[0,T] |Q|
7 7
25, 5 T2% T2% s CoT 5
G Zi 475 < Z;i < i,
3 ‘Q|s

AT :
4 1 3773
v (pZI + 6) y3 (p;} - 5)

wlot
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with Cy = Cs(¢) > 0. Note that we have assumed ~ sufficiently large, say v > vo(T") > 2 so that

1 Y Cal3
7<p1§+§> > L;' : (2.3.5)

Coming back to (2.3.4), we get

3 92
¢ CJoT10 8
<2n+1 Ynt+1 < 2 3 3y57

i.e., recalling the definition of &,

yn+1 §

— >O,e:%,wegetthatyn—>()if

5 1 3775
ve <p?{ + f)

Yo < C73b™ % = yy<2°7F — (2.3.6)
220372
As we have yo < T, it is enough to ask for v sufficiently large, say v > v1 (T, &) > v(T) such
that .
5 i 2775
e
T2|Q| <27 % 5 ;
2507
ie.,
s [ % Br-s
L0 (p]{ + E)
Yo < T‘Q| <27 3.
202 T2
This way y, — 0 as long as ¥(T,e) > v1(T,¢) and any v > (T, ). O

2.3.2 Higher-order regularity results, uniformly in ~.

Lemma 2.3.3. For any T > 0 there exists C = C(T,e) > 0 such that

P 220,731 () + 1P~ 232 0,7)) < C, Yy > 1, (2.3.7)
||3tu7HL2(O,T;(H1(Q))/) <C, Vvy> W(T, 8) (866 (231)), (238)
10ty || Lo 0,151 () + 19241l L1 (@) x 0,1y < C, Vy > 1. (2.3.9)

Démonstration. The arguments of the proof are often written formally for simplicity, but can be
easily made rigorous in a suitable approximating scheme. Note that from Proposition 2.2.2 we
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are able to deduce that
py = ul € L7 (Q x (0,T)) < L*(Q x (0,T)) (2.3.10)

uniformly in . Thus, to prove the H! bound in (2.3.7), we only need to find an estimate for the
gradient of p,. Let us consider fQ u? dz and compute its time derivative : from (2.1.1) we infer

d -1
T Qu:’/dx:/gwq Oy da
= _ry/ uVV(u’Y—l)V(uz)dx—v/uWV(u‘Y 1. VB. (uv)dx—i—q// Uy (pr — py)ul” " da
Q Q
:_72(7_1)/uiv—2|vu7|2dx—7/u7V(u7 1. VB. (uv)dx+7/u7(pH—p7)u’WY—1dx
Q Q

=—(7—1)/Q|V(u§)\ dx—ww—n/Quz— VUW'VBa(uv)dxﬂLv/uw(pH Pl V( dz. |
2.3.11

Due to (2.1.2), we have
v(y—1) /Q w) "' Vu, - VB, (uy) dz
1 v—1 2 1 ~y—1
— =) [V P S 1) [ wl - Ve s ) da
€ Q € Q

By the Young inequality, recalling that ||u, ||z (0,7;22(0)) < C (due to the uniform bound on the
energy and the non-local Poincaré inequality (2.5.3), see Lemma 2.1.3), we get

1
510-1 [ 0710 Ve uy) da
Q

72(7 -1 2y—2 2 1~v—-1 2

< — qu |V, | dx+—47 |Vw5>|<u7| dz
2

1 (v 1) 1 v

< PO [z i+ 51 9 s e

SM/ |v(u3)|2dx+w

The last term in (2.3.11) can be controlled by

/ uy(pr — py)yul de < /(pH —py)yu)dz < / (P — py)yud da < 4|Qp;.
Q Q

Py<PH
Therefore, from (2.3.11) we get
1 d C’

showing that Vu? € LQ(QX (0, 7)) uniformly in ~y so that u7 is bounded uniformly in L*(0, T; H' ().
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We now need a similar estimate to show the L? bound in (2.3.7). We have

1 d 2 2y—1
27 T W'V dac:/QuJ Oy da

=_ /Q uWV(ui‘Y—l)V(u’;) dz — /quv(ui"_l) - VB:(uy) dz +/ us (prr — p)u? 291 4,
=—(2y-1) /Q ui’y_2|Vu7|2 dz — %2(27 -1 /Q w2V, [ da
+ E%(QW —1) /S2 ugﬂ_1Vu7 - (Vwe * uy) dz + /Q(pH —pw)u%'y dz. (2.3.13)
Notice now that, by Young’s inequality for convolutions and after integration by parts,

1 _
5—2(27 -1) /Q ugﬂ 'V, - (Vwe * uy) dz

12y—1 11-2
== 7 /V 2. (Vwe*uw)dx—g—2 QVV/(AwE*uv)ugvdx
Q
1 2’7 2 2y —1 2
L ||u7||L1(Q)/vadx§C(€) i | e

We thus get, integrating (2.3.13) over (0,7') and using the L? bound on p, in (2.3.10),

1 /7T
/ / w2V, | dds
o Ja

Ly 1) < C(Te),

1
¥ [ )d$+7(27—1/ [ v P deds + 2

+/ /p?’ﬂdxdsﬁC(T,s)(
0o Ja

2'71

where we used that — 1 as y — oo. From this we deduce the uniform L3 estimate in (2.3.7).

To prove (2.3.8), we compute for any ¢ € L2(0,T; H'(Q2)) and v > 7, with 5(T) as in (2.3.1)

T
/ (O, ) dt| <
0

T
1
+ / —2/UW(Vw5*u7)-V<pdmdt +
0o € Ja

Note that by Young’s inequality for convolutions we get

uyVp, - Vodx dt| +
Q

uyVu,, - Vodrdt
Q

A Uy (pr — ul)pdzdt|.

T T
IVwe * uy 1 72(0x 0.7 S/o [Vwe # ty |70 (0|2 dE < |Q|||Vw5||%m(9)/0 sy |17 it
T 1 2 2
< \Q|||Vwe||2Loo(Q)/ (/Qpﬁ dz) dt < |QPIVwe || F o (i T < Cle, T),
0
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by (2.1.11). Therefore, by Lemma 2.1.3, (2.3.1) and (2.3.7)

<usyll oo @x 0.0 VY |22 0,7522 ) I VOl 20,1522 (02))

T
/ (O, oy dt
0

+ C(&) [ty | Lo (x (0,70 IV ur [ L2 (2x (0,70 [ VPl L2 (2% (0,1))
+ C(5)||U'y||L°°(Qx(O,T)) [(Vwe * u)’yHL2(Q><(O,T))||v§0||L2(Q><(O,T))
+ Clluy|lo @x o, IPr — w22 (@x (0,1)) |2l L2 (2% (0,7))

<C(e T)ellz2o,1;m (92))

Therefore, for any v > 7, we infer that ||0;u. |20, 1;m1(0)) < C(T), thus showing (2.3.8).

It remains to prove (2.3.9). First note that, clearly, d;u, and O;p, share the same sign since
1y > 0 almost everywhere in € x (0,T"). Then we differentiate in time (2.1.1) and get

1 1. 1
Optty — #Aat(uz“)—@Aat(u%) + s div(Oruy (Vwe * uy)) + S—lev(uv(ng * Ogliy))
= Oyt (PH — Py) — Uy OiPry-
We test it against sign(9,u.) and use Kato’s inequality to obtain

Y 1 1 ..
Or| O | SﬁA(\at(@H)D + ?A(@(ui)b +3 div(|Opuy [ (= Vwe * u,))
1 . .
— ?dlv(uv(Vwa * Oy )) sign(Osuy ) + |O0suy [PH — Dy|Ostiy| — Uy |O¢p .

Now we rearrange the terms and integrate in space, deducing

d
&/ |3tuv|dx+/u7\3tpy|dx+/p7|('9tu,y|d$
Q Q Q

< —6% /Q div(uy (Vwe * Opuy)) sign(Opuy ) do + pa /Q |0pu | da.
Then we have, by Young’s inequality for convolutions,
—E% /Qdiv(u,y(VwE * Oyuy)) sign(Oyuy ) de
— 75% /Q Vuy - (Vwe * Oyuny) sign(dpuy ) de — g%/ﬂupy(Aws * Oy ) sign(Opuy ) do

1 1
< gHVUvHLl(Q)HV% * Ogty || Loo () + gHuWIILl(Q)IIAwE * Ogy || Lo (02)
< CE)1+ [V 11 0) / 1By, da,
Q

since

Ve # Oy [l sy < HWEHMQ)/ |8tu7|dx§0(5)/ 10y, | dar,
Q Q
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and the same for ||Aw, * Oty (). Therefore we end up with

d
a/ |8tu7|dx+/ u,y|8tp,y|dx+/p,y|8tu,y|dx§C(6)(1+HVU,Y||L1(Q))/ |0y | dez.
Q Q Q Q
(2.3.14)

To apply the Gronwall inequality, we need to estimate |0z (0)|/ 1 (). From (2.1.1) we have

0 ()10 < C(E) (g™ 21 + 1AW |1 o)+

Y
— A
v+1 H
+ [Idiv(uo(Vws * “0))||L1(Q) + [luo(prr — Po)HLl(Q))-

Due to Assumption 2.1.2; the first term is bounded. Concerning next terms, we have by Assump-
tion 2.1.1 and 2.1.2

1
ARl L1y < 2 Vuol 72y + 2lluoAuollLi @) < 2 VuolF2q) + 25 1 Auo| L) < C,

[|div(uo(Vwe * ug))l| L1 ) < [[Vug - (Vwe * uo)| 21 () + [[uo(Awe * uo)|| L1 (o)
1
< IVuol L@ [IVwel L= @ l[uoll L1 (@) + PaIQl[Awe ]| L= @) [[uoll L1 @) < C(e)-

It follows that [|0yu~ (0) £1() < C(e). Since u,, € L?(0;T; H*(€2)) uniformly in v (Lemma 2.1.3),
we may apply the Gronwall Lemma in (2.3.14) and obtain

[0¢tuy || oo 0,7:21 () + Uy Oy L1 0,751 (0)) < C(T'€), (2.3.15)

with C = C(T,e) > 0 independent of . To conclude the argument we notice that

/Q|8tp7|d1:§/ ) |8tp7|dx—|—2/ ) Uy |Oppy | d < 2]71/Q|8tu7|dm—|—2/ﬂun,|8tpy|dx,

<3 by >3

so that, being =t < 1 for any v > 1, from (2.3.15) we deduce the second estimate in (2.3.9)

27—1 =

and conclude the proof of Lemma 2.3.3. O

2.3.3 The limit v — oo

We complete the convergence as v — oo distinguishing two steps.

Step 1. Consequences of Lemmas 2.1.3, 2.3.1 and 2.3.3. Exploiting those lemmas, we
can obtain the following convergences, up to subsequences, which are deduced by standard com-
pactness arguments : for any 7' > 0, as 7 — o0,

Uy — Uss almost everywhere in Q x (0,7), ( )
Uy = Us in L°(Q x (0,T)), ( )
Uy = Uso in LP(Q2 % (0,T)) Vp € [1,4+00), (2.3.18)
Uy = Us in L2(0,T; H(Q)), ( )
Oy, — Opune in L*(0,T5 (HY(Q))), ( )
Py = Poo in L(0,T; H'(Q)), L*((0,T) x Q). (2.3.21)
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Moreover, by the Aubin-Lions-Simon Lemma,
Py = Doo in L2(0,T; L*(Q)), (2.3.22)
which, thanks to (2.3.7) can be improved by interpolation, to
Dy = Doo in LA(0,T5 LY()), Vg € [2,3). (2.3.23)

In order to obtain the complementarity condition, we study the function v, := u?ﬁl = UyDny.
First we have

vyl 22 @x 0,1)) < Uy ll o (2x 0, Pyl 2% (0,1)) < C (T, €),

and

7+1| v+1

Vs | L2 (x 0,1)) = luy Vsl L2 x(0,1)) < l|lur [ oo (0,00 IV Py | L2 (2x (0.1)) < C(T¢),

since 77“ — 1 as v — oo. Therefore, up to subsequences, we have

Uy = UyPy — Voo in L*(0,T; H'(Q)),
for some vy, € L?(0,T; HY(Q)). To identify vo,, we observe that
Uy Py — UooPooll L2 (@x (0,1)) < [ty (Dy — Poo) | L2(0x (0,7)) F IPoo (ty — Uoo) || L2 (2% (0,7))
<yl e x 0,70 1Py = Pooll2(@x (0,1)) + |14y — ool s (@x (0,1 IPooll L3 (2 (0,7)) — O

as 7 — 00, thanks to the above results, in particular (2.3.1), (2.3.7), (2.3.18) and (2.3.22). From
this we clearly identify voo = UsoPoo and obtain
Vy = UyPy — Voo = UooPoo it L2(0,T5 H'(12)). (2.3.24)
Uy = Poollee in L2(Q x (0,7)). (2.3.25)

We are now able to pass to the limit in v to obtain (2.1.15) and
Poo(l — o) =0, 0< U <1, poo >0. (2.3.26)

Indeed, we can argue as in [254] to see that, for any e > 0 there exists 9 = vo(€) such that for
any y > 0 and v > g
YT > — e

Applying this to y = u,, since we have that, up to subsequences, u¥ = p, = po and v, =
uﬁ‘l — Poollo almost everywhere in §2 x (0,7"), we can pass to the limit and obtain,

UsoPoo 2 Poo — € Ve. > 0,

which implies that pootics > Poo- Since by (2.3.1) and (2.3.16) we get 0 < uo < 1 almost
everywhere in ©Q x (0,7, we get Poo > Poolloe > Poo, 1.€., (2.3.26), since it holds for any T > 0.
In order to pass to Step 2, we introduce the quantities

~ y 1,

_ 1,
=1 — o = Vo + — 2 2.3.27
U'Y 'Y+ IU’Y + 262“77 v v + 262“’00 ( )
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and study Vv, which is essential to obtain the complementarity condition (2.1.16).

Step 2. Strong convergence of Vv,.

Lemma 2.3.4. Let U, Uso be as in (2.3.27). Then, for any T > 0,

Uy = Voo in L*(0,T; HY(Q))  asy — o0.

Démonstration. Using (2.3.18) and (2.3.25) we obtain 0, — 0o in L?(Qx (0, 7)) so it is sufficient
to prove V., — Vi, in L2(Q x (0,T)). Of course, by (2.3.16)-(2.3.21) and (2.3.24), we have
weak convergence

Vo, = Vi in L(0,T; L*(Q)), v — ooc. (2.3.28)
Let us first observe that (2.1.1) can be rewritten highlighting the presence of v, :
~ 1
Oy — AUy = uyG(py) — gdiv(uv(Vwa * Uy )). (2.3.29)

We multiply (2.3.29) by ¥, — U and integrate over Qp :=Q x (0,T'). Since

1 d
= v+2
/Qatuﬁ,vydx T Todl qu dz.
we obtain
7 / v+2 ~ ~ ~

—— | u T)dx + VU, - V(U — Vs) dzds

GrDGED Jo DA, Vi V)

_ Y 9 1 5 9 o

= m/ﬂ@q+ (O)dx—w/QT 5tuw(u7—uoo)dxdt+/m Uy G(Py) (Vy — Uoo) da dt

1 _ _ T
+;2/Q uw(Vwe*uw)-V(vw—voo)dwdtJr/o (Ort, o) dt. (2.3.30)
T

The plan is to estimate limsup.,_, ., fQT |V, — Vioo|? dz dt from (2.3.30). First, we rewrite the
term 55y [o, Ghuy(ul —ud) dz dt. We have

1 1 1
) /Q atuw(u?y —ut)dz = @@tuv — 8tuoo,u,2y —uZ )+ @(@Uoo, u,2y —ut)
1 d

1 1
725 (0 (uy + too), (ty = t10)?) + 55 (Otioo, 1 — ud)

(uy — uoo>2(u7 + Uso) dz — i 523

T a2 dt Jg

_Ld 2 1 d 3 1 ,
“i2a /Q(U'y Uoo )™ (Uy + Uso) da 222 & /Q(u.y Uso)” d 2€2<8tuoo,(u.y Uso )™

+ @(@Uooa U?y —ul),
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so that, integrating over [0,7] and recalling that u.(0) = u(0) = ug, we get

1 2 _ 2 1 2
— 55 [ (3 =) dedt = 5 [ a0 () = w00 (T) (1))
i )~ et oy [ o et 5 [ a2 -
122 Uy Uso T+ 5 ; i Uoo, (Uy — Uoso 22 J, i loo, U5, — Ug, ) dE.
(2.3.31)
Note that
1 1
125 (0) =~ 0 ()20 (1) (D) o = o5 [ (a(T) = 0 (1)
¢ . 91 . (2.3.32)
— 2 [ (00 = 0l (1) 4 () = (1) 4 June() ) 20
Therefore, taking into account (2.3.31), (2.3.32) and w, > 0 we obtain from (2.3.30)
v +2 1 T 2
VU, V(U —Vs)drds < ———— 2T2(0)d +—/am, — Uso)”) dt
/QT V(= ) dads € s [ 37200 de o+ g [ O (1= )
T 1, 1, .
-/ <8tuoo,@uv— @u“)dt—i— o UyG(py) (Vy — Uoo) dar dt
1 T
—&—6—2/ uW(ng*uv)-V(ﬂv—ﬂw)dmdt—&—/ (Ortiy, Voo dt. (2.3.33)
Qrp 0

Observe that

Vi, - V(Uy — Vo) dzds = / V(0 — Uo)Pdrds + [ Via - V(U — Vo) da ds,

Qr Qr Qrp

but by the weak convergence in (2.3.28) we have
/ Vs - V(Uy — Us) dzds — 0,
Qr
since Vi, € L2(0,T; L?(Q2)). Thus we deduce that
lim sup/ |V (0 — Uo0)|* dz ds = lim sup VU, - V(Uy — V) dz ds.
y—»00 Qr y—»00 Qr

Then, recalling also that dyu, — druse in L2(0,T; (H'(2))’) and that ve, € L?(0,T; H'(Q)), we
deduce from (2.3.33)

. ~ ~ . i 2
lim Sup/ V(U — Us0)|[? dzds < limsup (/ u)T2(0) dx
y—+00 QT‘ ® ) yooo \(Y+2)(v+1) Jo 7 ©
1 (7 ) 1 7 5 o S
+ 22 |, (Optioo, (Uy — Uoo)”) dt ENA (Optio, uy — uZ,) dt + - Uy G(py)(Uy — Uoo) du dt

1 _ _ T
—i-?/g Uy Vwe * Uy - V(0y — Uoo) dz dt> +/0 (Optico, Voo ) dt. (2.3.34)
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The plan is to prove that all the terms on the (RHS) of (2.3.34) converge to 0. First, we have
that 0 < u,(0) = up < p?_l for any v > 0 by assumption, so that in the end we deduce ul“(()) <

a+2

py < C and thus, as 7 — o0,

v uyt? T .
(7+%W+JLA 7 ()dr =0

Then, using (2.3.18) and the fact that dsu., € L2(0,T; (H(Q))"), we immediately deduce

1
2e?

1

T
ﬁ/ (Optiog, uZ —uZ,)dt — 0 asy — 0.
€ Jo

/OT@WOO, (1 — 1o )?) dt —

Concerning the term [, u,G(p,)(Vy — V) da dt, we simply use the fact that {u,} is bounded
in L>(Q x (0,7)) (cf. (2.3.1)), {G(py)} is bounded in L*(Q x (0,7)) (cf. (2.3.7)) and 0y — Voo
strongly in L*( x (0,7)). Similarly, [, u,Vwe * uy - V(0 — Voo) dzdt — 0 because of weak
convergence (2.3.28) and strong convergence -, Vws * Uy — Uoo Vwe *Uso in L2(2x (0,7T')) (which
follows by (2.3.18) and simple properties of convolutions).

We are left with the analysis of the last term, i.e., fOT<8tuoo, Uoo) dt. Our aim is to show that this
term vanishes, exploiting Theorem 2.5.2. We introduce the following indicator function on R :

0 ifs<l1
To(s) = = 2.3.35
s(s) {+mﬁs>L (2:3.35)

and define S = (—o0, 1], which is a closed, convex and nonempty set, so that Is : R — (—o0, +00]
is proper, convex and lower semicontinuous (see, e.g., [283, Appendix 1]) and it holds

Ols(z)={yeR:y-(x—s5) >0, Vs<I1}
We see that we have
— Uso € L2(0,T; HY(Q2)) and dsus € L2(0,T; (HY(Q)));

— for almost any (z,t) € Qr,
Voo (2, 1) € Ol (uoo(,t)),

by (2.3.26) and being voo = poo. Indeed,
Uoo(xat)(uoo($7t) - 5) > 07 Vs < la

since, when uq (2,t) = 1, being v (x,t) > 0, the inequality is always verified for any s < 1,
whereas, when uq,(z,t) < 1, it holds vy (z,t) = 0 and thus the inequality is verified for
any s < 1 as well.

— v € L2(0,T; HY()).

Therefore, all the assumptions are verified and we can apply Theorem 2.5.2 with h = Ig, f = teo,
J = Vo, to infer, after an integration over [0, 7],

0:/ng(uoo(x,T))d:E—/QIS(uoo(gc,O))dac:/0 (Optico, Voo ) dt, (2.3.36)

by the definition of Iy. Indeed, it holds [, Is(uss(z,-)) dz = 0 on [0,T] for any T' > 0. To see
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this, first notice that, being us < 1 almost everywhere in Q x [0, 00), we deduce that, for almost
any t € [0,00),
Uoo(2,t) <1  for almost any z € Q.

Therefore, [, Is(too(x,-))dz = 0, for almost any ¢ € [0,7] and for any T > 0. Recall now
by Theorem 2.5.2 that [, Is(uso(x,-))dz € AC([0,T]) for any T > 0, which ensures that
Jo Is(uso(z,t)) dz = 0 for any t € [0,T] and for any T > 0.

Having studied all the terms in the right-hand side of (2.3.34), in the end we conclude that

hmsup/ V(0 — Uoo)|? dzds < 0,
Qrp

y—00
implying that
lim |V (0, — Too)|* dzds = 0.

7= Jan

Step 3. The complementarity condition. Now that we have all the necessary convergences,
let us consider the following equation in distributional sense (this equation comes from multi-
plying (2.1.1) by vy = u2 ™) :

1 - 1
m&ul” — Uy ATy + 8—2117dlv(u,y(Vu)E * Uy )) = Uy G(Dy) V5.

Thanks to the results of Step 2. and Lemma 2.3.4, we can then pass the limit as v — oo and
obtain the complementarity condition :

Voo (AT — sizdiv(uoo(w 1)) + U Gpa)) =0 in D'(Q x (0,T)), (2.3.37)

for any T > 0, so that in the end, recalling voo = poo and Voo = Poo + ﬁugo,

1 1
Poo(APoo + @Au’ﬁo — E—Qdiv(uoo(Vng * Uoo)) + UsoG(Po)) =0 in D'(Q x (0,00)), (2.3.38)

which is the complementarity condition (2.1.16). In conclusion, since v, = poo, We can repeat
the argument leading to (2.3.36), to infer that, for any ¢ € [0, c0),

/0 (Orticorpoo) ds =0, (Byttoo(t) oolt)) = O,

thus concluding the proof of Theorem 2.1.5.

2.4 Convergence to equilibria : proof of Theorem 2.1.6

Here, we prove Theorem 2.1.6. Numerical simulations illustrating the result in dimension 1 with
a source term are depicted in Figure 2.1.
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2.4.1 Case G(p) =pg —p

Proof of Theorem 2.1.6. We now divide the proof of Theorem 2.1.6 in different steps.

Step 1 : characterization of possible limits. We fix the initial datum uy # 0 as in the
statement of Theorem 2.1.6. We show the following key result :

Lemma 2.4.1. From any divergent sequence {t,}, C RT we can extract a subsequence (not
relabeled) such that, as n — 00, u,(t) := u(t + t,,) converges to the same limit u, strongly in
LY, for all 1 < p < 2y + 1. Moreover, either u, = 0 and ®(u(t)) — |Q| as t — oo, otherwise

w, = py)? and ®(u(t)) — 0 as t — oo.

We fix T > 0, we also consider n large enough such that ¢, > T. Observe that wu,, solves the
problem

Oy, — div(un Vi) = unG(pn) in Q x (=1,T), (2.4.1)
By Propositions 2.2.2 and 2.2.5, we have the following uniform-in-n bounds :
E(un(t)) <C Vte[-T,T], (2.4.2)

D(up(t)) < P(ug) Vte (-T.7), ®(u,(t)) non-increasing. (2.4.3)

From this and Propositions 2.2.2 and 2.2.6, we deduce the following uniform bounds, for any
T >0,

wnll Lo (=1, m507+1 ) + Junll2 (=1, mm (@) + [Unll L2941 (@x (—1,1))
y+1

F10eunll Lo (—r ywrayyy + 10ctnl 2 rsowrr @)y + 11IVun® |lL2-r.1522(0)) < C(T),
(2.4.4)

with ¢ and 7 as in Proposition 2.2.6 which implies, by standard arguments, the following conver-
gences (up to subsequences) as n — oo to the same function u, > 0

Up — u, in L2(=T,T; HY(Q)) and LPT(Q x (=T, T))
Oy, — dyu, in LY (=T, T; (WH9(Q)))  and in L2(=T,T; (W""())"),
U = us  in LP(Q2 x (0,T)), pe[l,2y+1), and almost everywhere,

a+1

Vun® =Vt in L3(Q x (0,T)).

We want to characterize u,. Notice that from (2.2.2), we have for all T' > 0,
T
|| [ ei9une) = Vuae ~ ) dedyas
-1 JoJo

bt T
:/ //wg(y)|Vu(x)—Vu(z—y)\dedyds—)O as n — 0o
t.—T JaJo

by integrability on (0, c0). By weak-lower semicontinuity, in the limit

/Z/Q/Qwe(y)vw(l')Vu*(xy)Idedydso



2.4. Convergence to equilibria : proof of Theorem 2.1.6 95

so that u.(t) is constant in space for a.e. t € [0,7T]. In fact, u.(t) is constant in space for all
t € [0,T] because u, € Cyear([~T,T]; L7TH(Q)) (see Remark 2.1.4) so that for all ¢ € C°(9),
the function t — [, u.(t,) dive(z)dz is continuous. Similarly, from (2.2.2) and the Fatou
lemma,

Uy log u—; (u] —pg) =0, forae. te (-T,T),
Prr

1
so that either u.(t) = 0 or u.(t) = pp. Since u, € Cyear([-T,T]; L7T1(2)), the average
. (-) € C([0,T]) so that u, = . can attain only one of the values for all times.

Because ®(u(t)) is non-increasing in time, it has a limit as ¢ — oo, say ®,. Then clearly
1
., =lim, o0 P(u(t+t,)) = P(us), and thus either &, = ®(0) = [Q] if u, = 0o0r @, = ®(p;;) =0
1

if u, = pz. Clearly this also implies that, given another sequence of times {t,, }», we can repeat
the same argument and extract a (non relabeled) subsequence {u(t,,)}., converging to the same
constant u,. This concludes the proof of Lemma 2.4.1.

Step 2. Stability of the equilibria. We complete Lemma 2.4.1 with the following
Lemma 2.4.2. Under notation of Lemma 2./.1, if u, =0 then ug = 0 almost everywhere in Q.

Démonstration. Since ®(u(t)) is nonincreasing in time and, by Lemma 2.4.1, ®(u(t)) — ||, we
obtain

0] = lim @(u(t)) < (up) < [9].

Thus we infer ®(ug) = |€2|. Being the entropy function g : © — % log | % | — - + 1 decreasing
Py Py Py
1 1
for x € [0, p}y), and since ug < pjy, it follows that uy = 0 almost everywhere in Q. O

Step 3. Existence of the L(Q)-limit as ¢t — oco.
Lemma 2.4.3. Assume that ug £ 0. Then it holds

1

; — T o T4

tlirgou(t) py  in LY(Q) Vg e [l,v+1).
Démonstration. First note that, the pointwise values u(t) as an LYT!(Q)-function makes sense
thanks to the weak continuity obtained in Lemma 2.1.3. Now, we consider the decomposition
of ®:

1 1

D(u) = — / ulog (2) dx +/ ulog il dz + / (pfy —u)de (2.4.5)
I Q u Q »7 Q

H H

and we study the limits of terms appearing in (2.4.5). Since ug #Z 0, from Lemma 2.4.1 we obtain

limy o0 ®(u(t)) = (py]”") = 0.

By Proposition 2.2.1, for any sequence {t, },, there exists a (nonrelabeled) subsequence such that,
for some k,

(tn) = k€ [0,p1): (2.4.6)
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1
We prove that x = pj;. Indeed, the function g : © — % log (’ﬁ) — % 41 is convex and
Py P P

continuous. As ®(u(t)) = [, g(u(t))dz, by Jensen’s inequality we get

0 < g@(t)) < ﬁ@(u(t)) S 0ast— oo

so that g(k) = 0 and the claim follows. It follows that %(t) — pj, as t — oo.

Hence, passing to the limit in (2.4.5)

/Qu(t) log (%) dz — 0 when k£ — oo. (2.4.7)

1
From Lemma 2.5.4 and (2.4.7), together with the fact that T(t) — p;; as n — oo, we then deduce

[|lu(t) 7p}_]/’YHL1(Q) — 0 when k£ — oo.

Furthermore, by the bound in L L)1 given by the control of the energy £ in Proposition 2.2.2,
we can deduce the convergence (2.1.18) by interpolation. The proof of Theorem 2.1.6 in the case
of a nonzero source term G is thus concluded. O

2.4.2 Case G(p)=0

When there is no source term, the solution converges to the mean value. The argument is a simple
consequence of the logarithmic Sobolev inequality and the Csiszar—-Kullback—Pinsker inequality.
We refer to [276] for other systems where it is applied. We consider the relative entropy between
the solution u and a stationary state u., defined as

®(ulu,) = /Q <ulog <;‘) —u+t u> da.

In our case u, = ug a.e. in . Notice that, by the conservation of mass, we have

O(ulw) = /Qulog (%) dz.

Since u(-) = g, we see that ®(u|u) satisfies the identity (or at least the inequality for weak
solutions) : for almost any ¢ > 0,

dd

(ulw) L// - e / dry w2
dt +2€2 0 Qws(y)\Vu(x) Vu(z —y)|" dzdy + L F1)e ‘V|u| dz =0.

The generalized logarithmic Sobolev inequality [276, Section 3.1] provides us the exponential
decay of the relative entropy. Indeed we have

Lemma 2.4.4. For any m > (d — 2)4/d, there exists C(,m) such that

/Q V(u?)]*dz > C(Q,m)ﬂm—l/

; ulog (%) dz.
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(c) Evolution at ¢t = 0.14 (d) Evolution at ¢t = 0.25

F1GURE 2.1 — We provide here 1D numerical simulations illustrating this theoretical result. We

assume v = 10 and py = 0.7. We thus have p}fy ~ 0,96. The initial condition is taken as a

double gaussian as in Figure (a).

In our case m = v+1 and © = 7y is bounded from below by a positive constant since we consider
an initial condition ug #Z 0. Therefore, by the Gronwall Lemma we conclude that the entropy ®
experiences an exponential decay as t — oo :

O (ulE
WD | (0,3 m30(um <0
Therefore, we have, for some C' = C(£,, ®(ug),uo),

d(ufz) < Ce™Ct, Wt >0.

To prove that this implies the exponential decay of the solution we use the Csiszar-Kullback—Pinsker
inequality of Lemma 2.5.4 : there exists C () such that

®(ufi) > C(Q)||lu — Tol|11 (q)-
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The exponential decay in L'(f2) of u towards g then easily follows. By the L>(0,T; L771())
bound given by the control of the energy £ (which is the same as in the case with a source term
G given in Proposition 2.2.2), we can in conclusion deduce the exponential convergence (2.1.19)
by interpolation. This ends the proof of Theorem 2.1.6.

2.4.3 Longtime behavior of the local Cahn-Hilliard equation

The nonlocal Cahn-Hilliard equation can be also seen as an approximation of the local Cahn-
Hilliard equation :
Owu — div(uVp) = uG(p) in Qx (0,7),
w=p—Au, p=u", (2.4.8)
u(0) =wup in Q.

This follows, at least formally, with a Taylor expansion, using the symmetry of the kernel w, in
the operator B, of (2.1.1), and for a rigorous proof we refer, e.g., to [155]. Therefore, one may
wonder whether the previous results obtained for the nonlocal Cahn-Hilliard equation also hold
for the local one. It turns out that for the convergence to the stationary states, the result is the
same. Indeed, one mainly uses arguments based on the entropy, so that the nonlocal term does
not play a role : concerning the entropy ®, we can consider again (2.1.6) and formally get for
(2.4.8)

d 1 1 vy 241

L)+ [ |AuPde+ — ———ﬂ

TR %/g' uf*do + i/g(wrl)Q Viul™
Pu PH

2 U
dxf/ulog — | G(p)dx =0,
Q Y

(2.4.9)

which is very similar to the result in Proposition 2.2.2. Concerning the energy, we set

£ L[ vua v
)= g [ [VuPde+ [ s

and thus
d 2
—&(u)+ [ u|Vul*de = | uG(p)pde.
Now we observe that, integrating by parts,
/ uG(p)pde = / u(pyg — p)pdx — / u(py — p)Audz
Q Q Q
= / u(lpy — p)pde +/ \Vu\Z(pH —p)de — / uVp - Vudzx
Q Q Q
= /Qu(pH —p)pdx + /Q \Vu\z(pH —p)de — fy/ﬂp|Vu\2da:.

Moreover, notice that, since the relation (2.1.11) still holds with the same proof,

1 2 1
pH/updef/udew—i—p—H udng/udex—i—C.
Q 2 Ja 2 Ja 2 Jgo
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Then we can rewrite the energy inequality as

1
ﬁé’l(u)—|—/u|V,u|2dJ:—i—f/pQudarH— |Vu|2pda:+7/p|Vu|2dx
dt 0 2 Ja Q Q

< / Vul2dz + C < C(E(u) + 1),
Q

which is again very similar to the one obtained in Proposition 2.2.2 for the nonlocal case. The-
refore, with these estimates we can basically perform again all the arguments of Section 2.4 and
obtain again the same result as in Theorem 2.1.6. Note that in the local case, differently from the
nonlocal one, we can also repeat the same arguments in the case of a smooth bounded domain
Q c R? with homogeneous Neumann boundary conditions uVy -n = 0 and Vu-n = 0 on
090 x (0,00), where n is the outward unit normal.

Remark 2.4.5. The incompressible limit, v — 0o, is very different and remains an open question
in the local Cahn-Hilliard case. Indeed, obtaining an equation for the pressure p from which
to deduce a uniform-in-y L?(0,T; H*(£2))-control on p seems still out of reach. Therefore no
analogous of Theorem 2.1.5 can be stated in this local case.

2.5 Appendix

2.5.1 Technical tools

Several tools have been used to carry out some proofs. First, we present a lemma about geometric
convergence of numerical sequences, whose proof can be easily obtained by induction (see, e.g.,
[246, Ch.2, Lemma 5.6] ) :

Lemma 2.5.1. Let {y,}nenufoy C RY satisfy the recursive inequality

Yni1 < CL"yLTe ¥n >0, and Yo < 0 := C*%bfe%, (2.5.1)
for some C >0,b>1 and ¢ > 0. Then, y, — 0 for n — oo with geometric rate
Yo <Ob" ¢,  ¥n>0. (2.5.2)

Next, we state a theorem concerning the absolute continuity of some integrals of convex functions
in R, whose proof can be found, e.g. in [209, p.101] :

Theorem 2.5.2. Let T > 0 and let h: R — R be a convex and lower semicontinuous function.
Assume that

— feL?0,T; HY(Q)) and d,f € L*(0,T; (H*(Q))),
— g(z,t) € Oh(x,t) for almost every (z,t) € Q x (0,T),
— g€ L%(0,T; HY(Q)).
Then, the function t — [, h(f(x,t)) is absolutely continuous on [0,T] and,

d

— | h(f)dz = {(0f,g) for almost anyt € (0,T).
dt o,

We then propose a control on the H'(2)-norm related to the use of w,.
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Lemma 2.5.3. There exists g9 > 0 and a constant C such that for ¢ € (0,¢0) and all f € L*(Q)
we have

- C
I = Flimn < oz | [ we)lfte) = fla )l dody, (253)

where f is the average of f over Q. Similarly, for all o, there exists eo(a) > 0 and constant C(a)
such that for all € € (0,&0) and all f € H*(Q) we have

e < 55 [ | @-wIVI@ = Vi@ —p)f dedy+ C@lflfiey  (254)

Démonstration. The proof is identical to the one in [155, Lemma C.3] by substituting the norm
|l - llL2(rey with the norm [ - || 1 (pay. Indeed, with the notation of the proof of that Lemma, also
n|gnll1(rey < 1 implies that the limit function g = 0, exactly as in the case L2(T9). O

In conclusion, we recall the Csiszar—Kullback—Pinsker inequality (see, e.g., [52]), which is essential
to study the asymptotic behavior of weak solutions

Lemma 2.5.4. For any non-negative u € L'({2)

u
419/a [ ulog (=) da > |lu—T||%1 (o)
20 [ wlog () do > Ju=7lf o



Chapitre 3

Pressure jump and radial stationary
solutions of the degenerate
Cahn-Hilliard equation.

Abstract

The Cahn-Hilliard equation with degenerate mobility is used in several areas including the mo-
deling of living tissues. We are interested in quantifying the pressure jump at the interface in
the case of incompressible flows. To do so, we include an external force and consider stationary
radial solutions. This allows us to compute the pressure jump in the small dispersion regime. We
also characterize compactly supported stationary solutions in the incompressible case, prove the
incompressible limit and prove convergence of the parabolic problems to stationary states.

3.1 Introduction

The degenerate Cahn-Hillard equation is now commonly used in tumor growth modeling and
takes into account surface tensions at the interface between different types of cells, leading to a
jump of pressure. In order to compute this jump, we propose to set the problem in a spherically
symmetric domain with a boundary determined by the radius Ry, and to include an external
force. Therefore we consider, in two dimensions for simplicity, the equation

G(gtn) - aﬁ (Tna(”;‘/)) =0, in (0,400) x Ig,, (3.1.1)
T T
00 (0
w5 () i 04k 342

where I'r, = (0, Rp) is the line segment of length Ry,. Equations (3.1.1)—(3.1.2) are equipped with
Neumann boundary conditions

on
or

_On

on _ Op+V)
r=0 - 87"

T:Rh - 87“

_ O(p+V) B
o n or —r 0, (3.1.3)

101
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and with an initial condition satisfying
no € H'(Ig,),  mo >0. (3.1.4)

We only consider nonnegative solutions and thus the term n” is well defined and the (normalized
by a factor §) total mass is

m = /ORbrno(r)dr—/()Rbrn(t,r)dr. (3.1.5)

Finally, the confining potential V(1) is of class C*.

3.1.1 Main results

Our first result concerns the existence of solutions of (3.1.1)-(3.1.2), their regularity, and asymp-
totic behaviour.

Theorem 3.1.1 (Existence of solutions and long term asymptotic). There exists a global weak
solution of (3.1.1)-(3.1.4) in the sense of Definition 3.2.1 and it satisfies estimates as in Re-
mark 3.2.2. Moreover, up to a subsequence, {rn(t + k,r)}r converges locally in time uniformly
in space to a stationary solution rn.(r) > 0 where no, € C(Ig,) satisfies m = fORb T Noo (1) dr
and

TNoso

= =n) ——— =n' =
o 0, Hoo = N "5, N (0) = niy (Ry) = 0. (3.1.6)

(oo +V) 6 0 ONo ,
r or

Our second result characterizes possible stationary states and shows we can distinguish an interval
where 1o, = 0 and another where p.,+V is constant as expected from the first equation in (3.1.6).
From now on, we consider the confining potential V(r) = r2 for simplicity. The proof may be
adapted to any increasing potential.

Theorem 3.1.2 (Characterization of the stationary states). Let no € C1([0, Rp]), neo > 0, be
a solution of (3.1.6) as built in Theorem 3.1.6.
(A) Then, na is nonincreasing and it satisfies 0 < noo(Rp) < 22
b

(B) Assume noo(Rp) =0 and let R > 0 be the smallest argument such that ne(R) = 0 and thus
Noo > 0 in [0, R). Then, there is Ao € (0, R?) such that
nl, —nl, —onl =R*—1r*— X in (0,R), (3.1.7)

noo(R) =nl (R) = 0.

and, given R > 0, there is at most one couple (n,\) solving (3.1.7).
(C) Fiz 6 € (0,1). There exists R(m), independent of v, such that when R, > R(m), then
Noo (Rb) =0.

Next, we focus on the incompressible limit of the solutions of (3.1.7), that is when v, — co. We
denote by nj the steady state associated with v, and assume that Ry is large enough so that

Theorem 3.1.3 (Incompressible limit of the stationary states). Let {v}ren be any sequence
such that v — oo. Let {ny}ren be a sequence of stationary states with the same mass m and
with radius Ry, being the smallest argument such that ny(r) = 0.
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1 \ —— pressure Pinc

— density npc

Ry R Ry

FIGURE 3.1 — Plot of the limiting profile n,., as vx — oo, for the potential V (r) = r2. We can
observe that the pressure has a discontinuity at Ry with (0, Ry) = {nine = 1} = {pinc > 0},
while the density remains C*.

Then, n, — Nine in C1([0, Ry]) and Ry — R, where ni,. and R are uniquely defined in Pro-
position 3.4.1. Moreover, the sequence of pressures {py = nZ’“ tren converges weakly to some
pressure Pine such that pine(Mine — 1) = 0 and pine has a jump at O{nip. = 1}

”;pincﬂ ~ \3/6R2/3 51/3, as 6 — 0.

The profile n;,. obtained for the incompressible limit of stationary states is depicted in Figure 3.1.
The density is equal to 1 on a certain interval (0, Rg) where the pressure is positive. Then, the
pressure vanishes and the density decreases to 0 on a small interval (R, R). At the boundary
point Ry the pressure undergoes a jump, which depends on the surface tension coefficient § and
on the shape of the confinement potential V. More precisely, for a general potential V(r), this
jump is determined by
3

[pine] ~ \/Tﬁ Y3 (VI(R)Y3 asé — 0, (3.1.8)
2¢125'/3R
We point out that the limiting profile (including parameters Ry and R) is uniquely determined
in terms of mass m, § and V cf. Proposition 3.4.1.

where R is the smallest value where n(R) = 0 and we have the estimate R?> — RZ ~

In the above statements, the main novelty concerns the incompressible limit v — oo for the
stationary states. A previous work in this direction [151] made use of viscosity relaxation, which
provided additional estimates implying compactness. In our case, assuming the radial symmetry
of the problem, we are able to characterize the incompressible limit of the sequence of compactly
supported stationary solutions. While our setting is restrictive, it allows performing many com-
putations explicitly. In particular, we find how the pressure jump depends on V and 4, cf. (3.1.8).

Open question. We prove that the stationary states are compactly supported or at least zero
on the boundary if the domain is large enough. It is logical to ask whether the solutions of the
parabolic equation are compactly supported for a large domain and a strong confining potential.
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This question is still open. However, a work in this direction [99] has proved that in dimension
1, one could expect the solutions of the Cahn-Hilliard equation without confining potential to
propagate with finite speed. By adding this potential, we can expect to have a better result, and
compactly supported solutions, with time-independent support.

Contents. The above theorems are proved in the following sections. Section 3.2, is devoted
to prove Theorem 3.1.1. In Section 3.3 we prove Theorem 3.1.2 and in Section 3.4 we give the
proof of our main new result, namely Theorem 3.1.3. Numerical simulations of the model with a
source term and no confining potential are presented in Section 3.5. The appendix contains the
computation of the pressure jump for a general confining potential.

Notations. For a function n(z,t) we associate a function in radial coordinates that is still
denoted by n(r,t). For 1 < p,s < 400 or s = —1 and Q a domain, LP(Q2), H*(Q2) denote the
usual Lebesgue and Sobolev spaces. When s = —1, H~1(Q) is the topological dual of H}(Q). Here
H*(Q) = W*2(Q) in the usual notation. We also consider the Bochner spaces LP(0,T; H*({))

associated with the norm
T 1/]?
1l ze 0,502 (2)) = (/0 ||f|1;15(9)> :
du

The partial derivative with respect to the radial variable is written as d,u(r) = Gt(r) = u'(r).
Finally, C denotes a generic constant which appears in inequalities and whose value can change
from one line to another. This constant can depend on various parameters unless specified other-
wise.

3.1.2 Literature review and biological relevancy of the system

Tissue growth models and Hele-Shaw limits. Development of tissue growth models is
presently a major line of research in mathematical biology. Nowadays, number of models are
available [67, , | with the common feature that they use the tissue internal pressure as the
main driver of both the cell movement and proliferation. The simplest example of a mechanical
model of living tissue is the compressible equation

On = div (nVp) + nG(p), p=Py(n):=n", (3.1.9)

in which p(t,z) = P(n(t,z)), with P a law of state, is the pressure and n the density of cell
number. Here, the cell velocity is given via Darcy’s law which captures the effect of cells moving
away from regions of high compression. Dependence on growth function pressure has also been
used to model the sensitivity of tissue proliferation to compression (contact inhibition, [68]).
An important problem is to understand the so-called incompressible limit (i.e. 7 — oo) of this
model. Perthame et al. [289] have shown that in this limit, solutions of (3.1.9) converge to a
limit solution (nee, Poo) of & Hele-Shaw-type free boundary limit problem for which the speed of
the free boundary is given by the normal component of Vp, see also other approaches in [238,
]. In this limit, the solution of (3.1.9) is organized into 2 regions : £(¢) in which the pressure
is positive (corresponding to the tissue) and outside of this zone where p = 0. Furthermore, the
free boundary problem is supplemented by a complementary equation that indicates that the
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pressure satisfies
—Apoo = G(Ppo), in Qt), orsimilarly pe(Aps + G(Po)) =0 ae. in Q. (3.1.10)

In this model, the pressure stays continuous in space, with jumps in time, and is equal to 0 at the
interface. This is because only repulsive forces were taken into account. Hence, the crucial role of
the cell-cell adhesion and thus the pressure jump at the surface of the tissue is not retrieved at
the limit. Additionally, as pointed out by Lowengrub et al. [264], the velocity of the free surface
should depend on its geometry and more precisely on the local curvature denoted by k.

This motivated considering variants of the general model (3.1.9), where other physical effects of
mechanical models of tissue growth are introduced. One of them is the addition of the effect of
viscosity in the model, which has been made to represent the friction between cells [38, 50| through
the use of Stokes’ or Brinkman’s law. Moreover, as pointed out by Perthame and Vauchelet [291],
Brinkman’s law leads to a simpler version of the model and, therefore, is a preferential choice
for its mathematical analysis. Adding viscosity through the use of Brinkman’s law leads to the
model

On = div (nVu) +nG(p), in (0,400) x Q, (3.1.11)
—oAp+ p=p, in (0,4+00) x Q. o
The incompressible limit of this system also yields the complementary relation (see [291])

poo(poo — Moo — CTG(poo)) =0, a.e. in €.

In the incompressible limit, notable changes compared to the system with Darcy’s law are found.
First, the previous complementary relation is different compared to Equation (3.1.10), and the
pressure po in the limit is discontinuous, i.e. there is a jump of the pressure located at the surface
of (t). However, the pressure jump is related to the potential p and not to the local curvature
of the free boundary 9€Q(t). The authors already indicated that a possible explanation for this is
that the previous model does not include the effect of surface tension.

Surface tension and pressure jump. Surface tension is a concept associated with the in-
ternal cohesive forces between the molecules of a fluid : hydrogen bonds, van der Waals forces,
metallic bonds, etc. Inside the fluid, molecules are attracted equally in all directions leading to
a net force of zero; however molecules on the surface experience an attractive force that tends
to pull them to the interior of the fluid : this is the origin of the surface energy. This energy is
equivalent to the work or energy required to remove the surface layer of molecules in a unit area.
The value of the surface tension will vary greatly depending on the nature of the forces exerted
between the atoms or molecules. In the case of solid tumor cells in a tissue, it reflects the cell-cell
adhesion tendency between the cells and depends on the parameter § and the geometry of the
tumor.

In the previous definition, the surface tension is associated with a single body that has an
interface with the vacuum. When one considers two bodies, the surface energy of each body is
modified by the presence of the other and we speak of interfacial tension. The latter depends on
the surface tension of each of the two compounds, as well as the interaction energy between the
two compounds. In the system considered above, it is then possible to imagine that the vacuum
in which the tumor grows is in fact another body that has an internal pressure of the form V(r)
which increases with respect to r so that the tumor is stopped at some point and we can consider
the stationary states.

For such a tumor to be in equilibrium, it is necessary that the interior is overpressured relative to
the exterior by an amount. This amount is called the pressure jump and is computed explicitly
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in our case.
Surface tension effects can be introduced in the Hele-Shaw model as follows (see e.g. [L61])

{—AMZO in Q\ o), (3.1.12)

w=ok on O0(t).

where o is a positive constant, called a surface tension and « is a mean curvature of 9(t). This
correct Hele-Shaw limit has been formally obtained as the sharp-interface asymptotic model
of the Cahn-Hilliard equation [17]; see also [101] for a convergence result in a weak varifold
formulation. This suggests that the Cahn-Hillard equation is an appropriate model to capture
surface tension effects.

The Cahn Hilliard equation. Cahn-Hillard type models for tissue growth have been develo-

ped based on the theory of mixtures in mechanics, see [176, 97, | and the references therein.

Nowadays, they are widely used, in particular for tumor growth, and analysed, [187, 11, , ,
, , ]. Originally introduced in the context of materials sciences [70], they are currently

applied in numerous fields, including complex fluids, polymer science, and mathematical biology.

For the overview of mathematical theory, we refer to [277].

Usually, in mechanical models, the Cahn-Hillard equation takes the form

dp =div(b(p)Vh),

drp = div(b(p)V (¥ (p) — 6Ap) ) < {M NN (3.1.13)

where ¢ represents the relative density of cells ¢ = ni/(ny + n2), b is the mobility, ¥ is the
potential while p is the quantity of chemical potential, which is a quantity related to the ef-
fective pressure. From the point of view of mathematical biology, the most relevant case is
b(p) = ¢(1 — @), which is referred to as degenerate mobility.

In our context, (3.1.1) models the motion of a population of cells constituting a biological tissue in
the form of a continuity equation. It takes into account pressure, the surface tension occurring at
the surface of the tissue and its viscosity. More precisely, the equation for 4 (i.e. equation (3.1.2))
includes the effects of both the pressure, through the term n” with v > 1 that controls the stiffness
of the pressure law, and surface tension by —6An, where v/§ is the width of the interface in which
partial mixing of the two components ni, ny occurs.

A similar Cahn-Hilliard problem, without radial symmetry assumption, has previously been
considered in [151], but including a relaxation (viscosity) term and a proliferation source term
in place of the confinement potential. In the incompressible limit, the authors obtain a jump in
pressure at the interface at all times for the relaxed system. The aim here is to justify a rigorous
limit without viscosity relaxation and mostly to compute the pressure jump by analyzing the
stationary states of a system with confining potential.

3.2 Existence, regularity, and long term behavior

The existence of weak solutions for the Cahn-Hilliard equation with degenerate mobility usually
follows the method from [157]. The idea is to apply a Galerkin scheme with a non-degenerate
regularized mobility, i.e. , calling b(n) the mobility, then one considers an approximation b, (n) >
. Then, using standard compactness methods one can prove the existence of weak solutions for
the initial system. However, the uniqueness of the weak solutions is still an open question.
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In the case of a radially symmetric solution, the resulting system has only one dimension in space,
and it is possible to apply a fixed point theorem, see [331], to obtain better regularity results.
Since the solutions have radial symmetry, the equation is singular at » = 0. Therefore, the first
step is to consider the system with r 4 ¢ instead of r and a regularized mobility. The existence
of solutions for a similar regularized system has been achieved in [331] based on a result of [330)]
and we do not repeat the arguments here. Then, we can pass to the limit ¢ — 0. Finally, the
nonnegativity of the limiting solution is achieved with the bounds provided by the entropy.

We finally point out that since we are also interested in the convergence to the stationary states,
one needs to carefully verify that the bounds do not depend on time.

Definition 3.2.1 (Weak solutions). We say that n(t,r) is a global weak solution of the equa-
tion (3.1.1)-(3.1.2) provided that

— n is nonnegative,

— rnis continuous in [0, 00) x I, , v/7n € L>=((0,00)x Ig,) and r dyn € L*((0,00); H *(IR,)),
— /rno.p € L*((0,00) x Ig, \ {rn =0}) and p is defined in (3.1.2),

— for every test function ¢ € L?((0,00); H*(Ig,)) N CL([0,0) x Ig,)

T T Ry
/ (O, p) -1 g dt + / / Trnsorno-(u+ V)orpdrdt =0,
0 o Jo
and

0

T T rRy Ry
/ (O, ) -1 g dt = — / / rndpp drdt — / ©(0,7)no(r) dr,
0 0o Jo

— n/(t,Rp) =0 for a.e. t € (0,T).

Remark 3.2.2 (Energy, entropy properties of weak solutions). In fact, we construct solutions
satisfying additionally mass, energy, and entropy relations as follows : for a.e. 7 € [0, T

/ORb ro(r,r)dr = /ORb rng(r)dr, (3.2.1)

T Rh
En(r, )] + / / Lonsorn |8, (4 + V)2 drdt < E[no), (3.2.2)
0 0

|3rn|2

r

T Rb
wnr)+ [ (vmwamﬁ - rlOnnl? + 6
0 0

where energy and entropy are defined as follows :

Ry nY+1 5 9 Ry
En] = /0 r <’7 1 + 3 |Orn|” + nV> dr, ®[n] = /0 r¢(n)dr,

+70n 8TV) drdt < ®[ng], (3.2.3)

and ¢(n) = n(log(n) — 1) + 1. Equations (3.2.1)—(3.2.3) provide the basic a priori estimates.
Moreover, we construct Holder continuous solutions; there is a constant C, such that for all
r,7r1,72 € [0, Rp], t,t1,t2 € [0,00)

Irin(t,m) — ran(t,r9)| < COlry — o] Y2, (3.2.4)

I (n(ta, ) — n(t1,r))| < Clta — t1]*/5. (3.2.5)
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3.2.1 Regularized system

We consider the existence of a regularized system, which reads :

O(r+e)n. — 0 (r+e)Be(ne) Or(pe +V)) =0, in (0,400) X Ig,, (3.2.6)
)
e =n) — - 56; ((r+¢e)dpne), in (0,+00) x Ig,, (3.2.7)
where
f <
B.(n) = {8 orn=e (3.2.8)
n otherwise.
We impose Neumann boundary conditions
on. on. Ape +V) pe +V)
or lr=0 or r=Ry s(ns) or r=0 5(7745) or r=Ry 0 (3 9)

We admit the following theorem of existence, for a result for a similar system we refer to [331],

Theorem 3.2.3. Fore >0 and T > 0, Problem (3.2.6)-(3.2.7) with boundary conditions (3.2.9)
and smooth initial condition admits a unique strong solution n..

Remark 3.2.4. Note that the assumption on the initial condition is stronger than the one asked
in (3.1.4). This means that for the regularized system we need to consider a smooth approximation
of the initial condition, for instance n? = n% x w. with w a smooth kernel that we send to a dirac

mass when € — 0.
Next, we prove some conservation properties for the system (3.2.6)—(3.2.7), see for instance [151,

|-

Lemma 3.2.5 (Conservation of mass, energy and entropy). We define ¢. such that ¢! (n) =

By and ¢=(1) = ¢L(1) =0, and

Ry TL’Y—H" (5 2
E:n] ::/0 (r+e) (7_’_1 t3 |0rn| +nV> dr,

Ry
O [n] := / (r+€)pe(n) dr.
0
Then, we have
Ry
— (r+e)ne(t,r)dr =0, (3.2.10)
d B 2
GE+ [+ Bn) 0, (e + VI dr =0, (3.2.11)
0
d fo -1 2 2 |0rne]?
—d [n.]+ Y(r+e)nl 0 |* + 6(r 4+ &)|0rrne|” + d——— + (r + ) Opne 0,V | dr = 0.
dt 0 r+e
(3.2.12)
Remark 3.2.6. The function ¢. is given by an explicit formula
x(log(e) —1)+1+22/(26) —g/2 for x<¢
ooy [ 02 =1 /(2) ~ ¢/ < s
z (log(x) — 1) +1 for e < .
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With € < 1, it enjoys three properties :

1. ¢c(x) = ¢(x) :=xz (log(z) — 1)+ 1 for x > 0 as e — 0,
2. ¢e(z) > 0 for all x € R,
3. ¢L(x) <0 for z <e,

4. ¢e(z) < d(x)+1—¢/2 for z > 0.

The first one is trivial. To see the second one, we observe that the function = — z(log(x) —1)+1
is nonnegative, which implies ¢.(z) > 0 for & > . Then, for x < e we discover

¢L(z) =log(e) — 1 + g <0. (3.2.14)

As ¢.(g) > 0, this implies ¢.(x) > 0 for all 2 € R. Then, (3.2.14) also implies the third property
while the forth follows by estimating ¢.(z) < ¢.(0) for z <e.

Proof of Lemma 3.2.5. Mass conservation (3.2.10) follows from integrating (3.2.6) in space and
using the boundary conditions (3.2.9).

To see (3.2.11), we multiply (3.2.6) by u. + V, integrate in space and use boundary conditions
to obtain :

Rb Rb
/ w+@@wwfuow+/ (r + €)Be(ne) [0, (e + V) 2dr = 0.
0 0

Using (3.2.7) and integrating by parts, we obtain

Ry d
/ (r+¢)ome(pe + V)dr = —E&:[n¢],
0 dt

which concludes the proof of (3.2.11).
To see (3.2.12), we multiply (3.2.6) by ¢L(ne) and integrate in space to obtain

d Re
%CDE [ne] —|—/ (r+¢e)nl(r) dr(ue +V)dr =0.
0

In view of (3.2.12), it is sufficient to prove
Ry Ry Ry ‘n/ |2
[ eranmanar =y [Tt mpntars [ gt ol
0 0 o rte
We have

1
r+e

/0 O o) () Bypte dr = /0 ) [ ()22 dr—s /O eyl (10 < O, ((r + z—:)&ns)) dar.
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In the second part, we can integrate by parts (using Neumann’s boundary conditions)

_ /ORb (r+¢e)nl(r)o, <Tj_€5r((7“ + 5)8rn5)> dr

—/Rbn'm L o+ >an>dr+/Rb<r+ Y (r) —— 8, ((r + £)8yn.) dr
—0 gr+5r €)0rNe 0 55r+€r €)0rNe

Rb |"’LI<€|2 112 Rb !/ 1"
:/ el L v 4 )] dr+2/ Rl (r) ! (r) dr.
0 r4+e¢ 0

The last term vanishes thanks to boundary conditions :

Rb Rb
2/ nL(r)n’(r)dr = Ornl(r))>dr =0
0 0

and this concludes the proof. O

From Lemma 3.2.5, we may deduce uniform bounds (in ¢) for the solutions n. as follows

Proposition 3.2.7. Let T > 0. The following sequences are uniformly bounded with respect to
e>0:

(A1) {VrFedm.} in L=((0,00); (I, ),

(A2) {VrFenc} in L2((0,00) x In,),

(43) {\/(r +2) Belne) Oy (e + V)} in L2((0,00) I, ),
(44) (VT FE0m.} and { Z2e L in L2((0,T) x In,),
(A5) {@c(n2)} in L=(0,T),

(46) {(r +e) Oine} in L*((0,00); H™'(IR,)),

where the estimates (A1)-(A3) and (A6) depend only on the initial energy E(ng). Moreover,
there is a constant C, independent of €, such that for all r,r1,r9 € [0, Ry], t,t1,t2 € [0,00)
(11 + €)ne(r1,t) — (19 + €)ne(ra, t)| < Clry — ra| /2, (3.2.15)

|(r + &) (ne(ta, ) = ne(ts,r))| < Clta — 2|5, (3.2.16)

In fact, the constant C' depends only on initial energy £(no).

Proof of Proposition 3.2.7. We divide the reasoning into a few steps.
Step 1 : Estimates (A1)-(A2). First, from (3.2.11) we deduce (Al). For estimate (A2) we adapt
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the method from [331]. For any p € (0, Rp),

2 9o Ry fo
wns(w) — / (z4+¢e)ne(t,z)dz = /0 (z+¢)[n(t, p) —n(t, 2)]dz

Ry
/ / z+¢€)Opne(t,r)drdz

Ry, pp
// z+e€ 8n5trdrdz+/ / (z+¢€)Opne(t,r)drdz
P
Ry Ry
// z+¢€ 8n€trdzdr+/ / (z+¢€) Opne(t,r)dzdr
:/ <2 +sr> Orne(t, 1) dr+/ B(R%r )+€(Rbr)} Orne(t,r)dr
0 P
P Ry
<R [ oomnatr)ldr + 2R [ 0ma(rit)]ar
0 P

1/2

Multiplying the previous inequality by 2(p + €)*/2 yields

Ry
(B + 2R)(p + 9 et p) ~ 20422 [ o4 pnalt )] <
0
p Ry
2(p+5)1/2Rb/ (r+5)\8rn5(t,r)|dr+4Rl2,/ (r + )/20m. (¢, 7)| dr
0 P

1/2

Ry
< C(Ry) ( /0 (r+ &) |Opne(t,r)| dr)

Thanks to the conservation of mass (3.2.10), we obtain (A2).

Step 2 : Estimates (A3)-(A5). The bound (A3) follows from the conservation of energy (3.2.11).
To see (A4) and (A5), we want to use the conservation of entropy (3.2.12), but this has to be
done carefully, as the term (r + €) 9,n. 8,V can be negative. Therefore, we fix T' > 0, consider
¢ as in Remark 3.2.6 and integrate (3.2.12) on (0,7 to deduce

T Ry |arn |2 T Ry
O (n(T, ~))+5/ / (r+€)|Oppne|* + " drdt < @E(nO)Jr/ / (r+4¢) Orne 0,V drdt.
o Jo r+e o Jo

The last term can be easily bounded (using estimates (A1)-(A2)) by a constant depending on 7.
The conclusion follows from ®.(n.(T,-)) > 0 and ®.(ng) can be bounded in terms of ®(ng), cf.
(4) in Remark 3.2.6.

Step 3 : Estimate (A6). Let x € L*(0,T; H'(Ig,)). We multiply (3.2.6) by x and integrate with
respect to r between 0 and R;. Using an integration by parts and Neumann boundary conditions,
we obtain
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oo Ry oo Ry
/ / (r+¢e)0mnex drdt = — / / (r+&)Be(ng)0r (e + V)O0rx dr dt
o Jo o Jo

o] Ry
= —/0 /0 V(r+¢)Bo(no) v/ (r +€) Bo(ne) 8, (e + V) dpx dr dt

< W+ €) Be(ne)lloo |V (7 + €) Be(ne) 8: (e + V)2 |02

where the norms are taken over (0,00) x Ir,. The conclusion follows.

Step 4 : Holder estimate in space (3.2.15). By differentiation

(ro+e)n(t,re) — (r1+e)n(t,r) = /7’2 (r+¢)omn(t,r)dr + /T2 n(t,r)dr.

T1 1

For the first term, we have

ro T2 1/2
/ (r+¢)0mne(t,r)dr < (/ (r+e) dr) VT +eome(t, )]s < Clry — r2|1/2

T1 T1

due to (Al). For the second term, we compute, using (A2),

() T2
g
/ ns(t,r)dr:/ ns(t,r)vr+€dr§||\/T+6n5||oo
T1 T1

T2 1
—dr <
VT + /T1 Vvr+e T

<C|Vro+e—+ri+¢ §C|r1—r2|1/2.

Step 5 : Hoélder estimate in time (3.2.16). The idea is to deduce the regularity in time from
the regularity in space. We extend the function r — n.r for r < 0 with a constant to preserve
continuity. We consider 7, to be a usual one-dimensional mollifier in the spatial variable r where
v will be chosen later in terms of |[t2 — t1]. Mollifying (3.2.6) with 7, and integrating in time
(from t; to to) we obtain

(r+2)n) e (t2, 7) — (7 +£)ne) 30 (11, 7) :/t28Tny*((r+e)Be(na)6T(uE+V))dt. (3.2.17)

First, we estimate (RHS). We notice that Young’s convolutional inequality and Holder’s inequa-
lity are implying for fixed ¢ € [t,to)
[0rm * ((r + €) Be(ne) Or (ke + V) lloo <
< |10 l2 [/ (r 4+ €) Be(ne) [|oo |V (7 + €) Be(ne) 0y (p1e + V)2
By the definition of a mollifier,

1/2
<

1

C
10rm ]2 = 2 Tk
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Therefore, applying (A2), (A3) and Hélder’s inequality in time, we deduce

|t2 _ t1|1/2

ta
[ 100 5 (4 2)Butne) 0, + V) ot < 020

t1

(3.2.18)

To conclude the proof, we need to estimate (3.2.17) using (3.2.15) from Step 4, we get
[((r +&)ne) s my(tr,m)=((r + &)ne)(t1,7)| <

< +y—+e)nc(tr,r +y) — (r +e)ne(ts,r)|n(y)d
< [l syttt +9) =@+ omlnnmas g,
<c [ W ndy<co

R

where we used that on the support of 7, we have |y| < v. Exactly the same estimate holds if we
replace t; with t5. Combining (3.2.17), (3.2.18) and (3.2.19) we obtain

|t2 _ t1|1/2

1/2
e + Cv/=.

|(7‘ +€)7’L5(t277‘) - (7“ +€)1’Lg(t1,’l“)‘ <C

‘1/4

We choose v = [ts — 1 and this concludes the proof. O

Remark 3.2.8. In the above proof, Step 1 shows more generally that when n(¢,7) : [0,00) X
[0, Ry] — R satisfies fOR” rn(t,r)dr =m and /r 9,n € L>=(0,T; L*(0, Ry)) then

|\/77n(t,r)’ < C (Ry,m, |1 0pn|| Loe (0,7522(0,R,))) -

3.2.2 Proof of Theorem 3.1.1 (existence part)

We are concerned with the first part of Theorem 3.1.1 i.e. the convergence € — 0 of the approxi-
mation scheme.

Proof of Theorem 3.1.1 (existence). The proof is divided into several steps.

Step 1 : Compactness. By the estimates in Proposition 3.2.7, the Banach-Alaoglu and Arzela-
Ascoli theorems, we can extract a subsequence such that, for some & € L?((0,7T) x Ig,),

(C1) (r+¢e)ne — rn uniformly in C([0,T] x Ig,),

(C2) (r+¢e)dne — romin L*(0,T; H 1(Ig,)),

(C3) V(r+¢)Be(ne)dy (e + V) — & in L2((0,T) x I,),

(C4) 7 ¥ €0pne — /7 ppn and % - 37: in L2((0,T) x Ig,).

Step 2 : Nonnegativity of n. The plan is to obtain a contradiction with the uniform estimate of
the entropy. For a > 0, we define the sets

Vae ={(t,7) € (0,T) x Ig, : n.(t,r) < —a, r > a},
Vao={(t, 7)€ (0,T) x I, : n(t,r) < —a, r > a}.

By Remark 3.2.6 (nonnegativity of ¢.) and (A5) in Lemma 3.2.7 there is a constant such that

/ wmwwwmas/ (r + &) de(ne) drdt < O(T)
Va,e

(0,T)x IR,
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For n. < —a, we have 0 < ¢.(—a) < ¢.(n:) ((3) in Remark 3.2.6) so that

(—a(log(e) — 1) + 1+ a?/(2e) — ¢/2) / (r4¢e)drdt < C(T).

Va,e

Sending £ — 0 and using uniform convergence of n. — n for r > a > 0 we discover that

e—=0 Jy,

a,e

/ rdrdt = lim (r+e)drdt=0
Voc()

using, from measure theory, that on a measure space (X,u) if f,,f : X - Rand f, — f in
LY(X,p) then for o € R we have ff cadp— ff<a du as n — oo. This means that V, ¢ is a null
set for each o > 0, concluding the proof.

Step 8 : Identification of the limit (r + €)Be(ne)0r (e + V). The last difficulty is to pass to the
limit in fOT ORb (r +¢)B:(ne)0r(pe + V)0rp drdt. Indeed, since the mobility is degenerate it is
not clear that we can identify the derivative of the potential O, in the limit. However, due to
the uniform convergence of (r + € n8 and the nonnegativity of n we can conclude. By (CS) and

the uniform convergence of \/ r 4 €) Be(ne), we have

h
when rn >0 L2((0,T) x Ig,). (3.2.20)
when . =0

(r+¢) Be(n)op(pe +V) = Vrné = {Mﬁ

We first claim that
E(t,r) = vrno-(p+ V) when rn > 0. (3.2.21)

We introduce the family of open sets
{(t,r) :rn(t,r) >0} = Uyso Py, P, =A{(t,r) : rn(r,t) > v, r > v},

so that it is sufficient to identify the limit £ in P, for fixed v > 0.
Because of the uniform convergence we know that for every € < e(v) for (v) small enough,

(r +¢)Be(ne(r,t) > (r,t) € P,.

EVIAN

Therefore, the estimate (A3) implies
C
10r (e + V)llL2(p,) < VeR

As 0,V is uniformly bounded, we deduce that

C
||87‘M6||L2(P1,) < 2

By definition of pu.
O =it 0. =00, (-0, + 210 ).

For the first term of (RHS), we use the strong convergence (C1) that yields a uniform convergence
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of n. in the zone {(r,t) : r > v}. Then, because P, C {(r,t) : » > v} we obtain

,ynz—l _)le—l uniformly in L*°(P,).

Combined with the weak convergence provided by estimate (Al) in P, we obtain that up to a
subsequence,

2" 10m. — yn'719,n  weakly in L*(P,).

Then we combine the L?(P,) bound on yn2~1d,n. with the L?(P,) estimate of d,u.. We obtain
an L?(P,) bound on the second term on the right-hand side. Together with estimates (A1)-(A2)-
(A3)-(A4) we obtain the weak convergence up to a subsequence

1 1 .72
o (o +0m) ) =0, (10,00m)) weakly in LR
Finally, we obtain

1

Oppie — Oppr =y~ 10,n — 60, (&(r@ﬂl)) weakly in LQ(PD). (3.2.22)
r

Using uniform convergence, we conclude the proof of (3.2.21). Finally, (3.2.20) and (3.2.21)

implies

T (R,
/ / (r+¢€)Be(ne)0r (e + V)Orpdrdt — O (p + V)0 drdt.
o Jo

rn>0

Step 4 : existence of a weak solution. Steps 1-3 show that n satisfies the condition of Definition
3.2.1.

Step 5 : Properties (3.2.1)~(3.2.5) from Remark 3.2.2. First, properties (3.2.1), (3.2.4) and (3.2.5)

follow from uniform convergence (C1) and estimates (3.2.15)-(3.2.16) for r n.. To see (3.2.2), we
notice that weak lower semicontinuity of L? norm implies

T Ry
En(r,")] —l—/o /0 lE(t,7)|? drdt < Eng].

By (3.2.21), the integral on the (LHS) can be estimated from below by

T Rh
En(r,")] +/ / 1m0 rn|6r(,u—|—V)\2drdt < E&lng).
o Jo
To see (3.2.3), it is sufficient to prove
D(n(t, ) < liminf @, (n.(t,)).
e—=0
Let § > 0. By nonnegativity of ¢. we estimate

o N> Timi _
lim inf ®c (ne(¢,-)) > lim inf s e (ne)(r +¢)dr s (n)rdr,

because on the set {r > 0}, we have uniform convergence n. — n. As ¢(n) > 0, we can send
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6 — 0 by monotone convergence and conclude the proof.

Step 6 : Neumann boundary condition n'(t, Ry) = 0. First, if ¢, ¢ € Clla,b] N H?(a,b) we have
(via approximation)

b
/ @' (r) @' (r) + ¢"(r) (r) dr = ¢ (b) $(b) — ¢'(a) ¢(a). (3.2.23)

Let ¢ be a smooth function with ¢(Ry) = 0 and ¢(Rp) = 1 for some Ry € (0, Rp). We know from
estimates (C1)-(C4) that n € L?(0,T; H*>(Ro, Ry)). Let t be such that r — n(t,r) € H?(Ro, Ryp).
Applying (3.2.23) with ¢(r) = n(t,r), we deduce, thanks to the Neumann boundary condition
nL(t, Ry) = 0, that

Ry
/ nL(t,r) ¢ (r) +n(t,r) ¢(r)dr = 0.

Ro

Multiplying by a smooth test function n(t), we have

T Ry
/0 /R n(6) (R (1) & (1) + (8, ) () dr dt = 0.

Passing to the weak limit ¢ — 0 and using that 7 is arbitrary we conclude
Ry
/ n'(t,r) ¢ (r)+n'"(t,r)p(r)dr =0, for a.e. t>0.
Ro
As n(t,) € H*(Ro, Rp), we can apply (3.2.23) again and deduce
Ry
/ n'(t,r) ' (r) +n"(t,r) ¢(r)dr = n'(t, Ry),
Ro

which finally proves n’(t, Ry) = 0. O

3.2.3 Proof of Theorem 3.1.1 (Long term asymptotics)

With global solutions at hand, we can study the long term behaviour. For that purpose, we fix
k, T,k > T and define ng(t,z) = n(t + k,x), ux(t,z) = p(t + k,z). Consider the solution n in
the interval (=T + k, T + k), it satisfies

T+k T+k Ry
/ (O, @) -1, dt+/ / Lrnsorn0r(u+ V)oredrdt =0,
—T+k —T+k JO
and a change of variables yields
T T Ry
/ (O, ) g1, g dt + / / Lyny >0 71k Or (g + V)0rpdrdt = 0. (3.2.24)
-T -1 Jo

We also recall the Neumann boundary condition nj, (¢, Ry) = 0 and the conservation of mass
fORb rng dr = fORb rngdr. We want to pass to the limit k¥ — oo in this equation and prove the

Proposition 3.2.9. Let (n,u) be a weak solution of (3.1.1)-(3.1.2). Then, we can extract a
subsequence, still denoted by the index k, of (ng,pr) such that /rng — /rne strongly in
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L ((-T, T)xIRb) and /TR0y (up+V) = /TN (lieo+ V) weakly in L?((=T,T)xIg, \{rn = 0}).
We have no, € C*(R x Bpg,) and the relations

)
"Moo Op (oo + V) = 0, Poo = N), — ;8,.(7“8,.7100), (3.2.25)
with the Neumann boundary conditions
ONeo ONeo _o
or lr=0  9r lr=r,

The mass fORb TNoo (t) dr is constant and equal to the initial mass fORl’ rng dr.
This proposition implies the assertions of Theorem 3.1.1.

Démonstration. Step 1 : Bounds coming from the energy. We claim that the following uniform
estimates (with respect to k) are true :

(B1) {Vrd,yny} in L=((=T,T); L*(IR,)),

(B2) {Vrni}in L=((=T.T) x Ig,),

(B3) {rédmni} in L2((=T,T); H *(Ig,)),

(B4) |r2nk(t2,r2) —ring(ty, )| < Oty — t1|/8 + |ry — r11/?),
(B5) L = [T S Lens0 POy (i + V) pasnal

The energy decay estimate (3.2.2) and assumption E[ng] < oo imply that E[ny(¢)] remains boun-
ded with respect to k for all kK > T'. Therefore, (B1) follows directly from (3.2.2) and then (B2)
follows from Remark 3.2.8. As rn(t,r) is obtained as the pointwise limit of (r + &) n.(t + &, ),
estimates (B3) and (B4) follow directly from passing to the limit ¢ — 0 in (A6) and from (3.2.15)—
(3.2.16) in Proposition 3.2.7. Finally, to see (B5), we note that

0o Ry
/ / 1rn>07°n‘8r(u+v)|2drdt < S(no),
0 0

so by change of variables we obtain

0o Ry
Li(T) < / / Lynsorn|0p(u+ V)2 drdt —) 0.
k-7 Jo

k——+oo

Step 2 : Bounds coming from the entropy. We prove now uniform estimates
(C1) {Vrdpmi} in L*((=T,T); L*(Ir,));
(C2) {27} in L*((~T.T); L*(IR,))-

To this end, we integrate the entropy relation (3.2.3) between k¥ — T and k + T and perform a
change of variables to obtain

Ry
/ / (wrnk |0png | + 7]0, Tnk|2—|—6|a 1| )drdtﬁ

T R,
< Ong(=T,-)] — ®ni(T, )] + [T/O rOpny, 0,V drdt.
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We need to bound the right-hand side. Concerning the entropy term, we recall the inequality
logn < n — 1 valid for n > 0 so that, by bound (B2),

Ry
D(n(T,-)) = /0 r(ng(T,r)(logng(T,r) — 1) + 1) dr <
Ry
< /0 r (T, 7))2 + na(T, 1)) dr < C [V ngl| oo < C.

The same estimate is satisfied by ®(ng(T)). Concerning fTT fORb r Oyny, 0,V dr dt, we estimate it
using (B1) and uniform bound on 0, V. Therefore,

Ry |8 ’I’Lk|
/ / ('yrnk |0png|? + 07]0ppng|? + 6 ) drdt < C(T, E(ng)).

Step 3 : Convergence in equation (3.2.24). Reasoning as in the proof of Theorem 3.1.1 we obtain
in the limit £ — oo

T T Ry
/ (0o, ) -1 1 dt + / / Lm0 7 Moo O (ftoo + V)Ordrdt = 0.
—rJo

-T

We can show even better, namely that 0;n., = 0. Indeed, from the Cauchy-Schwarz inequality
we obtain that for every test function y compactly supported in (—T,T) x (0, Rp),

T Ry
/ / romnex| =
-T JO0

T Ry
<c o= [ [ Lsormonn + VP 0.
_1.Jo k—o0

Ry
]lrnk >0 Tnkar (Mk + V)aTX

where we used (B2) and (B5). This means that in the limit, no, does not depend on the time
variable ¢. Then, in the limit, we obtain that, for every test function ¥,

Ry
/ / IL7‘nm>0 rnooar(ﬂoo + V)a’rx =0.
TJ0

Step 4 : nl_ is uniformly continuous and ne satisfies Neumann boundary condition n._(0) = 0.
We recall that n., does not depend on time. Moreover, the estimate (C1) implies that nl_
is continuous on (0, Rp]. Furthermore, from the estimates (C1)-(C2), we obtain the absolute
continuity in space of the derivative of n... Indeed, for every r1, 72 € (0, Rp) we obtain

T2

(Ornoo(12))? = (Ornoo(11))> =2 | 0o (1) Dppico (r) dr

1 8 ,ri;.i( )\farrnoo( )

< 2(/T2 Mdr)l/ (/ T|3rrnoo(r)|2dr)1/2.

T1 T1

=2

From this, we deduce that 0,n is bounded so that by the Sobolev embedding, n, is continuous
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and

Moo (T2) — Moo (1) = /T2 OrNoo (1) dr.

Next, we discover that (0, Ry] o 7+ (9rnoo(r))? is uniformly continuous, so that by Lemma
3.2.10 below, nl(r) is uniformly continuous on (0, Rp]. Therefore, there is the unique extension
of r — nl (r) to [0, Rp] which is uniformly continuous. Furthermore, in view of

/wadr<0
O —_ )

r

this extension has to be obtained by setting n. (0) = 0.

It remains to prove that n is differentiable (in the classical sense) at » = 0 and n._(0) = 0. To
this end, we write

Moo (1) = noo(0) ‘

1 T
< f/ |0rnoo(u)| du < sup |9pnoo(u)| — 0
T Jo u€(0,r]

as r — 0 by uniform continuity which, again, implies that n._(0) exists and n._(0) = 0.

Step 5 : Neumann boundary condition n’_(Rp) = 0. The proof is similar to Step 6 in Section 3.2.2.
For a fixed k € N, there is a set of times N C (0,T) of full measure such that, when ¢ € Ny,
we have n} (¢, Rp) = 0 and n(t,-) € H*(Ro, Rp). Let N' = NgenNg, which is again the set of full
measure. For t € N and ¢ as in Step 6 in Section 3.2.2, we have

Ry
/ n(t:7) ¢/ () + mi(t,7) ¢(r) dr = 0.
Ro

We multiply by a smooth test function n(t) and pass to the weak limit k& — oo to deduce

T Ry
/ n(t) dt / (nlo(r) &' (r) +n(r) ¢(r)) dr = 0.
0 Ro
As Neo € H2(RO, Rb) we deduce ’I’Lgo(Rb) = 0. ]

Lemma 3.2.10. Let f : (a,b) — R be a continuous function such that f? is uniformly conti-
nuous. Then |f| and f are also uniformly continuous.

Démonstration. First, we observe that | f| is uniformly continuous as a composition of a %—Hélder
continuous function and a uniformly continuous one. Therefore,

Ve>0 36>0 Voye(ab) |r—y <6 = |If(@) - |fw) <e. (3.2.26)

Fix € > 0 and choose 6§ > 0 such that (3.2.26) holds with /2. Let z,y € (a,b) be such that
|z —y| < 4. If f(x), f(y) have the same sign we are done. Otherwise, by continuity, there exists
z between x and y such that f(z) = 0. As |x — z|,|y — 2| < §, we can apply (3.2.26) again to
deduce

[f(@) = fWI < [f (@) = fFR +1f(2) = fy) <e/2+e/2 =
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3.3 Properties of the stationary states

The stationary solution built previously has compact support for Ry large enough. This is the
main content of Theorem 3.1.2 which we prove here. We still use, to simplify notations, the
potential V(1) = 2. We postpone to Appendix 3.6.1 the case of a more general potential V (r).

3.3.1 Proof of Theorem 3.1.2 (A)
We recall that, from Theorem 3.1.6, no, > 0is C1, n’_(R;) = 0,n._(0) = 0.

Proof of Theorem 3.1.2 (A). To prove that n, is non-increasing, the main idea is to show that
it cannot have a local maximum except at the point r = 0.

To do so, by contradiction, we assume there is local maximum at Ry € (0, Rp]. This implies that
nl (Ry) =0, n’’_(Ry) < 0. Also by C'! regularity, in a neighborhood of Ry the equation hold

(T) = C—T'Q,

)
W () = Sl () = Ol
for some constant C'. This equation implies that the local maximum is strict.
Also, still by C! regularity, in this neighborhood of Ry there is a point 0 < R; < Ry such that
0 < noo(R1) < Noo(R2) and nl(Ry) > 0. Evaluating the equation at the points Ry and R, and
eliminating the constant C, we obtain

5nZO(R1) = R% — R% + n;’O(Rl) — ngo(Rg) — Ringo(Rl) + 6TLZO(R2) < 0.
1
Therefore ne, is strictly concave at R;. Consequently, R; can be continued to smaller values,
Noo(R1) staying concave increasing (and thus n/_ larger and larger as Ry decreases) until either
Ry = 0 or ne(R1) = 0. In both cases we get a contradiction with the condition n’_ (R;) = 0
which holds at 0 and at values where no(R1) = 0.
Consequently, the only possible local maximum is at 0 and n., is non-increasing.

The upper bound on n. (Rp) is just to say that n.(r) > ne(Rp) on the full interval.

3.3.2 Proof of Theorem 3.1.2 (B)

We now consider a stationary state such that ne(Rp) = 0. Theorem 3.1.2 (A) asserts that there
is R € [0, Rp) such that n.(r) = 0 on [R, Rp] and ny, is positive on [0, R). Hence, on [0, R], the
relation (3.2.25) shows that there exists a constant, that we write R? — X, such that n., solves

n”(r)—gn’(r)chn”(r):R27r27)\, 0<r<R,
(3.3.1)
n(R) = 0.

Because it is C'?, the stationary solution also satisfies n/_(R) = 0 (and this is also true for R = Ry,
as stated in Theorem 3.1.1. We prove that there exists only one value A such that the solution
of Equation (3.3.1) also satisfies the condition n/(R) = 0.

Firstly, we exclude some values of A. Here, we use the notation n” for max(0,n)?.

Lemma 3.3.1. Being given XA € R, let n be the solution of Equation (3.3.1) Then, we have
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— when A > R?,
— when A < 0,

(r)
(r)
Démonstration. For A > R?, n < 0 is a consequence of the maximum principle and it follows
immediately that n’(R) > 0. If we had n’(R) = 0, the equation gives n'’(R) = % > 0 which is in
contradiction with the fact that n is nonpositive in a small left neighborhood of R.

Vrel0,R] and n'(R)>0,

n <0
n(r) >0 VYrel0,R] and n/(R)<0.

For A <0, n > 0 is a consequence of the maximum principle and it follows that n’'(R) < 0. To
exclude the possibility that n'(R) = 0, we suppose by contradiction that n'(R) = 0. Since we
also have n(R) = 0, we find that n”(R) = 3. As before, for A < 0, we find contradiction. For
A =0, we have n”(R) = 0. Differentiating the equation, we find

n” (r) n'(r)

vl = oy

Y ) () — 60 (r) — & .

and thus n®)(R) = 2R/§ > 0. As n(R) = n/(R) = n”(R) = 0, it follows that in a small
neighbourhood of R, n has to be negative raising a contradiction. The lemma is proved. 0

Secondly, from Lemma 3.3.1, we may conclude that there is at least one value A € (0, R?) such
that the Neumann condition is satisfied. This value is unique

Lemma 3.3.2. There exists only one A € (0,R?) such that the solution of (3.3.1) satisfies
n/(R) = 0.

Démonstration. Suppose there are two solutions ny,ns of (3.3.1) with 0 < A\; < Ay < R?
such that n;(R) = nj(R) = 0 for ¢ = 1,2. From (3.3.1), we find n}(R) = 4. Therefore 0 <
n{(R) < n4(R) and we conclude by a Taylor expansion that nj is smaller than n} in a small left
neighborhood of R which contradicts that n decreases with A. This proves Lemma 3.3.2. O

Proof of Theorem 3.1.2 (B). Clearly, n, is a solution to the problem (3.3.1) with some A. By
Lemma 3.3.1, we know that A € (0, R?) and then Lemma 3.3.2 yields the unique value of .

For the second assertion, if there are two solutions (n1, A1), (n2, A2) of (3.1.7), Lemma 3.3.2
applies and we obtain that A\; = A2. The conclusion follows from uniqueness of solutions of the
elliptic PDE (3.3.1).

O

3.3.3 Proof of Theorem 3.1.2 (C)

Consider a solution n. of (3.1.6) with a := n.(Rp) > 0. From Theorem 3.1.2 (A), we know
that ne is C! and nl_ < 0 so that ny, > 0. Therefore, from the equation for ne, rns(r) is C?,
and (3.1.6) boils down to

nl, — gn' —on” =R —r>=X in (0,Ry),
Noo(Rp) = a > 0, n/(Ry) =0, (3.3.2)
m = fOR" T oo (r) dr,

where A\ is some constant. Our goal is to prove that if Ry is sufficiently large with respect to m,
there is no such solution of (3.3.2). Therefore we now assume that R, > 2.
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A useful formula in the sequel is, because of radial symmetry and after integration between 0

and 7,

7“2 T4

/ F R (F) 7 — 5rdhma = (B2 — A)— — . (3.3.3)
0 2 4
Another useful general observation is that we may assume

Noo(Ry)” < Ry’

Otherwise, by Theorem 3.1.2 (A), we have m > %ﬁ/v which proves the result.

Firstly, we provide lower and upper bounds on admissible values of the constant A

Ry

—Ry> < —ngo(Ry) <A< - (3.3.4)

The first inequality is the above restriction on n.,(Rp)Y. The second inequality is valid because
n” (Rp) > 0 since ny is decreasing and n’_(Rp) = 0. The third inequality is just (3.3.3) at r = Ry.

Secondly, we provide a control of ns(0). To do so, using (3.3.3), 0,ne < 0 and the above upper
bound on A, we estimate |0,n| from above as

0|0rnoo| < Ryr.

ThiS gi\/es
( ) > n ( ) 2 5
Moo\ - oo 0 1

and, with a > 0 such that o = 212? <

aRy 2R2 R2 2R2 2R2 R2
mZ/O rnw(r)dr2a2b (nOO(O)—;%O[Qb ):a2b (noo(O)—g).

As a conclusion of this step, we may assume

Neo(0) <

)

Ry’
1

3 012R52 Rb2 — R},2 3 3
otherwise m > &= = §=35- and the result is proved again.

Thirdly, we prove that with this control from above of n,(0), the derivative |0,n| is large, thus
again there is a control on the mass since no, is decreasing. To do so, we use again (3.3.3) and
the third inequality in (3.3.4). This gives

r2 Rb2 r2 r4 2 Rb2 Rb2 r2 r2 Rb2
0r|0rnoe| = —Noo T — - 2 - — ===
7|0 Moo | > n(0)2+2 5 12 < 1 T3 2) 4< r)

where we have used the smallness assumption on 14 (0) and v > 1. On the range r € (0, £&), we

control ) ) )
r Ry Ry” Ry 2
> - — > 2 _
0|0rnoo| > 11 thus neo(r) > 325 ( 1 ),
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R [B/2 [ R , Ry
>0 = >
m*325/0 ") ess

Again we have the desired control and Theorem 3.1.2 (C) is proved.

and thus

3.4 Proof of Theorem 3.1.3

To study the incompressible limit of stationary states of the Cahn-Hilliard equation, the difficulty
comes from the singularity of the pressure.However it is possible to fully characterize them, and
calculate the pressure jump at the tumor boundary. We begin with establishing the existence
and uniqueness for the solution n;,. of the limiting equation. Then, we show that all limits of
ny’s are determined by this profile n;y,..

3.4.1 Preliminary steps

If a sequence v, — oo of stationary states ny converges to n;,. and the sequence of pressures
Pr = nZ’“ converges to Pin.. Then we expect that pine(nine — 1) = 0. Therefore, there should
be a ’tumor zone’ where n;,. = 1 and the pressure vanishes outside. This leads us to study the
following problem in the zone (Rg, R) where p;p. =0 :

U:-(S’U,IC/ZRZ—TQ_)\C in (R07R)a

i
ue(R) = u(R) =0, ue(Ro) = 1,ul.(Ro) = 0, (3.4.1)

R
Jo Tinc(r) dr = m,
where n;,. is the extension of u. by 1 on [0, Ry].
In a later subsection, we prove the convergence of the stationary states ny to this limiting profile.

Notice that System (3.4.1) has three free parameters (R, Ro, A.) and three constraints (2 ad-
ditional boundary conditions and mass m). The following proposition gives the existence of a
solution.

Proposition 3.4.1 (Unique limiting profile). Let m > 72 812, There exist uniquely determined
R >0, \. € (0, R?) and Ry € (0, R) such that Equation (3.4.1) has a solution. Furthermore,

Ro=+VR2—2\. and A~ V6RY36Y3  for small § > 0. (3.4.2)

We postpone the proof of this proposition to the next subsection. Its proof uses an explicit
solution obtained by the following problem. Find a couple (A, u) such that

{—fu’ —ou"=R*>—7r2-), in(0,R) (3.4.3)

u(R) =u/(R) =0.

Proposition 3.4.2 (Lower bound profile). Let \, € [0, R?], then the solution u of (3.4.3)
satisfies

(A) the explicit formula for u

R, ry (2 —RY)?  R2-2),
u(r) = 45 (R —2)\u)ln(—)+ T

R (R2 - r2)7



124 CHAPITRE 3. Pressure jump and stationary solutions of the CH equation

sy (RE=1r?)(R? — 1% —2)\,)
w(r) = 46 r ’

(B) the function u(r) is decreasing and positive for r such that 0 < R? —r? < 2\,

(C) for a solution ns of (3.1.7) as in Theorem 3.1.2, if Aoc = Ay then neo(r) > u(r) for
r € (0, R].

Proof of Proposition 3.4.2. To prove (A), we first compute «’(r) and w”(r) :

R? 1 (r2—R%»)r R2-2) (R?2 —r?)(R? —r% —2)\,)

/ _ v p2 9 L o u. u
win) =5 = 20) T+ —7 5 457 ’
v —4r(R% — r?) + 4\, 7 B (R? —r?)(R? — 12 —2)\,) 1 s 3 u'(r)
(r) = 467 46 72 9 (R"=r" =) ro

Therefore, we obtain the desired equation (3.4.3).
The statement (B) is an immediate consequence of the formula for «'(r).

Finally, we prove (C). We introduce h(r) = no(r) — u(r) and we have to prove that h(r) > 0.
From the equations we get

)
n? — —h' —6h" =X\, — X in (0, R].
T

So, thanks to our assumptions and letting ¢'(r) = rh/(r), we have

/
wr(r) + ) ff) >0, g"(r) > 0.

Integrating this from r to R and using the boundary conditions, we obtain
gd(r)<0 = rh'(r) <0 = K(r) <0.

Integrating this once again and using boundary conditions, we discover h(r) > 0 as desired.
O

3.4.2 Proof of Proposition 3.4.1.

The explicit solution built in Proposition 3.4.2 allows us to characterize the parameters A, and
Ry. Indeed, we are looking for A, and Ry such that

(R* — R3)(R* — Ry —2)\.)
46r
2 R0> n (R3 — R*? R?2-2)\,

R
UC(R()) = R(RQ — 2)\c) In (R 160 + 35

ul.(Ro) = =0, (3.4.4)

(R* - R3) = 1. (3.4.5)

Lemma 3.4.3 (Solving for Ry and A.). Let R > 0. Then (3.4.4)-(3.4.5) has a unique solution
if and only if 166 < R*. Moreover, the solution is given by

2
Ro = /RZ — 2X,, A = e (3.4.6)
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where x. € (0,1) is the unique solution of

86

- (3.4.7)

1
(1—2.) In(1—2.)+ 53:34— (1—2.)xe. =
Démonstration. We split the reasoning into several steps.

Step 1 : Equation for Ry. Because Ry = R cannot fit (3.4.5), from (3.4.4) we immediately deduce
the formmula for Ry in (3.4.6).

Step 2 : Equation for \.. We plug the formula for Ry into (3.4.5) to deduce

R? VR? — 2,\C> N 402 R?-2)

——(R?-2)\.) In (

40 R 160 g5 =1L

Using properties of logarithm and simple algebra, we have

R2

2 2
86(32—2AC)111<1 DC) A | I =2

S} g e W T ey
)Tt )

Introducing the auxiliary variable z. = 21%\2‘6 and after multiplication by %‘Z, this equation is
equivalent to Equation (3.4.7).

Step 8 : Existence and uniqueness of . and \.. We prove that if 16§ < R?*, equation (3.4.7) has
a unique solution. To this end, we define

flz)=(1-2)In(l-2)— %xz + foy=0, f(1)= % (3.4.8)

Then, we compute
1
f(x)=—-In(1—-2x)— =, f(x) = 1 - 1. (3.4.9)
-z
Since f/(0) = 0 and f”(x) > 0 for z € (0,1), it follows that f'(x) > 0 so that f(z) is increasing,.
It follows that f is one-to-one from (0, 1) into (0, %) Therefore, when 166 < R*, there exists a
unique z. € (0,1) such that f(z.) = 3. O

Lemma 3.4.4 (Estimates for x.). Let z. be a solution to (3.4.7) and 16 < R*. Then, we have

Lo~ 2V60 3R, Ae & V663 R?/3 (asd —0). (3.4.10)
More precisely, we have
z. < 2V65/PRTY3, (3.4.11)
Moreover, if 686 < R*, we have
x> 2V/5 03 RT3, (3.4.12)

3.4.7) shows that z. is small. More precisely, using (3.4.8),
) =

Démonstration. For § small, Equation (

3.4.9), we obtain = = an = 1 since ) = +——=. Hence, by
3.4.9 btain f(0) = f/(0) = f”(0) = 0 and f®)(0) = 1 since ) (11@ H b
3

the Taylor expansion, for small =, f(z) ~ % . Plugging this approximation into (3.4.7), we obtain
Estimate (3.4.10).
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Next, we observe that

(k — 2)!

EST=E F®0) = (k- 2)L.

(@) =

In particular, the Taylor expansion around x = 0 gives

k—2)! 1
-G-8 e
k>3

k>3

Therefore, f(x) is controlled by

73

- :

.%'3
<fl@) < g:oxk =509 (3.4.13)

The control (3.4.11) follows from the lower bound.

Finally, using this, we can find § such that 2V/66/2R~%/% < 1 namely 685 < R*. Then, we
have z, < % so that 1 — x, > % and then the estimate (3.4.13) gives us

84 x3 x3
_ = < e < c
e S gr o S

so that
89

3
g% — %fgxg — 2V58PRY3 < 4.

Iny
=

Lemma 3.4.5. Let u. and ni,. be a as in Equation (3.4.1), then the total mass of nine satisfies

R RS 23(R)
M(njne) .—/O T Nipe(r) dr = 65

6 .3
Moreover, the map R — %ﬁém is increasing if R*z3(R) > 324.

Démonstration. Because nj,. is a C! function, integrating by parts, we find

R 1 (R 1 (R
M(njne) = / T Nine(r) dr = —f/ r2nl, (r)dr = —f/ r2ul (r) dr.
0 2Jo 2 JR,
Inserting the formula for . (r) stated in Proposition 3.4.2, we deduce that
1 (R
M(nznc) = 3 r (R2 — TQ)(R2 — T2 — 2)\0) dr.
86 Jr,

With the notations A, := R2xc/2 and Ry = R\/1 — z., we obtain

R
M(nine) = ! r(R? —r®)(R* — r? — R%z.)dr.

_g R\/1—x,
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We change variables 7 = R%Z — 2 to get the desired formula

1 Rz, RS23
M(Nipe) = —1—65/0 (1 — R?z.)dr = 963 -

For the second assertion, it is sufficient to prove that the map R +— R®z3(R) is strictly increasing.
Note that z.(R) is given implicitly via equation (3.4.7). Differentiating it with respect to R, we
discover that

dee
dR

(e +log(1 — ) = 220 —, e 520

R AR B (z. +log(l—20)

Then, we study the derivative of RS z3(R),

96 Ra?
(T +log(l — )

dzx
= 6R%23 + 3R6x§d—}§ =6Rx2 +

d(R°x3(R))
dR

Using a simple Taylor estimate, we have
increasing since

m > =% and we conclude that RPz3(R) is

6,.3
M%JE(R)) > 6R°z® — 1926 R = 6R (R'z® — 320).

O

Proof of Proposition 3./.1. First, we notice that if (R, R, \) satisfy conditions of the Proposi-

tion 3.4.1, then Ry, A, are given by (3.4.6) (Lemma 3.4.3) and h;;f? =m (Lemma 3.4.5). Then,

by the control 622§'/2 < m as well as an upper bound on z., cf. (3.4.11), we deduce

RS23  R2?
c < =— 6%2%5 < R%.
966 — 2 =

62262 <m =
This means that we can apply the lower bound (3.4.12) to deduce
R*z3 > 406/,

It follows that the necessary condition for existence of (R, R, \) is 642§ < R* which implies
R*2? > 404"/3. Therefore, by Lemma 3.4.5, the map R — RSz3(R) is invertible and we can find
uniquely determined R such that

B RS23(R)

- 966
With such a value R (because 165 < R*), we can find unique Ry and A, solving (3.4.4)-(3.4.5)
so that the formula for the mass is satisfied and the conclusion follows. O

3.4.3 Proof of Theorem 3.1.3

The solutions of Theorem 3.1.2 satisfy, with A\, € (0, R?), Ry > 0,

nlt —onjl —2nf =R —r? =X\, in(0,Ry), nk=0 in (Ry, Ry),
ni(Ri) = nj,(Ri) =0, n;(0) = 0.
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Thanks to the maximum principle, the sequence {n}*} is bounded in L>°(Ig,). Moreover, mul-
tiplying this equation by n} and integrating by parts, we obtain

Ry (n’ )2 Ry
/ (5( "2+ kT 1(n;€)2 +4 2k2 > dr = / ny (RE —r% — \p)dr.
0 r 0

Since 0 < Ry, Ak < Ry, the right-hand side is bounded by § f 24+ C(6, Rp). Thus, {nf} is
uniformly bounded in L?(0, R;). Therefore, up to a subsequence as k — 00

ny* = pine >0 weakly” in L=(Ig,), N — Nine <1 in C! (Ir,).

We also have the algebraic relation pjne(nine — 1) = 0. The inequality pine(nine — 1)
straightforward using pin. > 0 and 7, < 1. It remains to show that pine(nine — 1) >
v > 0, there exists 7y such that for v, > o

< 0 is
0. For

Y+l Yk
ny, >n, —v

~
because the function z — 27 (x—1) is nonpositive on [0, 1] and attains its minimum — (#) ﬁ
0 as v — oo. Then, from the strong convergence of nj, and the weak convergence of n}* we know

that nz’“nk converges weakly to pjnc Nine. Passing to the limit, we obtain
Pinc Minc Z DPinc — V,

for every v > 0. Letting v — 0 yields the result.

Since {\x} and { Ry}, are also bounded subsequences, we can extract converging subsequences

to A and R respectively. Thanks to the C'! convergence we know that n satisfies the boundary

condition nne(R) = nl,.(R) = 0 and n, is radially decreasing as the uniform limit of radially

decreasing functions. Finally, we can pass to the limit in the equation of mass conservation and

. R . .. . . . .
obtain fo TNine dr = m. To sum up, in the limit we obtain a C', nonincreasing function n;p.
satisfying

Pinc — gn;n(- — on 1n(‘ = R2 - ’f' - A in (0, R)7
ninC(R) - nlnC(R) - nznc(o) = O’

fOanmc( Ydr =m
pinc(ninc - 1) =0.

The limiting ODE is satisfied on (0, R) because the ODE for ny, is satisfied on (0, inf;> Ry). Pas-
sing to the limit, we obtain the ODE on (0, lim_, o inf;> Rx) = (0, R) because R = limy,_, o Rk.

We claim that n;,. reaches the value 1. By contradiction, if n;,. < 1 on [0, R], then p;n. = 0 so
that n;,. is a C! solution to the following ODE on [0, R] :

)
r

inc 6nilnc = R2 - TQ - )‘7 ninc(R) =n (R) =n, (0) =0.

mc mc

By Proposition 3.4.2 (A) such a solution does not exist.

By monotonicity and the fact that n;,. reaches value 1 we deduce that there are two zones. In the
zone {pine > 0} we have n,. = 1, and thus pi,. = R? — 72 — \. Then, when n;,. < 1 (njne is de-
creasing), let us say at 7 = Ry we have p = 0. The pressure jump is equal to [pin.] = R*— R3 — .
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Finally, the convergence of the whole sequence follows from uniqueness of the limiting profile as
stated in Proposition 3.4.1.

3.5 Conclusion and numerical simulations

Motivated by the pressure jump imposed in free boundary problems of tissue growth, [177, ,

, |, we included surface tension in such compressible models. We established that radially
symmetric stationary solutions of the Cahn-Hilliard system with a confining potential V' (r) exist
and are decreasing. In the incompressible limit, they present a jump of pressure at the boundary
of the saturation set {n = 1}. We computed explicitly this pressure jump which is proportional
to 0'/3V'(R)?/3. There is a vacuum zone {n = 0} that induces a degeneracy which is the main
difficulty when establishing the a priori estimates.

It is an open question to prove a similar result, for a propagating wave, when the system is driven
by a source term rather than a confining potential, as in [151] for instance. However, we provide
numerical simulations in radial coordinates. More precisely, we focus on the system

= ’nG(p), in (01 +OO) X IRM
(3.5.1)

When v — oo, we expect to find the incompressible limit

{[[p]] (5[[?1«

These equations are obtained formally after setting n = 1 in (3.5.1) and using the relation
p(n — 1) = 0. The main open question is to link the value of the pressure jump to the other
parameters of the model, i.e. the source term G, the parameter § and boundary’s curvature. In
radial settings the curvature is % where R(t) is the radius of the tumor. We present below
some numerical simulations for the evolution of the density and the pressure of the tumor. If
the pressure jump seems to be decreasing as the tumor grows, it is not numerically clear how to
determine the pressure jump.

(p), p(n—1)=0, in{n=1},
d—”)]] on 0{n = 1}.

%’\m ||
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== == pressure == == pressure
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(a) Initial condition (b) Evolution at ¢ = 0.31
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m— dlensity — dlensity
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(c) Evolution at ¢t = 1.14 (d) Evolution at ¢t = 2.11

Numerical settings. For the source term, we take G(p) = 10(1 —p). We use an explicit scheme,
with time step dt = le—7, final time ¢ = 2.11 and the interval is I, = [0, 10] with 300 points.
The initial condition is a truncated arctangent. To remove the degeneracy r = 0 in the numerical
scheme, we consider r + ¢ instead of r for some small € > 0.

The pressure p reaches the value 1, as the density, because we choose the homeostatic pressure

pr, = 1 in the source term G(p) = 10(pp, — p). The homeostatic pressure is interpreted as the
lowest level of pressure that prevents cell multiplication due to contact-inhibition.
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3.6 Appendix

3.6.1 Limit profile for general force in dimension 2

We generalize the pressure jump formula obtained when V(r) = 72 and, for a general strictly
increasing force V', we establish that

V12
A~ g SY3(V!(R))?/3. (3.6.1)
Hence, we consider the solution in (0, R) of
" n/(/r) !/
on'(r) + 57 ==V(R)-V(r) — A, n'(R) =n(R) = 0. (3.6.2)

Step 1 : An expression of the solution. The solution is given by

r 2_p2 R L
n(r) = & (V(R) >\) log (%) + B2 (V(R) — M) + L [ HE) g, (363
H(z) = [lu
Indeed, we immediately verify that n(R) = 0. Moreover, we have
R? 1 r H(r)
/ —_— — —_— — — p— _ —
n'(r) = 55 (V(R) — X) . 26(V(R) A) 5 (3.6.4)
As H(R) = 0, we have n’(R) = 0. Finally, we compute n” using (3.6.4)
R? 1 1 1 H(r)
1 _ _ - _ =
n’(r) = % (V(R) — \) . 25(V(R) A)+ 5V(7‘) + 5,2 (3.6.5)

Therefore, combining (3.6.4) and (3.6.5), we obtain (3.6.2).

Step 2 : Limit profile. We are looking for the solution n of (3.6.2) such that n(Ry) =1, n (Ry) =0
for some Ry < R and some ), i.e. we have two parameters Ry and \ to be found.

The condition n'(Rp) = 0 is immediately obtained from (3.6.4). It is given by
(R* = R2) (V(R) — \) — 2H(Ry) = 0. (3.6.6)
For the condition n(Rp) = 1, from (3.6.3) we obtain

R? R
o (V) =) tog (7

7 dz = 1.

2 2 R 2
>+R B0 im0+ A e

Then, we use (3.6.6) to remove the term (V(R) — A), and multiply by 20 to get an equation for
Ry
H(Ro) R3 " H(z)
R? log ( -3 Rg) +2 dz = 26.
g O\ ) PRI T2 ]
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2 2
We introduce the variable 7 := & ggRO so that the equation reads

log(1 — " 2 R?
H(VI—7R) <°g(T) + 1) +2 / HE) gy mos rm LQRO. (3.6.7)
T VI=rR % R

Step 3 : Fxistence and uniqueness of T and Ry. We define the function

F(r):=H(V1-TR) <log(17_ D 1> +2 /;;R @ dz.

As H(R) =0 and w is bounded near 7 = 0, we have F(7) = 0. Now, we want to compute
F'(7). First,

d%?—t(\/l —TR)=V1—-7RV(V1-17R) 2\/% _ BV ”21 — TR), (3.6.8)
d(, /R M) ) o (_”H(\/l —TR)) R H(HWT-7R)
dr \" Jyizer 2 - VI—7R ) 2yi—7  1-1
d [log(1—7) 1 log(1 —7)
d’/"(’/"+1>:7'(7'1)_ T2 '
Therefore, by the product rule, we find
F(r) =
_ R2 V(\/Ql —TR) (log(lT— T) N 1) +H(VIZTR) (1 i . N T(Tl_ - log(71-2— T))
og(l—r7 2rv(V1—T1
_ % (1 g(lT ) +1> (R V(21 B —H(ﬁR))
(3.6.9)

Since w +1<0for e (0,1), to prove F'(7) > 0, it is sufficient that for 7 € (0, 1)

RrV(VI=7R) —H(VI—7R) <0.

6.1
5 (3.6.10)
This function vanishes in 7 = 0. Moreover, its derivative with respect to 7 is equal to
R2V(V/1—-1R) . R?7V'(V1—-7R) —-R B R2V(V/1—-1R) B _R%V’(ﬁﬁ’)
2 2 2VI—7 2 B 4/T=7
(3.6.11)

where we used (3.6.8). As V' > 0, we conclude (3.6.10) which implies 7'(7) > 0. Hence, in some
neighborhood of 0 we can find exactly one 7 that solves the equation. Moreover, it is unique as
F is strictly increasing. Then the uniqueness of Ry and A follows.

Step 4 : Taylor expansion of 7. As F is strictly increasing, we expect the solution 7 to be small
(if ¢ is small). This justifies to use Taylor expansion around 7 = 0. We already know that
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F(0) = F'(0) = 0. Now, we claim F”(0) = 0. Indeed,

d(log(l—T) +1>:_2log(1—7) T—2 2log(l-7)1-7)+(2-7)7

dr T2 T 73 (1—-71)72 - (1—-7)73

so that using (3.6.9) and (3.6.11) we compute

" 1 [log(l1—7) R37V'(V1—7TR)
7 T< ’ +1> Wi-r (3.6.12)
2log(l—7)1—-7)+2—-7)7 (R27V(JV/1—7R o
~ 2log( ()1(—7)i3+( ) ( (\/2 )—H(\/ﬁRO

Since 2log(1 — 7)(1 —7) + (2 — 7) 7 = 73 for small 7, the expressions above are bounded in the
neighborhood of 0. Evaluating them at 7 = 0, we obtain F”(0) = 0.

Now, we claim that F()(0) # 0. To see this, we write expression (3.6.12) in the form
F'(1) = A(r) B(1) + C(7) D(7)

so that
FO(r) = A'(1) B(r) + A(1) B'(7) + C'(7) D(7) + C(7) D' (7).

We study the four terms above separately.

— A'(1) B(7)|r=0 = 0. Indeed, A'(7) = —C(7) and the latter is bounded in the neighbourhood
of 0 (see Taylor’s expansion above). Moreover, B(0) = 0.

— C(1)D'(7)|r=0 = 0. Indeed, C(7) is bounded around 7 = 0, while D’(0) = B(0) = 0.

— C'(1) D(7)|r=0 = 0. In fact, D(0) = 0, so it is sufficient to prove that C’(7) is bounded
near 7 = 0. We have

C'(r) = T (27 —97‘—|—2$6k;g2()1 —7)(1—-7) .

1.2 1.3

Using expansion log(1 —7) &~ —7 — 57° — 37° we have around 7 =0 :

7 (27 =97 4+ 6) + 6log(1 — 7)(1 — 7)% =~
~ 27° — 977 + 67 — (67 4 377 + 27°) (1 + 77 — 27)
=2r% =972 4 67 — 67 — 37° — 27° —67° — 37" — 27° + 1277 + 67° + 477)
=7 275

— A(T)B'(7)|r=0 = w. Indeed, A(0) = 3. Moreover, we have

_RV(I=7R)  RV'(VI=7R) (-R)  R7TV'(VI=7R)
Y Ni-r  wi-r  81-7R

which implies B’(0) = %m)

B'(7)
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Therefore, equation (3.6.7) can be approximated with

317/ 3 1/3
liRV(R)T:g:Q(S(:)ﬁ:i%(S @7272\/55 .
6 8 R3V'(R) R{Y/V'(R)

Step R : Taylor expansion for A. Small value of 7 means that Ry is close to R. Therefore, we
expand in Taylor series equation (3.6.6) around Ry = R. Writing

G(Ro) := (R* — R3) (V(R) = \) = 2H(Ro) = 0,
we have
G'(Ro) = —2Ro(V(R) — X\) + 2Ry V(Ro) = 2Ry (V(Ro) — V(R) + \),
g”(R(]) =2 (V(R()) — V(R) + )\) + 2Ry V/(Ro)

It follows that G(R) = 0, G'(R) = 2RoA and G”(R) = 2\ + 2RV’(R). Therefore, (3.6.6) can be
approximated with

2Ry MRy — R) + %m +2RV’'(R))(Ry — R)*> = 0,

which can be rewritten as

R(R— Ro) V'(R)

\ =
Ro+ R

Usi BB we have R — Ry = 25— so th
sing 7 = —pgz— we have R — 0—R+Rosot at

_R*7V(R) RTV'(R) _ \3/@51/3

 (Ro+RZ T4 2 (V' (R)?.

Notice that when V(1) = r2, we have V'(R) = 2R. Therefore, A = ¥/66'/3R?/? as in (3.4.2).
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Chapitre 4

Degenerate Cahn-Hilliard equation :
From nonlocal to local

Abstract

There has been recently an important interest in deriving rigorously the Cahn-Hilliard equation
from the nonlocal equation, also called aggregation equation. So far, only non-degenerate mobi-
lities were treated. Since we are motivated by models for the biomechanics of living tissues, it is
useful to include degenerate motilities. In this framework, we present a new method to show the
convergence of the nonlocal to the local degenerate Cahn-Hilliard equation. The method includes
the use of nonlocal Poincaré and compactness inequalities.

4.1 Introduction

Several recent papers [273, , , | have addressed the problem of deriving rigorously the
Cahn-Hilliard equation from the nonlocal equation, also called aggregation equation [35]. In these
works, only the case of non-degenerate mobilities is treated, which avoids the delicate question
of defining the limit of low-order products that one encounters for nonlocal degenerate mobility
that we present now. The degenerate model is written

O = div(uVp), in (0, 400) x T%,
p= Blu] + F'(u), in (0,400) x T,

equipped with an initial datum «® > 0. Here, T% is the d-dimensional flat torus, B is the nonlocal
operator B = B, defined with

1 1
Blul(e) = F(ule) —we s ul@) = 5 [ wlp)ul@) —ue—p)dy  (@1)
for & small enough and w; is the usual radial mollification kernel w.(z) = Lw(%) with w com-

pactly supported in the unit ball of R? satisfying

2D
/ w(y)dy =1, / yw(y)dy =0, / yiy;wdy = 52»7]»7, (4.1.2)
Rd Rd Rd

137
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for some constant D > 0. Our target is to prove that as € — 0, the constructed solutions of

O = div(uVp), in (0,+00) x T¢, (4.1.3)
p= B[u] + F'(u), in (0,+00) x T, (4.1.4)

tend to the weak solution of the degenerate Cahn-Hilliard equation

O = div(uVp), in  (0,400) x T% (4.1.5)
p=—DAu+F'(u), in (0,400) x T¢. (4.1.6)

The product uVp in the limiting system is not a priori well defined since we cannot control
third-order derivatives. Passing to the limit is thus the challenge we overcome here.
Our motivation for this work is fourfold.

— Firstly, the interest for the nonlocal Cahn-Hilliard equation is an old problem that can
be traced back to Giacomin and Lebowitz [189, |. These seminal works establish the
derivation of the degenerate nonlocal Cahn-Hilliard equation departing from stochastic
systems of particles. However, they left open the question of deriving the local degenerate
Cahn-Hilliard equation from the nonlocal one. This is the challenge we overcome here.

— Secondly, a revival of interest for this problem appeared in the last years with several
papers [273, , , | deriving the local from the nonlocal Cahn-Hilliard equation in
the non-degenerate case.

— Third, the nonlocal Cahn-Hilliard equation can be seen as a porous medium equation with
a smooth advection term that is well understood, conversely to the local degenerate Cahn-
Hilliard equation.

— Finally, the nonlocal Cahn-Hilliard equation (4.1.3)—(4.1.4) is in fact an aggregation-diffusion

equation with a nonlocal term corresponding to the aggregation effect [35]. Thus, in this
paper, we show that if the nonlocal effect is appropriately scaled, one approaches Cahn-
Hilliard equation. This limit was formally stated for instance in [132, 15, 165] and our work

provides a rigorous mathematical argument for this approximation.

4.1.1 Main result

We make the following assumptions on the potential F'.

Assumption 4.1.1 (potential F). For the interaction potential we assume that there exists k > 2
and a decomposition F' = F; + F5 such that

(A) Fy, F, are of class O2,

(B) Fy =0or F} is a convex function which has k-growth in the sense that for some nonnegative
constants C1, ..., Cgs we have

Cﬂu‘k — CQ S Fl(u) S 03|’U,|k -+ C4.

Cslu| =2 — Cg < FY'(u) < Crlu|*2) + Cs,

(C) F; has bounded second derivative i.e. | Fy ||oo < oo and Fy(u) > —Cy — Cio u? where Cyy is

sufficiently small : more precisely 4 Cg < Cp, with C, being the constant in Lemma 4.4.6.
Example 4.1.2. The following potentials satisfy Assumption /.1.1.

(1) power-type potential F(u) = |u|?, v > 2 used in the context of tumour growth models [259,

J ) )
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(2) double-well potential F(u) = u? (u — 1)? which is an approximation of logarithmic double-
well potential often used in Cahn-Hilliard equation, see [277, Chapter 1],

(3) any F € C? such that for some interval I C R we have F"(u) > a >0 foru € R\ I and
Clulf —C<F(u)<Clulf+C for allu e R\ I,
Cluf=2 —C < F'(u) < Cluff"2+C for allu € R\ 1,

see Lemma 4.4.3 for details.
Note that (8) is a more general version of (2).

Notation 4.1.3 (exponents s and k). In what follows we write
)2 ifFR =0,
\k ifFL#£0.

We also define s = ,f—fl and s’ its conjugate exponent.

Now, we define weak solutions of the nonlocal and local degenerate Cahn-Hilliard equation.
Definition 4.1.4. We say that u. is a weak solution of (4.1.3)-(4.1.4) if

ue € L>®(0,T; LF(T?)), dyue € L2(0,T; W12 (T%))
Vu. € L*((0,T) x T%), \/ Fl'(us)Vu. € L*((0,T) x TY),
u(0,z) = u®(z) a.e. in T¢ and for all ¢ € L2(0,T; W1>°(T?))
T T T
/ <8tu5, <p>(W71’S/(Td)7W1’S(Td)) = —/ / UEVBE[’LLE] . VQD - / / uEF//(UE)VUE . VQD
0 0 Td 0 Td

(4.1.7)
Definition 4.1.5. We say that u is a weak solution of (4.1.5)-(4.1.6) if

w e L®(0,T; L*(T%) N L*(0,T; H*(T%) N L>(0,T; HY(T%)), dyu € L*(0,T; W1 (T%)),
FI'(u)Vu € L*((0,T) x T%),

u(0,7) = u%(z) a.e. in T¢ and if for all p € L(0,T; W?°>°(T%)) we have

T T T
/ <8tu, (p>(W—1,s/(’]I‘d)7W1,S(’]I‘d)) = *D/ / AuVu - VQD - D/ / uAu AQO
0 0 Td 0 Td

T
—/ / wF"(u) Vu - V.
o Jra

Remark 4.1.6 (initial condition). In Definitions 4.1.4 and 4.1.5 we can evaluate pointwise value
u(0, ) because by [302, Lemma 7.1], we know that u € C(0,T; W15 (T9)).

With these assumptions we can construct solutions to (4.1.3)-(4.1.4).

Theorem 4.1.7 (Existence of solutions for the nonlocal system). Let ¢ be given by

. 1
o = min (55‘,65,th2,,” ) (118)



140 CHAPITRE 4. Degenerate Cahn-Hilliard equation : From nonlocal to local

where 5()4 and 569 are given in Lemma 4.4.6 and J.J.8 respectively. Let ¢ < eo. Let u® > 0 be
an initial datum with finite energy and entropy E.(u"), ®(u®) < oo defined in (4.1.9)-(4.1.10).
There exists a global weak solution u. of (4.1.3)-(4.1.4) in the sense defined by Definition 4.1.4.
It satisfies the dissipation of energy and entropy (4.1.11)-(4.1.12) with u = u, p = pe. Moreover,
ue > 0.

Our main result reads as follows.

Theorem 4.1.8 (Convergence of nonlocal to local Cahn-Hilliard equation on the torus). Let
u® >0 be an initial datum with finite energy and entropy E(u®), ®(u’) < co defined in (4.1.13)
and (4.1.10). Let {uc.} be a sequence of solutions of the degenerate nonlocal Cahn-Hilliard equa-
tion (4.1.3)-(4.1.4) from Theorem 4.1.7. Then, up to a subsequence,

u. — u in L*(0,T; H'(T?))

where u is a weak solution of the degenerate Cahn-Hilliard equation (4.1.5)-(4.1.6) as in Defini-
tion 4.1.5.

Remark 4.1.9. Note that by Lemma 4.4.7 condition E(u") < oo implies that E.(u") < oco.

4.1.2 Important components of the proof.

There are three main ingredients of the proof.

— Compactness for the system 4.1.3-4.1.4 is obtained from the energy E. and entropy ®
1
B[] = / Plu)dz + 47/ / we () |ul(@) — u(x — y)2 de dy, (4.1.9)
Td 3 Td JTd
Dlu] := / u(log(u) — 1) + 1dz (4.1.10)
Td

Their dissipation is formally controlled by the identities
t
Eg[u](t)—&—/ / uw|Vpe|* < E.[u], (4.1.11)
0 JTd

Olu)(t) + %/0 /Td /Td we(y) |Vu(z) = Vu(z —y)|* + /Td F"(u)|Vul? < ®[u]. (4.1.12)

According to the result of Bourgain-Brézis-Mironescu [53] which was improved later by
Ponce [294], uniform bounds from (4.1.11), (4.1.12) together with Lions-Aubin lemma,
yields strong convergence of {u.} and {Vu.} to u, Vu in L%((0,T) x T¢). We note that in
the limit € — 0, the energy E.[uc] satisfy (see [53, Theorem 4] and [294, Theorem 1.2])

Elu] = F(u)dz—{-%

|Vu(z)]? dz < liminf B, [u,] (4.1.13)
Td 2 Td e—0

for some constant C(d) depending only on the dimension d. Similarly, for the nonlocal term
in the dissipation of the entropy we have

d t t
2 s 1 2
oy < — — —
C(d) ) /O /Tr N0 Oeyul” <Timinf o | ] we(®) [Vue(z) = Vue(e = )|

i,7=1
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so in the limit € — 0 we gain one more derivative. We also point out that one can prove
rigorously that (4.1.5)—(4.1.6) is a gradient flow of (4.1.13) [71, 270].

— In passing to the limit, we exploit the appropriate definition of weak solutions to (4.1.5)—
(4.1.6). Indeed, first we prove convergence to the formulation

T T
/0 (Opu, <P>(W—1,s’(Td)7W1,s(Td)) = D/O /Td (Vu® Vu) : D2g0—|—

D [T T T
+ = / / |Vul2Ap + D/ / uVu-VAp — / / uF" (u)Vu - V.
2 Jo Jpa 0o Jre 0o Jra

Formally, it is obtained by integrating by parts twice using the formula
1
VuAu = div(Vu ® Vu) — 5V|vu|2. (4.1.14)

Its main advantage is that it exploits at most first-order derivatives so that we do not need
any estimates on the second-order derivatives. This is important as they are not available
for nonlocal degenerate Cahn-Hilliard. More precisely, the main difficulty is non-degeneracy
of (4.1.3)-(4.1.4), that is we loose estimates on V. whenever u. is approaching the zone
{ue = 0}. For the non-degenerate equation studied in [273, 121, 123, 122],

Owu. = divVp., in (0,400) x T% (4.1.15)
e = Belu] + F'(uz), in (0,+00) x T, (4.1.16)

one obtains immediately an estimate on V. (by multiplying by p.) and then one can
identify its limit. Nevertheless, we point out that in [273, , , | the difficulty is
rather the regularity of the potential and the kernel which we do not address in our work,
assuming that F' and w are sufficiently smooth.

— For the nonlocal Laplacian operator given by B, defined in (4.1.1), we find an operator
S given in (4.3.4) which resembles gradient operator. It satisfies the integration by parts
formula (S3) in Lemma 4.3.4 as well as the product rule (S2) in Lemma 4.3.4 with an error
that vanishes when ¢ — 0. This is necessary to perform usual calculus operations before
sending € — 0, that is when we do not have Laplace operator in the equation.

4.1.3 Literature review and relevancy of the system

The Cahn Hilliard equation The equation represents a mathematical model which is widely
used to describe phase transitions in fluids and living tissues. In biology, the equation can model
the morphological evolution of a growing solid tumor. There are many factors that come into
play when approaching a tumor growth model, e.g. cell-cell and cell-matrix adhesion, as well as
cell motility and mechanical stress. Nevertheless, the mathematical study and implementation
of a model may provide very interesting information on tumor progression. Let us consider a
bounded, open tissue domain, in which a tumor is evolving. One possible approach is to describe
the tumoral and healthy tissues with volume fractions. By remarking that internal adhesive
forces tend to bind the tumor cells together, we should take into account that phase separation
may occur between healthy and tumoral tissue domains. As a result a boundary layer of finite
thickness v/ D, where D is defined below, may form between them.

Being of fourth-order, the (local) Cahn-Hilliard equation is often rewritten in a system of two
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second-order equations, i.e.

Ou = div(m(u)Vu),

4.1.17
4 =—DAu+ F'(u), (4.1.17)

Oyu = div (m(u)V (F'(u) — DAu)) — {

where u is the concentration of a phase and p is called the chemical potential in material sciences
but is often used as an effective pressure for living tissues [130, |. Also, the interaction poten-
tial F'(u) contained in this effective pressure term comprises the effects of attraction and repulsion
between cells. The physically relevant form of this potential is a double-well logarithmic poten-
tial and is often approximated by a smooth polynomial function. However, recent studies show
that for the modeling of living tissues and for the particular application where only one of the
components of the mixture experiences attractive and repulsive forces, a single-well logarithmic
potential is more relevant [(7].

The existence and uniqueness of solutions for the Cahn-Hilliard system (4.1.17) strictly depends
on the properties of the mobility term m(u) and the potential F'(u), as well as the conditions
assigned on the boundary. More specifically, the presence of degeneration on the mobility, i.e.
the possibility for it to vanish, can turn the analysis of solutions into a rather complex problem.

From nonlocal to local Cahn-Hilliard The nonlocal Cahn-Hilliard equation was first ob-
tained by Giacomin and Lebowitz [189, | by starting from a microscopic description. The
model is a d-dimensional lattice gas evolving via Kawasaki exchange dynamics, which is a Pois-
son nearest neighbor exchange process. In the hydrodynamic limit, they find that the empirical
average of the occupation numbers over a small macroscopic volume element tends to a solu-
tion of a nonlocal Cahn-Hilliard equation. This latter equation is an approximation of the local
Cahn-Hilliard equation, as shown in Theorem 4.1.8. Let us also remark that there are possibly
different variants of non-local Cahn-Hilliard equation, see for instance [150] where a version of
nonlocal Cahn-Hilliard equation is derived starting from a kinetic description inspired by [317].

The literature concerning the nonlocal Cahn-Hilliard equation is quite well developed and we
refer for instance to [181, , 14, , , 103] and [178] for the cases of non-degenerate and
degenerate mobilities respectively. On the other hand, for the passage to the limit of the nonlocal
Cahn-Hilliard equation to the local Cahn-Hilliard equation, the existing results [273, , ,

, 274] cover only the case of constant mobility. In [273] the authors prove the convergence on
the torus. In [121] a wide class of potentials is considered and the study is made on the torus.
In [123] the convergence is obtained in the case of a bounded domain with Neumann boundary
conditions and a viscosity term. Finally, in [122], the limit is achieved with a W kernel and a
wide class of singular potentials, with Neumann boundary conditions.

4.1.4 Open problems

We discuss below two problems which we leave open.

Open problem concerning bounded domains. One can ask if the same results hold when T? is
replaced with some general bounded domain 2. More precisely, we focus on the system

Opue = div(usVpe), in  (0,400) x £, (4.1.18)
pe = Beue] + F'(ue), in  (0,+00) x Q. (4.1.19)
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Defining 77 the outward normal vector to 92 we impose the Neumann boundary condition

Opte
on

=0 on d9. (4.1.20)

Ue

The operator B, satisfies

1
2

1

B.uc](z) = 22

(/Q we(z —y) dy ue(z) — we * us(x)) = /Qws(fr = y)(ue(w) — uc(y)) dy.

(4.1.21)
Notice that in the case Q = T, this definition is the same than (4.1.1) up to a change of variable
in the integral. However, since u. is not a priori defined outside 2 we need to put the argument
(x —y) on we.

In the limit, we expect to obtain solutions to

Ou = div(uVpy), in  (0,400) x €, (4.1.22)
pw=—DAu+ F'(u), in (0,400)x Q (4.1.23)

ou ou

S =U55 = Q. 4.1.24

97 = Yan 0, on 0 ( )

However, there are two difficult problems related to the equation posed on a bounded domain.

— Lack of the entropy estimate. In the case of bounded domain, we cannot use entropy
estimate as in (4.1.12). This is because the nonlocal operator is defined as (4.1.21) rather

than (4.1.1). As a consequence, we cannot symmetrize the expression with gradients and

obtain the term 51 fot Jra Jpa we(y) |[Vu(z) — Vu(z — y)|? in the dissipation of the entropy.

— Recovery of the Neumann boundary conditions. The question is whether we can
prove that in the limit % = 0 on 0f). This is possible for the equation with constant
mobility. More precisely, in [122], Authors were discussing the problem of nonlocal to local
convergence for the Cahn-Hilliard equation with constant mobility. The constant mobility
allows to obtain uniform bound on || B, (uc)||2 which allows to conclude that % =0 on 0N.
This is an extremely interesting phenomenon as this new boundary condition appears only
in the limit. In our case, the estimate || B.(u.)|2 seems unavailable.

A possible approach to overcome this problem is to apply Serfaty-Sandier approach on the
convergence of gradient flows [304, |

Open problem concerning irregular potentials and general mobilities. One could also wonder about
the case of more irregular potentials like a logarithmic potential F(u) = (1 — u)log(l — u) +
ulog(u) — &(u — $)? 4+ k. Our assumptions on F do not cover this case. The problem is open
already at the level of existence of weak solutions as the degenerate mobility w cannot compen-
sate the blow-up of F”(u) at w = 1, as it was for instance used in [157]. Also, we cannot use
the same reasoning as in [121] because it is heavily based on the fact that the considered mo-
bility is constant which allows to obtain estimates on the chemical potential p. Nevertheless, it
seems that one could prove the same results for the logarithmic potential as above by considering
the mobility m(u) = u(1 — u) which allows to compensate the blow-up of F” at v = 1. Such
generalizations will be the topic of future works.




144 CHAPITRE 4. Degenerate Cahn-Hilliard equation : From nonlocal to local

4.2 Existence of weak solutions to the nonlocal problem

The existence of weak solutions for the local Cahn-Hilliard equation with degenerate mobility
usually follows the method from [157]. The idea is to apply a Galerkin scheme with a non-
degenerate regularized mobility, i.e. , calling m(n) the mobility, then one considers an approxi-
mation m.(n) > . Finally, using standard compactness methods one can prove the existence
of weak solutions for the initial system. The uniqueness of the weak solutions is still an open
question.

In the case of the nonlocal Cahn-Hilliard equation, we have to rely on a fixed point method. We
first consider a nondegenerate mobility, and the fixed point argument is put on the nonlocality.
Then, we pass to the limit to obtain the nonlocal Cahn-Hilliard equation with degenerate mobility.

For clarity, we recall the definition of Holder spaces which come naturally when trying to prove
existence of parabolic equations.

Notation 4.2.1. We write C*+@¥+8(Qp) for the space of k (resp. k') times continuously dif-
ferentiable functions in time (resp. in space) with partial derivative of order k (resp. k') which
is Holder continuous with exponent o (resp. ().

4.2.1 Approximating solutions

Following the scheme above, we first consider a nondegenerate mobility and prove the existence
of solutions to the following system
Orus = div(Ts(us)Vis) (0, +00) x T, (4.2.1)
ps = Belus] + F'(us) (0, 400) x T, (4.2.2)
0

equipped with smooth initial condition u?(z) = u® * ws(z) which is a smooth approximation of
u% as § — 0. Here, § > 0 is a small parameter such that 2§ < % —-1,0 < i and

1) for u <6,
smooth monotone interpolation for u € [4, 24],
Ts(u) = u for u € [26, 1 — 1], (4.2.3)

smooth monotone interpolation for u € [% -1, %],

1 1
5 fOI"U,ZE.

The estimates for the sequence {us} will be obtained from the dissipation of energy and entropy.
The definition of energy E. remains the same as in (4.1.11). However, the definition of entropy
has to be adapted to take into account the fact that we don’t know if the solution remains
nonnegative. To this end, we define a function ¢s by an explicit formula

¢s(x) = / / —— dzdy. 4.2.4
(@) 1 J1 Ts(2) ( )
Lemma 4.2.2. Let ¢5 be defined with (4.2.4) and ¢(x) = xz(log(z) — 1) + 1. Then,

(P1) (x) = gk and 65(1) = G5(1) = 0,
(P2) ¢s(x) = ¢(x) forx >0 as é — 0,
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(P3) ¢s(x) >0 for all z € R,
(P4) ¢s(x) < ¢p(x) + ﬁmj +3 forx >0,
(P5) ¢s(x) = oo when § — 0 for all x < 0.

The proof is presented in Appendix 4.4.4.

Theorem 4.2.3. Let § > 0, g9 be as in (4.1.8) and F € C*. For ¢ < g¢ there exists classical
solution (4.2.1)—(4.2.2). Moreover, they satisfy the mass, energy, and entropy conservation : for
allt>0

/Td us(t, ) de = /w ug da, (4.2.5)

Blu()+ [ [ Totw) [Vif* = ol (126)

Bslusl(t)+ 55 [ [ [ ) Fuste) = Vusta =P+ [ [ P sl = sl
(4.2.7)

Theorem 4.2.4. Let ¢ be as in (4.1.8). Let F' satisfy Assumption 4.1.1 with an additional
constraint 2C19 < Cp. Then, the following sequences are bounded uniformly in 6 € (0, %) and
e € (0,20)

(A1) {us}s in L>=(0,T; L¥(T9)),

(A2) {us}s in L*(0,T; LFa%z (T4)),

(A3) {\/Ts(u) Vusts in L2((0,T) x T9),

(A4) {Vus}s in L*((0,T) x T%),

(A5) {dus}s in L2(0,T; W1 (T?)),

(A6) {9,Vus}s in L>(0,T; W—2*'(T%)),

(A7) {\/F{ (us)Vus}s in L*((0,T) x T%),

(A8) ®s[us) in L>(0,T),

where k and s have been defined in Notation /.1.5.

To prove Theorem 4.2.3, we need to assume that F' € C* which allows us to use known results
about classical solutions to uniformly parabolic equations.

Proof of Theorem 4.2.3. As § > 0 is fixed in this result, we write u instead of us. Given w we
consider an auxiliary equation

WV%) . (4.2.8)

dyu = div (T5 (u)Vu <512 + F”(U)>> — div <T5 (W) —0

Let «, 0, M, k be parameters to be specified later. We want to apply Schauder fixed point theorem

to the map
P X = X
P : w +— wu solution of (4.2.8),

where X is defined as the set

X ={we CY%(0,T] x T, |w]|cc.c < M}
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with the norm
[wllx = [[wlleo,o + Kllwlla2,a

and the norm ||-[|,/2,o is the usual Holder seminorm of functions being Hélder continuous with
exponent «/2 with respect to time and « with respect to space . We also define

|wllooo := sup |u(t,z)e 7" (4.2.9)
[0,T]xTd

Note that the new norm is equivalent to the usual supremum norm so all topological properties
do not change. We need to prove that P is continuous, P maps in fact X to X, and that P(X)
is relatively compact in X. First, we prove that P(w) = u is the unique classical solution of
equation (4.2.8) so that P is well defined and find Holder estimates which will be useful to prove
the continuity of the operator as well as its relative compactness.

Step 1 : P is well defined and Holder estimates. Equation (4.2.8) is equivalent to saying that u
solves parabolic equation

Oy = div A(t, z,u, Vu) + B(t, x, u, Vu), (u)pa = (ud)pa
with

w * Vw, w * Awg

g2

Atz =T (54 F'6). Bl =T Ty(2)

22
and we recall that w € X is Holder continuous. The function A satisfies the strong parabolicity
condition for sufficiently small € > 0, i.e.

for all ¢ < g (this uses Assumptions (B), (C) and (4.1.8)). Since the derivatives A,, A, A,
A, and function B are Holder continuous as functions of (¢, x, z,p), [253, Theorems 12.10, 12.14]
asserts that there exists a unique classical solution to (4.2.8). Moreover, this solution satisfies
the estimate

[ull grtarzira < C(6, g0, [[wllgarz.a).

With this estimate, (4.2.8) can be considered as a linear equation so that the linear theory for
parabolic equations [253, Theorem 5.14] implies

H’LL||C1+0¢/2,2+Q S 0(5, €0, H’LU||CQ/2,Q). (4210)

Therefore u is a classical solution of (4.2.8) and it admits the Holder bound (4.2.10).
Step 2 : The operator P is continuous.. We consider a sequence {wy}, in X such that ||w, —
w|x — 0. Then u, = P(w,) is compact in C1? from estimate (4.2.10) and Arzela-Ascoli’s
Theorem. We choose subsequence such that u,, — u in C12. These functions satisfy

. 1 . Wn,, * Vw
atunk = div <T5(unk)vu”k <€2 + Fl/(”vm))) —div (Té(unk)nki_ﬂe) : (4'2'11)
Passing to the limit in (4.2.11) and using uniqueness of solutions to (4.2.8) from [253], we obtain

that for every subsequence of {u,}, we can extract a subsequence which converges to a unique
limit u = P(w). By a standard subsequence argument, this means that the whole sequence {u,, },
converges to u = P(w). Therefore P is continuous.
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Step 3 : P maps X to X. We write the equation (4.2.8) in the form

1 1
Ouu= T3Vl (% + F'(0)) + Dot (& + F/0)) + T V2P )
w* Vwe

w * Aw,
g2 '

— T5(u) Vu - — Ts5(u) =

We substitute u = v e’ and we compute PDE satisfied by v :

1 1
Owet +voet = Ti(u)| Vol (62 + F”(u)) et + T (u)Av (62 + F”(u)) et
w*VwEeUt B w * Aw,

+ Ts(u)|[Vo2F® (u)e27t — Th(u) Vo - Ts(u)—

62
(4.2.12)

Now, we multiply by v and we consider the function v2. Let (t.,z.) € [0,7] x T¢ be the point
where v? attains its maximum. First, we consider the case t, > 0. Obviously, Vo2 (t,,z.) = 0
(note that T¢ does not have a boundary). In particular, |[Vu(t.,z.)| = 0 as |Vo|?v = Vv - Vv?/2
and we can assume that v(t.,x.) # 0 (otherwise v is constantly 0). Equation (4.2.12) evaluated
at (t«, ) reads

w * Aw,

1 1
iaﬂﬂe”t* +v?0e”™ = Ts(u) v Av (52 + F”(u)) et — v Ts(u) = (4.2.13)

Moreover, as v? attains its maximum in (¢, x,) and t, > 0, 902 (¢, 7+) > 0 and Av?(t,,z,) < 0.
In particular, at (t.,.) we have v Av = —|Vv|? + $Av? < 0 so that from (4.2.13) we obtain

w * Awe

2 ot.
vioe’ < —vTs(u) =

so that

|||Awa||1\|w(t*» oo

de? '
where we used the definition of Ts. As v? attains maximum at (t*,2*), |v(t.,z.)| also attains
maximum at (¢*,z*). Therefore, taking into account the possibilty that t* =0

Aw, |1 [Jw(ts, - _ Awe||1 ||lwe—°?t
ol < e (A2 Mo oot g ) e (L0l e gy ).

UQ(t*, Zy)O et < | (ts, xx)

Choosing o = 2||Aw,||1/(d€?), we obtain estimate

1 _
ol < mase 5 el )

By definition of the norm

1
1Pl < o (5 ol o3l ) (1.2.14)

Moreover, the parabolic version of de Giorgi-Nash-Moser theory, see [246, Chap. V, Theorem
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1.1], implies that there exists & = a(||w|/c0,») such that the solution of (4.2.8) satisfy

[ullgarea < f([[w]loo.0),

where f(]|w||co,s) is & constant which depends on ||w||s,,. Without loss of generality we may as-
sume that f(||w||ee,s) does not decrease and o(]|w||co,») does not increase when ||w|| o, increases.

We proceed to choosing values of parameters M, «, x and concluding the proof. We choose

o il

M =3uflie,  a=a(M), ST

Since w is in X and f is nondecreasing we obtain

M
o T luSlloo + £f(M) < 3uf| e = M.

1
1Pwllx < Fllwlloc,o + [u§lloo + £ f([[w]loo,0) <
This means that P maps X to X.

Step 4 : P(X) is relatively compact in X . The relative compactness of P(X) follows from (4.2.10).
The proof is concluded. O

Proof of Theorem /4.2.4. First, we prove that E.[u}] and ®s[ul] are uniformly bounded (with
respect to §) in terms of E.[u°] and ®[u]. Recall that u = u® x ws. Concerning the energy, this
is the consequence of the convexity and the uniform bound on F5. Indeed, we have

[ [ et -deravar= [ [ ww

Oz —2)—u(x—y—2 20.) z)dzdx = w, wO(2)—ul(z—vy)|? da
</(W)3%<y>\<“<f )=~z —y = 2)| ws(z) dzdzdy // ()0 (@)~ (w—y) | da dy

/Td(uo(x —2) —ul(z —y — 2)ws(z)dz| dzdy

and similarly for the potential terms

Fi(u® % ws)de < () swsde = [ F(u)dz, / |Fy(u®)|dz < || Falloo |T?.
Td Td Té Té

Concerning the entropy, as ¢s is convex, we have for the term <I>5[ug] :

<I>5[ug]:/w bs(u® * ws) de < » bs(u) * ws do = g os(u’) dx <
) 1
< 0 02 < 01, Ly,.0(2 d
< [ (60 + 5 P + 3) do < B0+ ) + 3T

where we used (P4) in Lemma 4.2.2. The norm |[u°||3 can be controlled by the nonlocal term
appearing in E.[u’] due to Lemma 4.4.6 (note that u® belongs at least to L?(T%) as F(u®) is
integrable thanks to E.[u’] < o0).

Now, we proceed to the main part of the proof. To prove (Al) and (A3) we want to apply (4.2.6)
and Assumption 4.1.1 on the potential. The energy identity reads :

/Td Flus)de+ 15 / / we () |us(2) — ug(z — y)? dz dy +/0 / Ts(us) Vs ? = E2[ul),
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Applying Lemma 4.4.6, we deduce

t
[ o6, [ u— i+ [ [ Totws) Vasl < Bl
Td Td 0 JTd
Splitting F' = F; + F5 and applying Assumption 4.1.1 we obtain
t
Fifus)do+Cy [ fus = (us)oal + [ [ Tutus) [V < Bl + Co+ Cuo [ Jus?
Td T 0 JTd T
Note that by conservation of mass, (us)re = (u°)ra. Therefore, applying the simple inequality
la + b2 < 2]al? 4 2[b|? and C,, > 2 Chg, we obtain an L>(0,T; L?(T%)) estimate on {us} which

can be improved to L°(0,T; L*(T?)) if F; # 0 cf. (B) in Assumption 4.1.1. Then, (A1) and so,
(A3) is easily implied by the energy as all possibly negative terms are bounded.

Now, to prove (A4) we want to use the entropy equality (4.2.7) :

Balul)+ 55 [ [ [ we)[Vusto) = Fusta =P+ [ [ ) FusP = @)

To exploit it, for v to be chosen later, € € (0,&((y)) we have by Lemma 4.4.8
1/t t
Bslus)(t) + f/ Vg2 +/ / Fl/ug) Vs <
Y Jo Jrd 0 Jrd

t t
< B5[ud] + C () / / lets 12 ray + 12l / / Vs
0 JTd o Jrd

W which yields estimates (A4), (A7) and (A8). Now, to see (A5) we take
gps
a smooth test function ¢ and write thanks to the Holder inequality

We choose v =

T T
/ Oyugs pdxdt / / T,;(u(;)l/zTg(u(;)l/QVu(g -Vedxdt
0 Td 0 Td

<\ Ts(us) 2| oo 0,125 (rayy | Ts (us) 2V s | 22 0.7y ey Vel 22 0,71 (may
< C||V<PHL2(0,T;LS(W))-

In the last line we used estimates (A1), (A3) and the definition of Ts. This concludes the proof
for estimates (A5) and then (AG) easily follows.

Finally, we prove (A2). We note from (A7) that {Vulg/Q} is bounded in L2(0,T; L*(T%)) and from
(A1) that {u]g/Q} is bounded in L>(0,T; L2(T¢)). Therefore, by Sobolev embedding, we obtain
that {uf/?} is bounded in L2(0,T; L72 (T%)) so that {us} is bounded in L*(0,T; L*# (T%)). O

4.2.2 Proof of Theorem 4.1.7

Proof of Theorem 4.1.7. Step 1 : Approximation of the potential.

For F' as in Assumption 4.1.1, we consider its mollification F5 = F x ns; where {ns} is the
usual mollifier. We note that Fjs is C* and that F', Fj satisfy Assumption 4.1.1 with comparable
constants C1, ..., C1g, see Lemma 4.4.2. The most important is constant C7g because there is a
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constraint on it in terms of C),. More precisely, F' satisfies Assumption 4.1.1 with Cyo < Cp/4
so that from Lemma 4.4.2 we have that Fj satisfies it with 2C¢ < C),/2. This allows to apply

pointwise
F(P)

Theorem 4.2.4 to otain uniform estimates. Moreover Fs = Fj 1+ Fs 2 with F®) (1,2)

5.(12) ~ 550

where p = 0,1, 2 is the order of derivative.
Step 2 : Compactness. Using Theorem 4.2.3, we can obtain us such that for all ¢ € L>(0, T; W1 (T4))

T
/<atu67@)(WlﬂS(Td))’,Wl’s(Td))—i_
0

T T
Jr/ / Tg(UJ)VBE [u(ﬂ -V + / / u(;Fé/(u(s)Vu(; -V =0.
0 Td 0 T

The plan is to send 6 — 0 in (4.2.15). By Theorem 4.2.4 and standard compactness results we
can extract a subsequence (not relabelled) such that

(B1) us — w a.e. and in L2((0,7) x T¢) N L*((0,T) x T%),
(B2) Vus — Vu in L3((0,T) x T%),
)
4)

(4.2.15)

(B3) dyus — dyu in L2(0,T; W15 (T4)),
(B

Only (B1) needs some justification. From (A1), (A4), (A5) and Aubin-Lions lemma, we obtain
the strong convergence us — u a.e. and in L?((0,7T) x T¢). To see the second strong conver-
gence, we interpolate between L°°(0,T; L*(T%)) and L*(0,T; Lkﬁ('ﬂ‘d)) to prove that {us} is
bounded in LK+*(0, T; L**%(T9)) for some x > 0 because
LE+=(0,T; LE+%(T9)) and L2((0,T) x T%) we obtain strong convergence in L*((0,7T) x T4).
Step 8 : Nonnegativity of u. The plan is to obtain a contradiction with the uniform estimate of
the entropy. For a > 0, we define the sets

FY'5(us)Vus — & in L2((0,T) x T%) for some ¢ € L2((0,T) x T%).

Vas = {(t,z) € (0,T) x T : us(t,z) < —a},

Vo ={(t,z) € (0,T) x T¢: u(t,z) < —a}.

By nonnegativity of ¢s (see (4.2.4) as well as the properties below) and (A8) in Theorem 4.2.4,
there is a constant C'(T') such that

/ ds(us)dzdt < / ods(us)daxdt < C(T).
Va,s (0,T)xTd
For us < —a, we have 0 < ¢5(—a) < ¢s(us) because ¢5(x) <0 for z <0, see (4.2.4). Therefore,
0 < ¢s(—) / ldxdt = / ¢s(x)dedt < C(T).
Va,s Va,s

Sending 6 — 0, exploiting (P5) in Lemma 4.2.2 and using the strong convergence of us — u we
discover

/ 1dxdt—hm ldxdt =0
Va0 —0Jv, ¥

(we use here the fact from measure theory asserting that on the measure space (X, u) if fp, f :
X = Rand f, — fin L'(X, ) then for « € R we have [, _ du— [, duasn — o). This
means that V,, o is a null set for each a > 0, concluding the proof of the nonnegativity.
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Step 4 : Identification £ = \/F{'(u)Vu. We want to use (B4) so we have to identify £. For that
purpose, we use the convergence a.e. of us in (B1) and the pointwise convergence Iy, — I}’ to
deduce that Fjsq(us) = Fi(u) a.e. Next, using Assumption (B) for Fs; and estimate (Al)

2
[/Fiaus)| < Calusl* 2+ Cu.

2
As (RHS) is uniformly integrable by strong convergence (B1), we deduce that ’ Fy l(u(;)‘ is

uniformly integrable so that the Vitali convergence theorem implies

N VF (W) in Z3((0.7) x T

Using weak convergence of gradient (B2), we finally obtain & = /F}'(u)Vu.
Step & : Passing to the limit in the first two terms of (4.2.15). Using (B3) it is easy to pass to
the limit in the first term of (4.2.15). Now we focus on the second term. Note that

1
VB |us](x) = E—Q(Vu(; — we * Vug).

The two terms of VB, are treated in the same way. We focus only on the harder term Vus
which does not have regularizing properties of the convolution. For this term it is sufficient to
prove that Ts(us)Vus — uVu weakly in L'(0,T; L'(T%)) because Vo € L>((0,T) x T?). We
first note that by definition of T}, the strong convergence (B1) and the nonnegativity of u, we
obtain Ts(us) — u strongly in L?((0,T) x T¢). Hence, the result follows from weak convergence
of the gradient (B2).

Step 6 : Passing to the limit in the third term of (4.2.15). For the third term we write Fj' =
Fy!) + Fy', as discussed in Step 1. Then we decompose

T T T
/ / T5(u5)F§’(u5)Vu5 . V(p = / / Tg(U5)F(§f1 (’LL(;)VU(; : VQD + / / Tg(u(;)Fgfg(ug)Vu(; : VQD
0 JTd 0 JTd 0 JTd
=1 + I>.

For I; we write

T
I1:/ / Tg(ua)\/ngl(u(;)\/ngl(u(;)vué.V%
0o Jmd

It remains to prove that Ts(us),/Fy'; (us) converges strongly in L2((0,T) x T4) because Vi €
L>((0,T) x T4). Note that since us — u > 0 we have Ts(us) Fy (us) — uy/F{'(u) ae.

Moreover,
2
<T5(u§) Fgfl(u(g)) < Oy |us|* + Cy

As the (RHS) is uniformly integrable by strong convergence, we deduce that (LHS) is uniformly
integrable. Hence, the Vitali convergence theorem implies Assumption (B) and Estimate (A1)

show that
Ts(us)y/ Ffly (us) = ur/ FY'(u) in L*((0,T) x T%)

so that I; — fOT Jpa uF{' (wW)Vu - V. For I, as Vus — Vu weakly in L*((0,T) x T%), it is
sufficient to prove the strong convergence of Ts(us)F3'y(us) in L*((0,T) x T?) because Vi €
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L>((0,T) x T%). Thanks to Assumption (C) on Fy,, this term is uniformly bounded so that
trivially |Ts(us) F5'y(us)| < ||F5 ||| T5(us)|. Therefore, Vitali convergence theorem implies that
T5(us)Fy'y(us) is convergent in L?((0,T') x T%) and so

T
I, — / / uFy (u)Vu - V.
o Jrd

Step 7 : Energy and entropy estimates. We pass to the limit 6 — 0 in (4.2.6)-(4.2.7). With the
above convergences and properties of the weak limit, we obtain the result. This ends the proof
of Theorem 4.1.7.

Step 8 : Weak formulation for ¢ € L*(0,T; W1>°(T%)). We know that the weak formulation

T T T
/ (Ortt, ©) (W —1.57 (7ay wris (rayy = —/ / uVB:[u] - Vo — / / uF"(u)Vu-Ve (4.2.16)
0 o Jrd 0 Jrd

is satisfied for all ¢ € L>(0,T; W1>°(T%)). By a usual density argument we can extend it to a
bigger class ¢ € L?(0,T; WH°°(T%)). Indeed, for the term (0;u, ©) (w157 (Tay, w.a(1ay) it is clear
as Opu is a functional on L2(0, T; W'*(T%)). For the terms on the (RHS) of (4.2.16) it is sufficient
to prove that :

— uVBc[u] € L*(0,T; L*(T%)) which follows from the fact that u € L>(0,7; L?(T%)) and
Vu € L?((0,T) x T?),

— uwF"(u)Vu € L?(0,T; L*(T?)). Here, we split ' = F; + F. For the term u Fy (u)Vu
we use that F3 is bounded and uVu € L%(0,T;L'(T%)). For the term u F}'(u)Vu we
write it as u\/F{'(u) \/F{ (u)Vu. By the growth of F{'(u) (cf. (B) in Assumption 4.1.1)
and u € L>=(0,T; L*(T9)), we see that u\/F}'(u) € L>=(0,T; L*(T%)). As /F{(u)Vu €
L%((0,T) x T%), the conclusion follows.

O

Now that weak solutions of the nonlocal Cahn-Hilliard equation have been constructed for a
given initial datum, it remains to prove the convergence of the nonlocal system to the local one.
This is the purpose of the next section.

4.3 Limit ¢ — 0

Weak solutions of the local Cahn-Hilliard equation are understood in the sense of Definition 4.1.5.
In order to prove the convergence of the nonlocal system to these solutions, we first collect the
necessary estimates uniform in €. Then we pass to the limit ¢ — 0 to conclude the proof of
Theorem 4.1.8.

4.3.1 Uniform estimates in ¢

We recall that in the previous section we had obtained the energy and entropy inequalities as
well as estimates uniform in e.
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Lemma 4.3.1 (Mass, energy, entropy). The following identities hold true

/11‘d ue(t,)de = /er u’ dz, (4.3.1)

%E[ua] —l—/ ue |Vie|? <0, (4.3.2)

—(I> [ue] 2 5= /Td /Td we(y) [Vue(z) — Vue(z — y)|* dedy + /Td F"(u.)|Vue|?dz < 0. (4.3.3)
Lemma 4.3.2 (Uniform estimates). The following sequences are bounded :

(A) {uc}e in L=(0,T; L*(T)),

(B) {uc}e in L0, T: L* 752 (T7)),

(C) {Vuc}e in L*((0,T) x T?),

(D) {\/T= Vpie}e in L2((0,T) x T,

(E) {0puc}e in L2(0,T; W15 (T?)),

(F) {9;Vue}e in L*(0,T; W= (T%)),

(G) {V/F{'(ue)Vue}e in L*((0,T) x T%.

Our last ingredient for the proof of Theorem 4.1.8 is about the compactness of u. and its gradient.

Lemma 4.3.3 (Compactness). Sequences {uc}. and {Vu.}. are strongly compact in L?((0,T) x
T4).

Démonstration. The compactness of {u.} follows from the Lions-Aubin lemma applied to es-
timates (A),(C) and (E). Then, for the compactness of {Vu.}, the detailed proof is presented
in Appendix 4.4.7. Roughly speaking, from (F) we know that the sequence is compact in time.
Compactness in space follows from Theorem 4.4.4 together with the estimate provided by the
entropy on the quantity :

2/ / / we(y) [Vue(z) — Vue(z — y)|* dedy dt < C.
4e Td JTd

An application of the Fréchet-Kolmogorov theorem yields the result. O

Now we are ready to prove our main theorem.

4.3.2 Proof of Theorem 4.1.8 : convergence ¢ — (

We want to pass to the limit ¢ — 0 in Equations (4.1.5)-(4.1.6) and obtain weak solutions of
the local Cahn-Hilliard equation. We have at most bounds on the gradient of u. and the limit
equation has four derivatives. That means we need to mimic at the epsilon level integration by
parts for nonlocal operators. For that purpose, we define the operator

Sclel@y) = YW (o gy~ p(a) (4.3.4)

which has the following properties :

Lemma 4.3.4. The operator Se satisfies :
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(S1) S. is a linear operator that commutes with derivatives with respect to x,

(S2) for all functions f,g: T¢ — R we have

Sc[fal(x,y) — S:[f1(x, y)g(x) — Sc[gl(w,y) f(x) =

(S3) for all u,p € L*(T?)
<B€[u]('>,§0(’)>L2(’H‘d) = (Se[u] (-, ), Sele] (-, ’)>L2(’H‘d><Td)~

(S4) if {u.} is strongly compact in L?(0,T; H*(T%)) and ¢ € L=((0,T) x T¢) we have

/// et )+ [ [ e

where D = 2fB y)|yl? dy.

Démonstration. The first one is trivial. For the second one, we just observe

(flz —y) — f(2)(9(z —y) —g(2)) =
—(flx —y) = f(@) g(z) —g(x —y) f(2) + flx —y) g(z —y) =
—(flx—y) = f(@) g(x) = (9(x —y) — g(z)) f(z) + (f(z —y) g(z —y) — f(z)g(2)).

For the third one, we compute

w
BLdO: e = [ [ o) — e - ) o) dy s
Td JTd
Changing variables 2’ = z — vy, ¥’ = —y and using symmetry of the kernel
B0 e = [ [ L el =)~ ule) o’ = o) ay a'
Td JT4d
Therefore,
2(B.L0). ¢ Olacr = [ ] ) = ulw = ) (pla) — ple — y) dy da
We Y
- / 2 o) = e = ) Y () — ol — )y
Td JTd 3 3

Finally, to prove (S4) we use the definition of w. and change variables with respect to y :

/OT /Td Td(Sa[ua])th( / / /w yluets @ —zzgt =)l g ardy

For fixed vy,

(t, t,x —ey)|? ’
Td € 0 JTd
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T 2

lue(t, ) — uc(t, z — ey)|

/ / p(t, ) 5 dzdt| < [|¢llee sup || Duc |3 ly|*
0 Td 3 e

due to Lemma 4.4.1. As the majorant is integrable, the dominated convergence theorem concludes
the proof. O

Since B. has a similar behavior as the Laplace operator, one can expect that S, acts like a
gradient (in L?(T?)). Nevertheless, note that S.[¢](z, ) is a scalar. From now on, we write VS
for the gradient of S. with respect to the variable x i.e.

VS, [l y) = f;;(j)(wm —y) — Vela)).

Proof of Theorem 4.1.8. We only have to pass to the limit in the term fOT Jpa div(ue Ve ) da dt
where ¢ € C3([0,T] x T?). Integrating by parts, we obtain

T T T
/ / div(u:Vye) pdzdt = —/ / ueVie - Vodrdt = / / B.[u|Vue - Vodz dt
0o Jrd 0o Jrd 0o Jrd

T T
+/ B [ucJusApdxdt —/ / ueF" (u.)Vu, - Vo dz dt
0 T4 0 Td

=L+ I+ I3
(4.3.5)
Step 1 : Compactness. Using Lemma 4.3.2 and Lemma 4.3.3 we can choose a subsequence of
{ue}e such that
(D1) dyu. — dyu weakly in L2(0,T; W15 (T4)),
(D2) u. — u strongly in L2((0,T) x T%),
(D3) Vu. — Vu strongly in L2((0,T) x T9),
(D4) /F{(uec)Vue. — & weakly in L2((0,T) x T%).
Step 1 : Convergence of I. Using (S3) in Lemma 4.3.4 we write

T
I = / / Se[ue)Se(Vu, - Vo) da dy dt
o JrdJrd

T T
= / / / Selue]Se(Vue) - Vo da dy dt + / / / Selue]Vue - Se[Vp] da dy dt + Re
o JrdJrd o JréJrd

= J" + 75V + R,

where Rgl) is defined as
T
Rél) = / / Selue] (Se(Vue - V) — Sc(Vue) - Vo — Vue - Sc[V]) de dy dt.
o JraJ1d

For Jl(l) we use identity

Selue] 8:(Vui) = S2luc] VS-(ue) = 5V 1S fuc]
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so after integration by parts we obtain

1 17 D (T
Jl( ) = —f/ / / (S [uc])*Ap dx dy dt — ——/ / |Vu?Ap dz dt (4.3.6)
2 0 Td JTd 2 0 Td
due to (S4) in Lemma 4.3.4. For Jz(l) we change variables to have
I = / / / wely y) — Ue (x)ws( ). Vo =y) = Vel@) 4 qydr =
Td '[[‘d S
Td Td

We are first concerned with the inner integral. With Lemma 4.4.1 we have that for fixed y € T¢

ue(x — ey) — ue(x)

. — —Vu(z) -y in L2((0,T) x T%).

Moreover, a Taylor expansion implies that

Vp(z —ey) — Vp(z)

. — —D?p(x)y in L=((0,T) x T4 RY).

Combining this with a strong convergence Vu. — Vu in L2((0,T) x T¢), we deduce

/T / ue(e = ey) —ue(a) o o0 Vel —ep) = Vel oo
Td € €

- / Td Vau(z) -y Vu(z) - (D*p(z)y) da dt.

Finally, we apply the dominated convergence theorem to the integral with respect to y with the
dominating function ||D?¢p||s sup,||Vue|/3y|>. We obtain

JM = / \y|2dy/ / Vu(z) - D?p(z)Vu(z) dz dt =
(4.3.7)
:D/ [ (Vula) @ Vu(@) : (@) du

where we also used the symmetry of D%y and properties of w defined in (4.1.2). It remains to
deal with the error term. Using (S2) in Lemma 4.3.4 we can write

R = / /T L Sel \f(a Y (Vuele — y) - Vuele)) - (Vole — y) — Veole))] dardy dt.

We want to prove that Rgl) converges to 0. By Cauchy-Schwarz inequality (in time and space)
as well as bounds on S[u.] it remains to prove that

T
/ /Td /W wzgy) |Vue(z —y) — Vue ()2 Vo(z — y) — Vo(x)]? dy de dt — 0. (4.3.8)
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Using Taylor’s expansion we can estimate this integral with

T we (y
el| D] (/0 /Td /Td 5(2 )|Vus(x*y) — Vue(z)[* dy dz dt

which converges to zero by the bound from the entropy (4.3.3) so that (4.3.8) follows. We conclude
that

T T
I, — _2/ / |Vu|2A<pdacdt+D/ / (Vu® Vu) : D*pdzxdt.
2 Jo Jra 0 JTd

Step 2 : Convergence of I5. We observe that the only differences between I; and Is are u. and
Ay in place of Vu. and Vo respectively. As we have the same (in fact, better) estimates for
these quantities, the proof is the same and we conclude

T T
I —>D/ / |Vu|2A<pdxdt+D/ / uVu - VAp.
0 JTd 0 JTd

Step 8 : Convergence of Is. For I3 the proof is similar to the reasoning in Steps 1, 3 and 6
of the proof of Theorem 4.1.7because we have to use the same estimates. Roughly speaking,
one proves that u. — u strongly in LF((0,T) x T?) by interpolation so that one can identify
¢ = /F}'(u)Vu. Next, convergence in L¥((0,T) x T?) allows also to prove strong convergence
e/ F] (ue) — uy/Fy (u) in L2((0,T) x T9) thanks to growth condition (B) while the convergence
e/ FY (ue) — u\/FY () in L2((0,T) x T4) is trivial because Fy € L>. This shows that

T
I3 — —/ / uF" (u)Vu - Vepdzdt.
o Jra

Conclusion of Steps 1-3. In the limit £ — 0 we obtain

T T
/0 <8tu,g0>(W71,s,(Td)’W1,s(Td)) = D/O /W(Vu ® Vu) : D2(p—|—

D (T T T
_,_7/ / |Vu|2A<p+D/ / uVu-VAap—/ / uF" (u)Vu - V.
2 Jo Jra o Jrd o Jra

Step 4 : Regularity of u and better weak formulation Now we prove the regularity of the limit
function u. This allows us to perform integration by parts on the different terms using the
formula (4.1.14) and recover the Definition 4.1.5. In fact, in the limit e — 0, from the entropy

we obtain (see [53, Theorem 4] and [201, Theorem 1.2])
d . -

2 . . 9

ijz_l/o /I["i |axiawju‘ < llIETl_g(I)lf @/0 /Ed /Td Wg(y) |VU5(.’L') — VUE(x — y)|

so in the limit € — 0 we gain one more derivative. A similar reasoning can be performed on the
energy to see that in the limit v € L*°(0,T; H*(T¢)). Then, since

T T T
D/ / uVu-VAgo:—D/ A@\Vu\Q—D/ / uAuAp
0 Td 0 Td 0 Td
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and using formula (4.1.14), we compute

I +1, = D/ (Vu® Vu) : go——/ / |Vul?Ap — D//uAuAgo
Td
:—D/ / AuVu-V(p—D/ /uAuAgo.
0 JTd 0 JTd

This ends the proof of Theorem 4.1.8. O

4.4 Appendix

4.4.1 Difference quotients

Lemma 4.4.1. Let {u.} be a sequence strongly compact in L*(0,T; H'(T?)). Then, for fived
y € T,
us(t,x —ey) —ue(t, @)

6 — —Vu(t,z) -y strongly in L*((0,T) x T%).

Démonstration. We write

_ _ 1
Ua(tyl' Ey) Ue(taz) =y / Vue(t,x _ 69:1/) do
0

3

1
=—y- / (Vuc(t,x — eby) — Vuc(t,x))db — y - Vu(t, z).
0

By assumption y - Vu. — y - Vu strongly in L2((0,T) x T%) so we only have to prove that the
first term on the (RHS) converges to 0. By Fubini’s theorem and Cauchy-Schwarz inequality

[

1
< C/ / |Vu.(t, z — efy) — Vue(t,z)|* dedt df = C/ |7eoy Ve — VugH%z((O 7yx1ay 49,
0 Td 0 ’

/ (Vue(t,x — ely) — Vue(t, x) d@‘ dz dt

where 7 is the translation operator. The last term converges to 0 when € — 0 by the Fréchet
Kolmogorov theorem. O

4.4.2 Growth estimates on mollified nonlinearity

Lemma 4.4.2. Let F satisfies Assumption 4.1.1 with constants C1, ..., C19. Then, Fs = F xn;
with 0 < 0 < 1 satisfies Assumption 4.1.1 with constants

C, =2"F¢y, Co=Cy + Cy, Cs =281 C4, Cy=Cs+Cy,
Cs = min(237%,1) Cs, Cs = Cs + Cs, Cr = max(2°73,1) Cr, Cs = Cr + Cs.
Cy = Cy +2Cho, Cio = 2Cho.
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Démonstration. We decompose Fj 1 = Fy xns and Fso = Fy*ns. Suppose that Fy(u) < Cs|u|* +
Cjy. Then,

Fs51(u) = / Fi(u—s)ns(s)ds < Cs / lu — s|*ns(s) ds + Cy < 287 1030u|* + 287105 + €y
R R
where we used inequality valid for p > 0
lu — sP < max(1,2°71) (Jul|? + |s|P). (4.4.1)

It follows that C’E/ :zk—103 and @ = 2k=1C3 + C,. In a similar way, we compute constants 6/'77
Cs. For (1, Cs, C5,Cy the reasoning is the same but we have to use a lower bound of the form

|u — s|P > min(1,2'7P) |ul? — |s|F.

so that, for example, if Fy; > C|ulF — Cy we have
Fs1(u) = / Fi(u—s)ns(s)ds > C4 / lu — s|*ns(s)ds — Cy > 217F Cy [ulP — Cy — Cs.
R R
For the constants CNQ, 6\'1/0 we argue using (4.4.1) once again

F572(u) Z —Cg — CIO / \u — S|2’r](5(8) ds Z —Cg — 2010 — 2010 \u|2
R

4.4.3 Potentials satisfying Assumption 4.1.1
Lemma 4.4.3. Let F be as in (3) in Example 4.1.2. Then, F' satisfies Assumption 4.1.1.

Démonstration. On R\ I we define Fy(u) = F(u). By [329, Theorem 3.2|, there exists a C?
extension of Fy to R denoted by Fy which preserves convexity, i.e. F{'(u) > b > 0 for some b > 0.
Moreover, F; has k-growth on R (in fact, by continuity, the behaviour of F} on I can be included
in constants Cy, Cy, Cg, Cs in Assumption 4.1.1). We finally define

Py = {F(u) — Fi(u) onl,
0 on R\ I.

Function Fy is C? because at the endpoints of interval I we have F” = F{" as F} is C? extension
of F. Finally, F» satisfies condition (C) in Assumption 4.1.1 with Fy(u) > —||F2|/co- O

4.4.4 Proof of Lemma 4.2.2

Démonstration. First, we note the formula which will be useful

6(x) :[fidzdy.

Now, we proceed to the proof. First, (1) follows from the definition. Next, (2) follows from writing

1
T) = sgn(y — 1)sgn(z — 1)1 211, dz dy, 4.4.2
os(@) = [ [ goenls—1)sen(e = 1) Lyeq ey d dy (442)
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and dominated convergence (for fixed = > 0). Then, (3) follows from T5 > 0 and the observation
that © > 1, < 1 implies y > 1, y < 1 respectively.

To see (4), we distinguish three cases.

— When z > % — 1, we split the integrals and use the estimate Tj5(x) > % — 1 so that

5Ty LS|
¢s() S/ / fdzdy+/ / ——dzdy <
1 1 % 1)1 51

1 5
§¢(5—1>+2(1_5)x2§¢(x)+1_5

(33 - 1)23

because ¢(z) is non-decreasing for z > 1.
— When, z € (26,3 — 1) we have ¢5 = ¢ because on this set T5(z) = z.
— When z € [0, 26] we have a lower bound Ts(x) > 4 so that

¢5(x)S/:g/yl§+/2;/ylidzg2+¢(25)g3

as ¢(20) < ¢(0) =1 because ¢(x) is decreasing for = € (0,1).
Finally, to see (5), let x < 0. Then,

4.4.5 Bourgain-Brézis-Mironescu and Ponce compactness result

We upgrade here the result of [294, Proposition 4.2] and [53, Theorem 4] to the time-space
setting. We consider sequence of radial functions {p.} such that p. > 0, fRd pe =1 and

lim pe(x)dax =0 for all § > 0.

e—0 ‘:E|>5

For the formulation of the compactness result, we use another sequence {¢;5}se(0,1) C C°(R?)
of standard mollifiers with mass 1 such that ¢s(z) = 57¢(%) with ¢ of mass 1 and compactly
supported.

Theorem 4.4.4. Let d > 2. Let {f.} be a sequence bounded in LP((0,T) x T?). Suppose that
there exists a sequence {p.} as above such that

/0 /T /T LA L y>|ppe(lw —y)dzdydt <C (4.4.3)

|z —y[P

for some constant C. Then, {f.} is compact in space in LP((0,T) x T%), i.e.

=0 <¢—0

T
lim lim sup/ / |fe * ps(t,x) — fe(t,z)|P dedt = 0. (4.4.4)
o Jrd
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Remark 4.4.5. Let w : R? — R be a smooth function, supported in the unit ball such that
Jga w(z) dz = 1. Consider w. = E%w (f) Suppose that

T — p ~
[ O arayar<
0 JraJra ev
Then, (4.4.3) is satisfied. Indeed, we consider
we (|z]) |=[”
p=(x) =
S S

(4.4.5)

G ] C
so that (4.4.3) holds true with T ey

Proof of Theorem 4.4.4. The result for sequences that do not depend on time has been obtained
in [53, |. To demonstrate that it is sufficient to integrate in time the reasoning mentioned
above, we make an additional assumption that for every ¢, p. is a nonincreasing function as in
in [53, Theorem 4]. For the general case, one has to proceed as in [294, Theorem 1.2].

We define
T
F.(s):= / / |fe(t,z + sy) — fe(t,x)|P dedy dt
0 Jly|=1JTd

1 T
:ﬁ/ / |fe(t, x4+ y) — f(t, )P de dy dt.
5 0 Jlyl=s 14
By virtue of the computation above, we can express the assumption 4.4.3 using function F. as

follows s
FE €
/ sd_lM ds < C. (4.4.6)
0

spP

Using the triangle inequality

[fe(t; @+ 2sy) — fo(t,2)| < [fe(t 2 + 2sy) = fo(t, 2+ sy)| + | fo(t, 2 + sy) — f=(t, @)

and change of variables we obtain

F.(2s) < 2PF_.(s),

(4.4.7)

We estimate by Jensen’s inequality

T o T
* — p - - p
/0 /jrd|f8 w5 — f|Pdedt < 5d/0 /]I‘d/|r—y§6|f8(x) fe(y)|P dy dz dt
C T
= g/o /T /h|<6|fe($+h)—fa(x)lpdhdxdt

C T § C é
:7/ / / sd_l/ IfE(x—i—h)—fa(x)|pdhdsdxdt:—d/ s171E (s) ds.
6% Jo  Jra Jo h|=s 6% Jo
(4.4.8)
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Now, we use functional inequality (which requires doubling condition (4.4.7), cf. [53, Eq. (24)])

5 g d lFe(S) pE(S) d
(rd/ 1) g o Jo® i (4.4.9)
0 sP f\x|<§ps( r)dx

For each § > 0, there exists €(d) such that for all ¢ < () we have f‘de pe(x)dx = 1. In
particular, for € < £(d) we have by (4.4.9) and (4.4.6)

5
5—d/ g1 1 ) g < C(d) 6P
0 sP

In view of (4.4.8), the proof is concluded.

4.4.6 Nonlocal Poincaré inequalities
Let w : R — R be a smooth function, supported in the unit ball such that fRd w(z)dx = 1.
Consider w, = E%w (%)

Lemma 4.4.6. There exists Cp, and 5()4 such that

ftx) — f(t,y)?
L=l < g [ [ PRSI oy aray

for every f € L*>(T?) and e < &§'.

For the proof, we refer to Ponce [294, Theorem 1.1] with kernel given by (4.4.5). We also have
an opposite inequality from [53, Theorem 1] :

Lemma 4.4.7. For all f € H*(T?)

— 2
/w /Td W%(z —y)dzdy < C(T) | f 1311 (zay-

Finally, we formulate a variant of Lemma 4.4.6 which does not require an average on the left-hand
side.

Lemma 4.4.8. For each~y € (0,1) there exists ef and constant C(v) such that for all ¢ € (0,e8)
and all f € HY(T?) we have

Vf(x) -V 2
1oy < [, [ EEO ST O o = g dway + QI ey

Démonstration. Aiming at a contradiction, suppose that there exists v with the following pro-
perty : there exists sequence {&,} with 0 < &,, < * and sequence {f,} such that

n

V fn(x an 2
allyecony > [ [ O ZTIE (o yl)dody -t 0l

AS ||f7L||H1(Td) > 0 we may deﬁne gn = W

H1(1d)

Note that ||gn || g1 (1ay = 1 and

1>v// | O .. (12— ol) dwdy + n lgallZa e,
Td JTd n
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The first term gives compactness of the gradients (because {g,} is bounded in H'(T) so that,
together with Rellich-Kondrachov, there exists function g such that g, — g in H'(T¢) (after
passing to a subsequence). But then g = 0 because n ||gn||2(re) < 1. This is however contradiction
with HgHHl(’H‘d) = hmn_,oo HgnHHl(’H‘d) =1. O

4.4.7 Compactness in time/space with the Fréchet-Kolmogorov theo-
rem

Lemma 4.4.9. Suppose that {f.} is a sequence bounded in L*((0,T) x T%) such that

— Of- = VF(J.), where V¥ is any linear differential operator of order k € N and {J.}
uniformly bounded in L*((0,T) x T%),

— {f.} is compact in space in L*((0,T) x T?), i.e.

T
lim lim sup/ / |fe % @s5(t, ) — fo(t,z)|> dadt = 0. (4.4.10)
0 Jrd

=0 <=0

uniformly for all .

Then, {f-} is compact in time in L*((0,T) x T%), i.e.

T—h
lim limsup/ / |fo(t + h,x) — fo(t,x)|*dedt — 0 as h — 0 (4.4.11)
0 Td

h—0 <0

and so, it is compact in L2((0,T) x T%).

We recall that
IV*@s]| Lo (ray < Srd—d/p’

and for any function g € LP(T4),
g * esllLerey < ll@sllLerayllgllor (ray-

Démonstration. Using the mollifiers with § = §(h) depending on h to be specified later in the
way that 6(h) — 0 as h — 0, we first split

T—h T—h
/ /|f5(t+h,x)—f5(t,x)|2dxdt§4/ /\fg(t,x)—fg(t,-)*<p5(a:)|2dxdt
0 Td 0 Td
T—h
— ) * )% dz
+4/O /W|fe<t+h,x> St + B+ a(a)]? dr

T—h
+4/0 /]rd|f€(t+h7-)*<p5(;p)—fs(t7.)*¢5(x)|2dxdt.

When we apply limit limy_,olimsup,_,,, the first and second term vanish due to (4.4.10). It
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remains to study the third term which reads

T—h
/0 /]N|f5(t+h,-)>k(p5(x)—fs(t7.)*so6(x)|2dxdt:

N e s v [

T—h
SCh/ // |J*Vk<p5(s,x)|2dsdxdt,
0 Td Jt
¢

where we used Jensen’s inequality. We perform the change of variables s — v = *7=, use Fubini’s
theorem, and obtain

T—h t+h 9 1 T—h 9
h/ / / | * VFes(s, )| dsdxdt:hz/ / / | VFos(vh +t,2)|” dt da dv.
0 Td Jt 0 Td JO

Then we use the change of variables ¢t — 7 = v h 4 ¢ and obtain

1 T—h )
h2/ / / |J* VFos(vh +t,z)|” dtdzdv =
0 Jra Jo

) 1 T+h(v—1) i ) B2 ,
=h /0 /ﬂ‘d/vh |Ji % Vs (r,0)[ " dr dedv < g7y -

Using the L*((0,T) x T%) bound on {J.} and choosing § such that §2*?¢ = h we conclude that

2
h
/ J* VFps(s,z)ds| dzdt

T—h
lim limsup/ / b+ hox) — fo(t,2)2 da dt < O(R).
0 Td

h=0  c—0

Combined with the compactness in space (4.4.11) and the Fréchet-Kolmogorov theorem we obtain
the compactness of {f.} in L2((0,T) x T9). O

Remark 4.4.10. Compared with the usual version of the Fréchet-Kolmogorov theorem, one would
expect that the condition for compactness in space should read

lim hmsup/ / |f-(t,z +y) — f-(t,2)|*dzdt = 0. (4.4.12)

y—=0 50

However, by a careful inspection of the proof, (4.4.10) is sufficient and in fact, in the proof one
deduces (4.4.10) from (4.4.12).



Chapitre 5

Degenerate Cahn-Hilliard systems :
From nonlocal to local

Abstract

We provide a rigorous mathematical framework to establish the limit of a nonlocal model of
cell-cell adhesion system to a local model. When the parameter of the nonlocality goes to 0, the
system tends to a Cahn-Hilliard system with degenerate mobility and cross interaction forces.
Our analysis relies on a priori estimates and compactness properties.

5.1 Introduction

We consider the nonlocal system of Cahn-Hilliard equation with degenerate mobility derived
in [165]

dp

O (o9 (sBlo] +aBli) 10— ) in (0, +00) x T4 (5.1.1)
1~V - (1 (aBlo] + Bl — Bp ) in (0, +00) x T. (5.12)

equipped with an initial datum (pg,n0) € 2(T%)? where Z?(T?) is the space of probability
measures on the flat torus of dimension d. Here x,a,y > 0, 8 € R while B is the nonlocal
operator B = B, defined with

Beluc)(@) = % ue(e) = oz v uel) = 5 | o) ue(o) — ueler ~ ) y (5.1.3)

for & small enough and w. is the usual radial mollification kernel w.(z) = &w(%) with w com-

pactly supported in the unit ball satisfying

2
/ w(y)dy =1, / yw(y)dy =0, / yiy;wdy = &’JE' (5.1.4)
R Rd Rd

165
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Our target is to prove that as € — 0, the constructed solutions of

& V(Y (sBelp] + aB.ln] o — ), in (0, +00) x T, (5.15)
1~V - (9 (aB.p) + Boln) ~ Bp ) in (0,+00) x T (5.1.6)

tend to the weak solution of the local system of degenerate Cahn-Hilliard equations

)
8{ =V (pV (=kAp — aln —yp — Bn)), (5.1.7)
B

79? =V -V (—alp—An—Bp—n)). (5.1.8)

Here, k > 0 and v > 0 represent the relative self-adhesion strength of p with respect to 7 ; while
a > 0 and S € R give the relative strength of the cross-attraction forces. We also denote by

e = kB:[p] + aB:[n] —vp — Bn,
e = aBe[p] + Be[n] — Bp — 1,

the chemical potentials (from the Cahn-Hilliard terminology) related to the nonlocal system. The
nonlocal system is associated with the following formal energy/entropy structure

Bl = [, [ L2 wlote) — plo— )+ Ine) = nla = 9)P) dody

s 8 [ ]2 ) pla - ) ate) — nfe — sy — [ TP+ S+ B

(5.1.9)
Plp,n) = /Td p(log(p) — 1) + n(log(n) — 1) da. (5.1.10)
Their dissipation is formally controlled by the identities
t t
Elpn®+ [ [ p1upl+ [ [ nl9inl? < Eclpo,m), (5.111)
0 JTd 0 JTd
D[p,n)(t) + D®[p, n](t) < ®[po, o). (5.1.12)

where D®[p, n](t) is the dissipation of the entropy defined as

polp.nl) = [ [ [ ZLwIV0te) - Toto - )P + 1V0(0) - Tl - )Py

- O‘/O /T /T “2(5” (Vp(x) = Vp(z - y) - (Vn(z) — Vi(z —y)) dedyds
- /O /Td VIVp|* + [Vn|* +28Vp - Vndzds.

It turns out (see Proposition 5.2.1) that for k > a?, k > 0 they provide strong compactness in
space of pe, Ny, Vpe, Vne.
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Our first result states that we can construct solutions to (5.1.5)-(5.1.6) satisfying additional
uniform estimates which will be relevant in the sequel.

Theorem 5.1.1 (Existence of solutions for the nonlocal system). Suppose that k > 0, k > a?.
Let g9 = min(ef, ef}) be given by Proposition 5.2.1 and Lemma 5.5.2. Let ug = (po,no) € P(T?)?
be an initial datum with finite energy and entropy E.(u®), ®(u®) < C defined in (5.1.9)-(5.1.10)
where C is independent of €. Let € < eq. Then, there exists a global weak solution u. € &2 (T%)?
of (5.1.5)-(5.1.6) as defined in Definition 5.3.1. Moreover, it satisfies

/ / W;(Qy) (Ipe(@) = pe(z =) + |n(x) = n-(z — y)|*) dzdy < C, (5.1.13)
']l‘d ’]I‘d,

T
L L] 220900 - Vosa = )P + V(o) = Vo - Py ey £ €. (6.114)

for a constant C that depends on parameters and the initial condition u® but not on e.

The proof of this result follows the argument of [135]. We decided to include the proof to de-
monstrate estimates (5.1.13)—(5.1.14) which are essential for our main result which reads as
follows.

Theorem 5.1.2 (Convergence of nonlocal to local Cahn-Hilliard equation on the torus). Suppose
that k > 0, k > 2. Let ug > 0 be an initial datum with finite energy and entropy E.(u®), ®(u®) <
C defined in (5.1.9) and (5.1.10) where C' is independent of €. Let {u.} be a sequence of solutions
of the degenerate nonlocal Cahn-Hilliard equation (5.1.5)-(5.1.6) as defined in Definition 5.5.1.
Then, up to a subsequence (not relabelled),

u. — u in L*(0,T; HY(T)),

where u is a weak solution of the degenerate Cahn-Hilliard system (5.1.7)-(5.1.8) as in Defini-
tion 5.4.1.

We conclude with a short discussion of applied techniques and considered problems.

Ezistence of weak solutions. The strategy to prove the existence of weak solutions is based on
the gradient flow structure of the equation in the Wasserstein space. We use the JKO scheme
first introduced in [234] by Jordan, Kinderlehrer and Otto in the context of the Fokker-Planck
equation. The main idea is to use an implicit time discretization of the associated variational
problems. The sequence created minimizes movements. When the time step goes to 0, the se-
quence converges to the associated gradient flow. This strategy has been used for instance in [258,

, 271] in the context of Cahn-Hilliard equation and in [135] in the context of cross-diffusion
systems with nonlocal interaction. The proof of Theorem 5.1.1 is in fact closely related to the one
in [135] and we follow to some extent their proof. The difference is the control of the positiveness

of the energy and the transport of uniform bounds independently of € needed in the last section.
Also, our settings are periodic in space. The proof uses two main components :

— The "gradient flow" structure of the scheme which provides classical discrete energy esti-
mates and Holder continuity in time and allow narrow convergences of the scheme.

— The weak convergences being not enough, we use the flow interchange lemma [270, ]
The idea is that we usually obtain better estimates with the entropy in the Cahn-Hilliard
equation. This entropy generates a heat-flow. Then the flow interchange lemma allows to
exchange the dissipation of one functional along the gradient flow of another one and thus
improve the regularity of the scheme.
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Nevertheless, since we assume that x > o? and xk > 0, the system is strongly parabolic with
respect to (p,n). Therefore, to prove existence, one could approximate (5.1.5)—(5.1.6) by

W G Typ)V (6Bl + 0Bl —vp—Bu)), im0 x T (5.115)
O = V- (T3 (0Belp] + Bulal ~ Bo— ), i (0,400) x T4 (5.L16)

where Ty is a function such that § < Ty < % and T5(9) — 0 as 6 — 0. Then, one sends 6 — 0
and obtains solutions to (5.1.5)—(5.1.6). This method is a standard way of proving existence
of solutions to Cahn-Hilliard equation with degenerate mobility [113, , , , |. Of
course, one has to prove estistence to (5.1.15)—(5.1.16) by virtue of fixed point method and
Schauder’s estimates for parabolic equations which is very technical. Therefore, we preferred to
apply gradient flow techniques which are natural for our problem.

Passage to the limit € — 0 and nonlocal compactness results. We use the strategy developed by

the second and third author in [155] for the single Cahn-Hilliard equation. The main tool is
the compactness result due to Bourgain-Brezis-Mironescu [53] and Ponce [294] which reads as
follows :
Proposition 5.1.3. Let {f.} be a sequence bounded in L?(T<). Suppose that
_ 2
[ .
T4 JTd |z =yl

for some constant C. Then, {f.} is strongly compact in L*>(T?) and the limit f € W12(T%).

Proposition 5.1.3 is crucial because the difference quotient appearing in (5.1.17) can be controlled
by the energy and the dissipation of the entropy of Cahn-Hilliard equation which yields com-
pactness. The novelty comes from the treating of cross-interactions terms. It turns out that we
can control possibly negative terms appearing in the energy and the dissipation of entropy by a
simple interpolation inequality, see Lemma 5.2.2 and Proposition 5.2.1.

Aggregation-diffusion systems. System (5.1.5)-(5.1.6) is an example of aggregation-diffusion sys-
tem [85] which are attracting a lot of mathematical attention nowadays [313, 86, 33, 77, 164]. To
motivate, let us first start with an aggregation equation

%+V- (pu) =0, u=—VW xp, (5.1.18)
where W : T¢ — R is a symmetric interaction potential. Over the last years, equation (5.1.18) was
applied in the context of biological aggregation [51, , |, materials science [216], granular
media [38, 43] and it attracted also a lot of mathematical interest, particularly for non-smooth
potentials. We only refer to [17] for the LP theory, to [76] for the theory in spaces of measures
and to [16] for blow-up conditions. Equation (5.1.18) can be derived from the particle system via
mean-field limit [225, | : one considers N particles having positions {X;};=1, . n satisfying

system of ODEs :
1
Xi= =5 2 VWX = X);
JFi
then, under appropriate assumptions on W, empirical measure p™ (t) = % Zfil dx, (1) converges
(in the weak* topology of measures) to a solution of (5.1.18), see [91, Theorem 3.1] for the proof
and [34] for some extensions.
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To obtain the aggregation-diffusion equation from (5.1.18), one can consider interaction potentials
of the form W,, = W+2vdy modeling two effects : repulsion of strength  and non-local attraction.
Informally, we obtain

dp

% =vAp?+ V- (pVW % p), (5.1.19)
but this can be made rigorous by approximating the Dirac mass with a sequence of mollifiers,
see [92, 65] with m = 2. Of course, (5.1.19) can be extended to include more general diffusion

term Ap™ instead of Ap? as well as an advection term, see [93].

One can also consider system of particles {X;};,=1 . n, {Yi}i=1,.. ,~ representing two popula-
tions. Then, repeating the derivation explained above, one arrives at a system of equations of
the form (5.1.1)—(5.1.2) which can be used to model cell-cell adhesion [26, 87, 82] to reproduce
the Steinberg cell-sorting phenomena. Structure preserving numerical schemes have been deri-
ved for equations and systems of aggregation-diffusion type [33, 31, 30] as well as Cahn-Hilliard
equations and systems [32, 165] recovering the cell sorting mechanism.

Gradient flows in the periodic setting. Due to the presence of a non-local operator B; in (5.1.5)—

(5.1.6), we develop our theory on the d-dimensional torus T¢ which makes non-local terms easy
to be defined. As already explained, solutions to (5.1.5)—(5.1.6) will be constructed via JKO
scheme. In what follows, we briefly review the theory of optimal transport on T¢ comparing to
the usual case of R? or bounded domain 2 C R%. We refer the Reader to [305, Section 1.3.2].

First, we need to define a metric and the natural choice is

d(z,y) = inf |z —y+ K|, z,y € T
kezd
where | - | is the Euclidean distance. Then, the Wasserstein distance W5 is defined as

W22(H? V) = inf / d(‘rv y)2 dﬂ(xa y)7 Ve Q(Td)a
mell(p,v) Jd Td

where IT(p, v) is the set of couplings between p and v. This already implies that, say in dimension
d =1, the optimal transport maps are not necessarily monotone on the torus. Nevertheless, the
optimal map always exists if at least one of the measures is absolutely continuous with respect
to the Lebegue measure. Moreover, the optimal map is given by the gradient of some function
which is differentiable a.e. We refer to [111] for the first proof of this fact and to [305, Theorem
1.25] for a modern presentation. We also refer to the general result of McCann [272] who proved
existence of the optimal map on the general manifold, including the case of torus.

To conclude, let us mention that optimal transport was used to study several PDEs on the torus
via JKO scheme, in particular fractional porous medium equation [173], continuity equation
with nonlocal velocity in 1D [174], systems of continuity equations with nonlinear diffusion and
nonlocal drifts [73] and certain fourth-order equation in one dimension [89].

5.2 Energy and entropy for the non-local system

As already mentioned, system (5.1.5)—(5.1.6) has the energy/entropy structure which can be
used to obtain compactness estimates. In order to do so, one has to assure nonnegativity of the
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quantities of interest. In our case, we focus on the energy E. and the dissipation of entropy D®.

Proposition 5.2.1. Suppose that k > 0, k > a2. Then, there exists 5 > 0 depending on x,

a, B, v with the following property : for all ¢ € (0,&4') and p,n € P(T?), up to a constant, the
energy defined by (5.1.9) and the dissipation of the entropy defined in (5.1.12) are nonnegative
and provide the estimates on the quantities

L, 22 0t) = ot =) + o) = i = )Py dody < €+ ol

L “0) (19 (a) ~ e~ ) + [V0(2) — V(e — 9)) dedyds < €+ DB 1)(0)

where C depends on Kk, a, B and 7.

The main tool to establish nonnegativity (up to a constant) is the following non-local Poincare
inequality with parameter which allows to handle negative terms.

Lemma 5.2.2 (Poincare inequality with a parameter). For all § > 0 there exists C(d) and
g0 = £0(0) such that for all e < g and all f € H*(T?) we have

z) = flz -

2

2
||f|§<5AdXwag(y)|f( v dz dy + C(8)|| f]I3, (5.2.1)

Vf(x) = Vi@ -y

2
= dzdy + C(0)| f]13. (5.2.2)

IVAE<s [, )
T xTd

Démonstration. We prove (5.2.2) as (5.2.1) is in fact easier. Aiming at a contradiction, suppose
that there exists § > 0 with the following property : there exists sequence {e,,} with 0 < ¢, < %
and sequence { f,} such that

Vfn(®) =V fn(y)?
IV fal2zay > 0 / d / ) - IRGE,,

2 e —yl)dedy +n | fall 21 gay-

As ||V fullL2(rey > 0, we may define g, := Whlem” Note that ||V gnllL2(re) = 1 and

In
lr2(ra

Vn(z) — Van(y)?
1>7/ / Vo) 2 ) we,, (| = y[) dz dy +n[|gnl 71 (ray-
Td JTd En

By Poincare inequality with average, {g,} is bounded in L?(T%) and so in H'(T¢). Moreover, the
first term gives compactness of the gradients (because {g,, } is bounded in H'(T9) so that, together
with Rellich-Kondrachov, there exists function g such that g, — g in H'(T?) (after passing to
a subsequence). But then g = 0 because n ||gn| ;1 (rey < 1. This is however contradiction with
||ngL2(Td) = hmn_,oo ||VgnHL2(Td) =1 O

Proof of Proposition 5.2.1. We first focus on the energy. We can estimate

7+ 18] 1+15)
BRI S el L

Td 2 Td

0% 1
—/ 2P+ 50+ Bpn =
Td

Then, we use (5.2.1) in Lemma 5.2.2 with ¢ := §/ max ('H-zlﬁ\7 14'2‘13') and § > 0 to be chosen
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later (this also determines ' = £4'(8)) so that we obtain for ¢ € (0,¢8))

¥ 1
—/ 2P+ 50+ Bpn >
Td

g p(x) = p(z — y)|? g In(x) —n(z —y)?
=71 /deTd we (y) 2 dﬂcdy—z /EdXTd we(y) 2 dzdy = C(9).

4 € €

Therefore, using (5.1.9), we can bound energy as follows

E.lp,] > }/ / w-(y)((k = 8) |o(@) — pla = y)I? + (1 = 8) In(a) — n(x — y)|?) da dy
o [, [ e )ole) = ol =) a(@) =t = ) drdy = C(6).

Now, by continuity, we choose § so small so that K —§ > 0 and (k — §)(1 — ) —a? > 0, i.e. so
that the matrix (H ; 0 1 g 5> is positively defined. It follows that the assosciated quadratic

form is bounded from below, that is there exists constant C' (in fact, this constant is the smallest
eigenvalue of the matrix) such that

//ws (o) — p(z — )2 + In(x) — nz — v)|?) dz dy — C(6).

The proof for the entropy is the same : this time we use (5.2.2) in place of (5.2.1). O

5.3 Existence of weak solutions to the nonlocal problem

To prove the existence of weak solutions for our system, we want to apply the JKO scheme,
see [234]. As € is fixed in this Section, we write (p,n) for the solution, instead of (pe, 7).

Definition 5.3.1 (Weak solutions). We say that u = (p(-),7(-)) : [0, +00) — Z(T%)? is a weak so-
lution of (5.1.5)-(5.1.6) with initial condition (pg,no) satisfying (5.3.4) if p,n € C([0, T]; 2(T?)),

p,m € L2(0,T; H(T)) N L>=(0,T; L*(T%)) for all T > 0, and if for all ¢, ¢ € C°([0, +00) x T?)
we have

7/ / patgodxdtf/ pop(0)de = *Ii/ / pVB:p] - Vpdadt
0 T4 Td 0 Td

*a/ /pVBs[n]-dexdt*/ /p(vvpfﬂvn%vsﬁdxdt,
0 Td 0 Td

—/ /naﬂﬁdxdt—/ 100 (0 / /UVB -Vodxdt
0o Jrd Td Td

_a/o /ﬂ‘d nV B |[p] -V¢d$dt—/0 5 n(Vn — BVp) - Ve drdt.
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We first rewrite system of equations (5.1.5)-(5.1.6) in the following form

% =V (pV(kp— (R+7)wexp+an— (a+ Pw: *1)), in (0, +00) x T, (5.3.1)
% =V -V (@p— @+ Blwexp+en—(E+Dw*m),  in (0,4+00) x T (53.2)

where i = 55—y, a= 5 —f,¢c= E% — 1. Using this notation, the energy can be written as

E.[p,n] = / gp“gn%rdpndx—% we*pdp—cg ! / we*ndn—(dJrﬂ)/ we*ndp
T Td Td Td
(5.3.3)
for p,n € 2(T9). We note that when we use p and 7 in expressions of the form p2, 72, pn, we
mean in fact their Radon-Nikodym derivatives with respect to the Lebesgue measures. If they
exist and belong to L?(T9), the energy above makes sense. Otherwise, we consider that these
quantities are +oo0.

We denote the Wasserstein distance for vectors u = (ug,us) and v = (v, v3) as
W3 (u,v) = W3 (ur, 01) + W3 (us, v2),

for all u,v € Z2(T?%) x 2(T9) and where W5 is the usual Wasserstein distance of order 2. For
the initial condition, we assume that (pg,10) € Z?(T¢)? are absolutely continuous with respect
to the Lebesgue measure and satisfy

Ec[po,m0] < C,  ®[po, 0] < C, (5.3.4)

where C' is independent of e.
In what follows it will be necessary to know when the function (p,n) — %pQ + gr]Q + apn.
Fortunately, when x > 0, k > o2, this is always the case for sufficiently small .

Lemma 5.3.2. Suppose that & > 0, k > o?. Then, there exists e > 0 depending on k, a, v, 3
such that for all e € (0,ef) the function (p,n) — 5p* + Sn? + apn is convew.

Démonstration. We note that the Hessian matrix reads Og) so by the Sylvester’s criterion,

O I

the desired convexity is equivalent with &z > 0,%¢ — &2 > 0. Concerning the first condition, as
k>0 and &£ = 5 — 1, we can easily find € such that £ > 0. Concerning the second condition, we
observe that the term standing next to the highest order term E% equals K — a? and it is positive
by assumption. Therefore, the conclusion follows. O

5.3.1 Construction of weak solutions

Let T € (0,00) be a final time of existence and consider the following scheme : given a time
step size 7 > 0 and an initial condition ug = (pg,n0) € £ (T¢)? with E[ug] < +oc we define by
induction

1
ud = wup, u"!:= argmin {Wg(uf,u) + Eg[u]}, (5.3.5)
u€ P (Td)?2 2T

and we set E.[u] = +o0 if u ¢ L?(T%)2



5.3. Existence of weak solutions to the nonlocal problem 173

Lemma 5.3.3 (Existence of minimizers). Let 7 > 0 and uo = (po,m0) € P2(T4)? with E.[ug] <
+00. Then the scheme defined by (5.3.5) is well-defined. Moreover, we have the following energy
esttmate

N
1
Eeful] + o= Y WE G, ) < Befuol. (5.3.6)
=1

Démonstration. Step 1 : The infimum is bounded. Provided u? is defined, we notice that v} €
P(T9)? satisfy = W3 (u?,u?) + E.[u"] = E.[u] < +0o. Therefore the infimum is bounded from
above. Since E.[u] is bounded from below by Proposition 5.2.1 and W2 (u®,u) is nonnegative for
all u we also know that the infimum is bounded from below.

Step 2 : Candidate for a minimizer. We suppose that u” is defined and we want to define u?**.
Let {u*}) be a minimizing sequence in &?(T%)? for the problem (5.3.5). Without loss of generality,
we can assume that for k large enough we have

1
EW%(uf,uk) + E.[u*] < 2 E.[u"], (5.3.7)
since the infimum is bounded by E.[u?]. In particular
B[] < Cu)

with a constant C' independent of k. By definition of the energy in (5.3.3), this proves that
we can extract from (u*); a subsequence (still denoted by k) which converges weakly to some

u in L?(T%)%. Now we consider the function f(p,n) = 5p? + £n? 4+ @pn which is convex by
Lemma 5.3.2. It follows by Tonelli theorem that the functional defined by the first integral
of (5.3.3) is lower semi-continuous with respect to the L? weak convergence. Since the other
terms of (5.3.3) are defined with convolutions, these terms are continuous with respect to the L2
weak convergence. In the end, v minimizes (5.3.5). Finally, u € 2(T%)? as a direct consequence
of the weak convergence.

Step 3 : The energy estimate (5.3.6). Estimate (5.3.6) is a consequence of an induction of the

inequality

1
B fuf* + ?WQQ(U¢+17 u?) < Ecfuf],
T
by definition of 7. O

We have constructed a discrete in time sequence. We want to prove that a time-interpolation
of this sequence converges to a solution of (5.3.1)-(5.3.2). Let T' > 0 be fixed and n = [L]. We
define the interpolation u,(t) = (p-(t),n-(t)) by

pr(t) =p7, n(t)=nt, te((n—1)7,ntl,

where (p,n?) = ul defined in (5.3.5). We prove that this sequence is compact in the following
lemma :

Lemma 5.3.4 (Compactness of the time interpolation sequence). The sequence of curves {u, },
is uniformly bounded in L>(0,T; L?(T%)). Moreover, for all T > 0, there exists an absolutely
continuous curve u : [0,T] — P(T%)? such that up to a subsequence, u,(t,-) converges to u(t,")
weakly in L*(T¢) as T — 0 for all t € [0,T] and u, converges to u in C([0,T], Z(T%)?) as T — 0
for all T > 0. The curve u is globally 1/2-Hélder continuous in time

Wa(ug, us) < /2B [ugl/|s — ¢, (5.3.8)
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and we have the estimate
lull oo (0,75 22 (1Y) < C (1 + Eclug]).

Démonstration. From (5.3.6) and by definition of u, which takes discrete values in time we have

that
t—7 2
B [ur (8)] + % /0 (Wz(uf(s tT)’”T(S)) ) ds < E.[u]. (5.3.9)

With Proposition 5.2.1, we obtain

//L(zy)\uf(x)—ur(x—y)lr"dxdyﬁC(1+Ea[uo]) (5.3.10)
Td JTd &€

so that by Lemma 5.2.1 we deduce uniform estimate in L>(0, T’; L*(92)). To prove weak compact-
ness for all times ¢ € [0, 7] and Holder continuity in time for the limiting curve, it is sufficient to

prove
lim sup W (s), us (1)) < C /[t — 3]
7—0
for some constant C' and apply [21, Proposition 3.3.1] (with d being W, distance, o being weak

topology on L?(€2), K being the ball in L?(T?) such that u,(s) € K for all s € [0,T], C = ()
and w(t,s) = v/t —s). To this end, we write for 0 < s < ¢ such that s € ((m — 1)7, m7] and
t e ((n—1)r,n7]

n—1 n—1 1/2
Wa(ur(s), ur () < > Walus, uitt) < (Z W§<ui,ui+l>> n —m|"/?

< V2E [uo]\/|t — s| + 7,

where in the last line we used (5.3.6) and |n —m| < @ + 1. This concludes the proof. O

5.3.2 H! estimates for the JKO scheme via flow interchange lemma

The weak convergence of the JKO scheme is not enough to pass to the limit in the definition
of weak solutions. We need to obtain better estimates on the solutions. In the Cahn-Hilliard
equation, better estimates are derived from considering the functional U[p,n] = [ plog p+nlogn.
This functional generates the heat flow with respect to the Wasserstein distance W5. To improve
the regularity we, therefore, use the flow interchange lemma which states that the dissipation of
one functional along the gradient flow of another functional equals the dissipation of the second
functional along the gradient flow of the first one.

The main result of this section reads :

Proposition 5.3.5. Fach solution of the JKO scheme (5.3.5) satisfies
u” € HY(T?) foralln €N, 7 >0

and the time-interpolation u, = (pr,n;) satisfies

T
L[ 209 00t00) = Fpnttsn = )P + 1906 0) = Vet — )Py ddy e < O,
0 Td JTd
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for all T > 0. Moreover, for every sequence 1 | 0, we can extract a subsequence (still denoted
by 1) such that for all T > 0,

Uy, — u strongly in L*((0,T) x T%)
Uy, — u weakly in L*(0,T; H*(T?)).
The main tool to prove Proposition 5.3.5 will be the following lemma.

Lemma 5.3.6. Let vy = (po,nm0) € L*(T9)? with E.[vg] < +oc0. Let v = (p,n) : [0,4+00) —
L2(T%)?2 be a solution of the heat flow

Oipr = Apr, Oy = Any, in (0, +00) x T (5.3.11)
(p(0),7(0)) = (po:mo)-
Suppose that
liminfl(Es[vs] — E.[vg]) > —o0. (5.3.12)

sl0 S

Then, vg € HY(T?) and for some constant C depending only on the parameters k, «, vy, B we
have

‘/ﬂ‘d /Td wz(Qy) (|VP0(£L') - Vpo(x - y)‘2 + ‘Vno(x) _ vnO(l' N y)|2) dzdy <

1
< —C liminf = (E.[vs] — E.[vo]).
< ~C liminf < (E.[o.] = E.fuo))
(5.3.13)

The plan is to initiate the heat flow at the solutions to JKO scheme. If (5.3.12) is verified, then
(5.3.13) will provide the desired H! estimate by Lemma 5.2.2. The crucial information here is
that dissipation of Cahn-Hilliard energy along heat flow is related to the dissipation of Cahn-
Hilliard entropy. The technical assumption (5.3.12) will be verified with the flow interchange
lemma which requires a definition of a A-flow in Z2(T%)2.

Definition 5.3.7. Let # : 2(T%)? — (—o0, +00] be a proper lower semi-continuous functional
and A € R. A continuous semigroup S* : Dom(.%) — Dom(%), t > 0 is a A-flow for .7 if it
satisfies the Evolution Variational Inequality (EVI)

1 2/Qh _ 2
flimsup Wz(s U,’U)h WZ(U7’U) + %W%(u,v) +y(u) < y(v)’ (5314)
R0

for all measures u,v € Dom(.%) with Wh(u,v) < +0o0.

Lemma 5.3.8 (Flow interchange Lemma [270, 258]). Assume that Sz is a A-flow for the pro-
per, lower semi-continuous functional F in P(T4)? and let u™ be a n-th step approzimation
constructed by the minimizing movement scheme (5.3.5). If u?* € Dom(.%) then

E.[S" (u)] — E-[u® A

Flut] - FluY] < rlimint L5 0RIZ Bur]) Ay, (ur, ). (5.3.15)
h10 h 2

Remark 5.3.9. In [270, Lemma 3.2] Lemma 5.3.8 was formulated for the case of a bounded

domain. However, it also works in the case of torus as it is just a combination of scheme (5.3.5)
and the definition of A-flow (5.3.14).
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We are concerned with the functional
Ulp.r = [ ola)logpta) + n(a)loga(a) da,

which generates a gradient flow in the product space (#(T%)%, W,) defined by (5.3.11). We admit
the fairly classical result that the entropy U possesses a 0-flow given by the heat semigroup.

Proof of Lemma 5.3.6. We recall that E. can be written as in (5.1.9)
Eofpn] = / [, e wlola) = e = ) + In(o) = 1o =) o dy
o [, [ e )ole) = ple =)o) = nta ~ ) drdy
—/ 29 + 2n + Bpndz.

From parabolic theory, we know that the solution of (5.3.11) is smooth for ¢ > 0 and thus we
have after integration by parts

A0 == 55 [ [ w)(sVole) = Vole =)+ Vala) ~ Vala = ) dedy
5 [, [ e-0)¥o@) = oa =) - (Vata) = Vata — ) drdy
+ [ AIVoR + 90 + 289 D da,
Note that we recognize the dissipation of the entropy (5.1.10). Since the map ¢ — wv(¢,-) is

continuous in L?(T9)2, we get that the map t — E.[v(t, )] is continous at ¢ = 0. By (5.3.12) and
Proposition 5.2.1 there exists C such that for all ¢t < ¢y for ¢y sufficiently small,

_C< EE[U(t,-)] U(] o / d ]d8<

< 252/ /Td /Td we (W) (|Vp(st,z) — Vp(st,x — )| +|Vn(st,z) — Vn(st,z — )|2)dxdyd5.
(5.3.16)

Therefore, using Lemma 5.2.2, the family {Vv(t-,-)}i<y, is bounded in L2((0,1) x T%). Now, as
vy € L2(’]I‘d) and v is the solutlon of heat equation with initial condition vy, v € C([0, T]; L?(T%)).
Therefore, there exists a bounded modulus of continuity 7 : [0, 7] — R* such that lim;_,o 7(t) = 0
and

[o(t, ) = vollL2(ray < 7 ().
In particular,

lo(st,-) = voll L2(pey < 7(st)

so that dominated convergence theorem implies that v(t-,-) — vo in L?((0,1) x T¢) when ¢ — 0.
Finally, choosing a subsequence such that Vo(t-,-) — ¢ in L2((0,1) x T%), using indentity

1 1
/ / v(ts, x) divp(s,z) dsdx = —/ Vou(ts,z) p(s,z) dsdz
0 Td 0 Td
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for a smooth test function ¢ and passing to the limit ¢ — 0, we obtain that Vvyg = £ and so,
Vo € H! (Td)

To obtain uniform estimate on vg in H'(T¢) we want to pass to the limit + — 0 in (5.3.16). For
this, we observe that

1
[ [ [ ewl¥atst.) = Vatst. - ) dodyds =
o Jra Jrd
1 1
= 2/ / |Vp(st,z)|* dwds — 2/ Vo(st,z) - V(we * p(st, z)) dz ds.
0 Td 0 Td

The first term is lower semi-continuous with respect to the L? weak topology while the second
converges to

1
/ Vp(st,x) - V(we * p(st,z)) deds — Vpo(z) - V(we * po(x)) de
0 Td Td

as a product of a weakly and strongly convergent sequences.

With this lemma, we are finally able to prove

Proof of Proposition 5.3.5. First, we want to apply the flow interchange lemma to the functional
U. This is possible since U is bounded from below on £2(T4). Applying Lemma 5.3.8 with .% = U
and Lemma 5.3.6 with vy = u}

cr [ [ 900 - Dot = ) + (92 ) = Vo - )P dedy < ] -t

Summing from n = 1 to n = N we obtain

we(y) 2 2
v i v/ _ 4|V v/ — < CT.
/0 /]l‘d /ﬂ,d 22 (IVpr(t,z) pr(tz —y)l V- (t, z) n(t,x —y)|*) dedydt < CT

From Lemma 5.2.2 we obtain uniform estimate in L2(0,T; H'(T%)) and so, weak compactness in
this space.

It remains to prove the strong compactness in L2(0,T; L?(T%)). First, we want to apply Theorem
5.5.3 with Banach space X = L?(T9) x L?(T%), set U = {u,},>0, pseudometric g(uy,us) =
W2(uy,uz) (extended to +o0o in case u; or uy are not probability measures) and functional F
defined as
Fu) = {||u||§p(w) %fu € H'(T?) x H'(T%) 0 P(T?) x P(T),
+00 if u ¢ HY(T?) x HY(T9) NP(T4) x P(T?).

We can do this as JF is lower semicontinuous and its level sets are compact in L?(T¢) by Reillich-
Kondrachov theorem. Furthermore, g is lower semicontinuous [325, Chapter 6]. Finally, (5.5.1)
follows from uniform estimates in L2(0,T; H*(T%)) and estimate (5.3.9).

Therefore, Theorem 5.5.1 gives us a subsequence (not relabelled) such that

lun(t, ) — u(t, ')”i?(W) — 0 for a.e. t € [0,T].
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As sequence {u,} is bounded in L>(0,T; L?(T%)), the conclusion follows by dominated conver-
gence theorem. O

5.3.3 Weak formulation

To derive the weak formulation, we follow [326, Section 8.4.2]. Since (5.3.5) was derived from the
Lagrangian point of view, the idea is to investigate its first variation and prove that it is a time-
discrete scheme of (5.3.1). For this, we introduce a suitable perturbation of u?*! = (pr+1 nntl)
as follows : let £ be a smooth periodic vector field and Ts = 1 + §€. It is classical to prove that

for § small enough, Ts is a C! diffeomorphism and det(V7s) > 0. Then, we define

(Té#anrlv 77?“)

Note carefully that only the first component was perturbed. This will result in the first equation
in Definition 5.3.1. To obtain the second one, it is sufficient to introduce a similar perturbation
on the second component of u”*1. This results in analogous computations as outlined below and
we do not repeat them.

Using standard properties of push-forward measure we obtain from (5.3.3)

i n+1 2 é
Bulis] = [ G o + GO @) 8 o)l + 66) da

- H+7/Td /st z—y+08(E(x) — &) W)yt (x) dy dz

(5.3.17)
—(@+5) / / we(z + 6€(2) — ) (y) it (@) dy da
[ @ @) da
Td
Using the minimizing property of u”*! in (5.3.5) gives
0< 2—[1/\/2 (u, iis) — Wi (u, u )] + E.[is] — E-[ut]. (5.3.18)

The plan is to expand this inequality in terms of §, send 6 — 0 and then 7 — 0 which will
provide the weak formulation in Definition 5.3.1. We consider three types of terms separately.
Step 1 : the nonlocal terms in E.[is] — E-[u™*!]. When taking the difference E.[iis] — E.[u?*!],
there are two types of nonlocal terms. The first one reads

S et 8(600) = 6000) = o — i ) @)y

Similarly to [135, Proof of Theorem 3.3] we perform Taylor’s expansion and using uniform L2
estimates we obtain that this term is equal to

_5k+v/ Vewe(z —y) - (§(2) = €W (m)pF ™ (2) dy da + 0(9).
Td JTd
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The second term comes from the cross-interaction potentials and we obtain similarly

56 +8) [ [ Voo =) €@t @ @) dyda + o(6)

Step 2 : the local terms. As in Step 1, there are only two differences. The first one reads

R (Ph)?

n+1 d
L det(1 T ove) P ) da.

Using det(1 + dVE) = 1+ ddivE(x) + o(d), we obtain that this term is equal to
—5§/E (pr T2 div &(z) dz + o(0).
The second term reads
[, a0 @) o+ 56—t ) da

As Vnrtl € L2(T?), the second term is equal to

5 / Y () (z) - £dz + o(8).
Td

Step 3 : The Wasserstein terms. Since p” and p"*1 are absolutely continuous measures, we know
that there exists an optimal map V¢ such that Vp#p" = pt1 [305, Theorem 1.25] and

W2 (o, i+ = / @)~ V(e) + k@) da. (5.3.19)

where k(z) € Z?. Moreover, we have Ts#p" 1 = [(1 + 6¢) o V|#p". Therefore by definition of
the Wasserstein distance, and for ¢ small enough we have

WH2 Tot ) < [ i) o = Vo) = 86 0 Vipla) + k(o) d (53.20)
Td
Using (5.3.19)—(5.3.20) and performing Taylor’s expansion we obtain

VB ) = WE ) < 2 [ e (Tila) =+ b(e) - (€0 Via)) da + o(0)

T

Weak formulation. We plug inequalities from Steps 1-3 to (5.3.18). As £ can be replaced with —¢
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we obtain equality

! / (@) (Vpla) — 2+ k() - (€ 0 Vip(x)) dar =
’]I‘d,

T

=5 [ ert@pave@ar—a [ @vete) g

(5.3.21)
c@+8) [ [ Vet =) @ )or @) dyda

R4+

T3

/m T Vwe(z —y) - (@) — W)t () et (x) dy da.

Now we consider test function ¢ = V¢ for some ¢ € C*°(T?). By periodicity we have ¢(V(z)) —
C(x) = ¢((Vp(z)) — ((x — k(x)). Therefore, we have

C(Ve(x)) = ((2) = (Vo(o) — o + k(@) - (Vo Vip(2)) + O — k(z) = V(o))

and p"t! = Vp#p?, we obtain that the (LHS) of (5.3.21) is equal to

i(/ prtic - /pT >+O(W2(p: TTLH)).

Now, let t;, t be arbitrary. As the curve p;, is piecewisely constant, we can sum up from n =
ny = [t1/7] to ng = [t2/7] + 1 and obtain

T — T\t1 €z 2Pz P ?rl+1 =
[ orteaicas = [ oot +0<ZW o >)

n=ni

t2 t2
/ / pr ()AL (x dxdt—a/ / pr(t,2)Vn:(t,z) - V¢da dt
ty JTd

r@e) [ [ Verte ) Vet 0) dpaca

/<;+’Y/ //sz z—y) - (V¢(z) — VC¢(v))p-(t,v)p-(t, z) dyda dt + O(7),
Td JTd

where the term O(7) appears because each term has at least one term (p, or 7, ) which is bounded
in L>°(0,7T; L*(T%)). Using the energy estimate (5.3.6) on the Wasserstein distance, we can
incorporate the term O (312, W3(p%, pir*1)) into O(7). Sending T — 0, using Proposition 5.3.5
and pointwise (in time) weak convergence (in space) from Lemma 5.3.4 yields

/po(tzﬁr)ﬁ(ﬂc)dx—/ Dt 2)C(@) da =

/ / (t,2)*Al(x da:dt—oz/ / (t,z)Vn(t,z) - V¢ dx de
d Td

+(G+8) / [, [, Verte =) V@t a)ptt.a) dydrar

n-i—’y

/ ’ / Vwe(z —y) - (VC(x) — VCW))p(t, y)p(t, z) dy da dt.
(5.3.22)
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Performing integration by parts we obtain

R, "
;/tl /Td p(t,2)?Al(x) do dt = f%/tl /Td p(t,z)Vp(t,z) - V{(z) dz dt,

while changing variables we obtain

S et - (6@ - Tt x) dydrar =

=—(R+7) /: /Td we x p(t,x) - V{(x) da dt.

Having these two observations in mind, we obtain the weak formulation with test function {(x)
depending only on x. The general weak formulation with test functions depending on ¢ and x
as in Definition 5.3.1 follows from multiplying with 0yt (t), integrating in time and using the
classical density of functions of the form 1 (t) {(z) over the set of test functions ¢(¢, x) (see [142,
Theorem D.5]).

Regularity estimates (5.1.13)—(5.1.14). Clearly, it is sufficient to prove these estimates for the first
component of u = (p,n). For (5.1.13) we note that from Lemma 5.3.4 we have that u,(¢,-) —
u(t,-) for all fixed ¢ € [0, T]. Moreover, we can write the quantity of interest as

//wa<y>|p7<t,z>—p7<t,x—y>|2dzdy=2/ \p7<t,x>|2dx—2/ pr(t,2) we % pr(t,2) do
Td JTd Td Td

so that the first term is weakly lower semicontinuous while the second is the product of weakly and
strongly converging sequences. Applying liminf. o to (5.3.10) we deduce (5.1.13). Concerning
(5.1.14), the proof is carried out in the similar way : this time we use strong compactness of
pr and weak compactness of Vp, in L?((0,T) x T?) from Lemma 5.3.5 which allow to handle
integral with respect to time.

5.4 Limit ¢ =0

We want to send € — 0 and obtain convergence of weak solutions of the nonlocal Cahn-Hilliard
system (5.1.5)-(5.1.6) to weak solutions of the local version of the Cahn-Hilliard system. We
define weak solutions of the latter.

Definition 5.4.1. We say that u = (p(-),n()) : [0,00) = Z2(T9)? is a weak solution of (5.1.7)-
(5.1.8) with initial condition (pg,n0) if p,n € L%(0,T; H?(T%)) for all T > 0, and if for all
o, € C2([0,+0) x T?) we have

7/ / patcpdxdtf/ poga((),:c)d:r:fn/ / ApVp-Veodxdt
o Jrd Td o Jrd

- Ii/ / pApApdr dt — a/ D?*n: (Vp® Ve + pD*p)drdt — / / p(vVp — BVn) - Vo dadt,
0o Jra o Jra o Jra

— / / Nnoyp dz dt — / 10¢(0, z) dz = —/ AnVn-Vodxdt
0o Jra Td 0o Jre

—/ /nAnAqbdxdt—a/ D2p:(Vn®V¢+nD2¢)da:dt—/ /n(Vn—ﬁVp)-Vq’)dxdt.
0 Td 0 Td 0 Td
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As we will see (Lemma 5.4.3), we have bounds at most on the gradient of Vp., Vn., and the
limit equation has four derivatives. That means we need to mimic at the epsilon level integration
by parts for nonlocal operators. For that purpose, we define the operator

we(y)
S:lol(z,y) = r—1y)— oz 5.4.1
[o)(z, y) VR (o(z —y) — o(z)) (5.4.1)
which has the following properties, see [155, Lemma 3.4] :

Lemma 5.4.2. The operator S. satisfies :
(S1) S. is a linear operator that commutes with derivatives with respect to x,

(S2) for all functions f,g: T¢ — R we have

Se[fal(z,y) — Se[fl(z,y)g(z) — Se[gl(z,y) f(z) =

(S3) for all u,p € L?(T?)
<B6[u]('>7§0(’)>L2(’H‘d) = (Se[u] (-, ), Sele] (-, ’)>L2(’H‘d><Td)~

(S4) if {u.} is strongly compact in L*(0,T; H*(T?)) and ¢ € L°°((0,T) x T?) we have

/ / (S.us))? o(t,z) / IVt o) o(t, 2).
0 JTd JTd o Jrd

5.4.1 Uniform estimates in ¢ and compactness

We collect here estimates for the solutions of (5.1.5)—(5.1.6) which are uniform in & > 0.

Lemma 5.4.3. Let (pe,n:) be the solution of (5.1.5)—(5.1.6) constructed in Theorem 5.1.1. Then,
the following sequences are bounded :

1 {pe}, {ne} in 10, T5 L2(9) and L2(0,T; HY(9),

2. {0p:}, {0m:} in L2(0,T; H-2 ().
Moreover, the sequences {pc}, {n-} are strongly compact in L?(0,T; H*(Q)) and the limits belong
to L2(0,T; H2(R)).

Remark 5.4.4. We note that we cannot use estimates coming from dissipation of the energy
(5.1.11) which can provide better estimates on time derivatives because this information is lost
in the JKO scheme. We proceed with a different approach.

Proof of Lemma 5.4.3. The first estimate follows from (5.1.13)—(5.1.14) and Lemma 5.2.2. To
see the second, we consider equation for p. and test it with a smooth and compactly supported
function (¢, z). We need to control the following terms

T T T
| [e-vBdodvedsa [ [ povBindvedsa [ [ paVp-5Vn)Vedeat
0 Td 0 Td 0 Td
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The first two terms are controlled in the same way so that we focus on the second. Using (S3)
in Lemma 5.4.2 and VBc[n.] = B:[Vn.| we have

T T
/ / pe VBe[ne] - Vodadt = / / Se[Vne] - Selpe Vel dy dz dt
0 Td 0 Td JTd

which is bounded if ¢ € L2(0,T; H?(T%)). Concerning the third term, it is controlled when
Vg € L2(0,T; L>(T%)) which is implied by ¢ € L2(0,T; H**2 (T%)) by Sobolev embedding. The
conclusion follows.

The strong compactness follows from Lemma 5.5.5 and estimates (5.1.13)—(5.1.14).

5.4.2 Convergence ¢ — 0

Proof of Theorem 5.1.2. As Equations (5.1.5) and (5.1.6) have a similar structure, we focus only
on Equation (5.1.5). More precisely, we pass to the limit in the term [ [r., div(p: Vi, ) dz dt
where ¢ € C3([0,00) x T). Integrating by parts, we obtain

/ / div(pVipe) pdedt = / / PeViipe - Vodadt
Td

= /i/ B.[pe]Vpe - Vodzdt + K/ / B.[pe]pAp da dt
0 Td 0 Td
~a [ [ pBlva)-Vededt— [ [ p(0Vp. - pVR) - Viodsdi
0 Td 0 Td
=L+ 1+ I3+ 1.
(5.4.2)

Concerning the term Iy, its convergence is straightforward because all the sequences {p.}, {n:},
{Vp:} are compact in L?((0,T) x T%). For the passage to the limit in Iy, I, we refer to [155,
Steps 1, 2; Proof of Theorem 1.8] (these are exactly the terms that appear for analysis of a single
equation). We now prove the convergence of the term 3. Due to Lemma 5.4.2 (S2), we have
(omitting the constant )

—I3= / Sa[Pe]Sa[VM -Vedrdt +/ / PeSe[VTIa] ) SE[VSO] dedt+ R, =: J1 + J2 + Re,
0 Td 0 Td

where R, is defined as

/ [, [ siva-~ \f()[(vw( y) — Vio(a)) - (s (& — ) — pe(@))] dar dy dt.
Td JTd

After a change of variables y — % and using the definition of w. we obtain

/ / / — pe(x — ey) Ve (x) — Vne(z — ey) Ve(z)dzdydt.  (5.4.3)
0 Td JTd

9 9

From Lemma 5.5.1 and 5.5.2 we obtain strong convergence of w — Vp(z) -y and
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weak convergence of /w M — w(y) D*n( (both in L2((0,T) x T x T4))
so that we easily Conclude

J1 =3 / » (Vp(z 2n(x)y) - Vo(z) dy dz dt.

where D27 denotes the Hessian matrix (9;;7);;
For J, we similarly write

L[ Vine(z) = V(v —ey) Ve(z) — Ve(z —ey)
= 5/0 /Td /Td w(y) pe(x) : dedydt. (5.4.4)

3 9

and the same argument as for J; shows that

Jz% / / V) - (D*¢(x)y) dy da dt.
Td
By properties of w, we obtain
Ji+Jo = / D?n: (Vp® Vo + pD*p) dzdt.
o Jra

It remains to show R. — 0. By Cauchy-Schwarz inequality (in time and space) as well as bounds
on S.[Vn.] from the entropy it remains to prove that

I

Using Taylor’s expansion we can estimate this integral with

Mool [ [ [ 2 pute = ) - pelo) dyasat
0

which converges to zero by the bound from the entropy so that R. — 0. O

(x —y) = p(2)]’|Ve(x — y) — Vip(z)|* dy dz dt — 0.

5.5 Appendix

5.5.1 Results on difference quotients

Lemma 5.5.1. Let {u.} be a sequence strongly compact in L*(0,T; H(T%)). Then, for fived
y € T,

ue(t, @ —ey) — u(t, )

— —Vu(t,x) -y strongly in L*((0,T) x T% x T%).
€

Démonstration. Clearly, the sequence converges in L%((0,T) x T4), that is

I

To see the convergence in L?((0,T) x T¢ x T9), it is sufficient to apply dominated convergence

2
£ t, - - Uellby
ue(t, x — ey) — ue(t, @) — Vu(t,z) - y| dzdt — 0.
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theorem as we have the estimate

.

Lemma 5.5.2. Let p € L>®(T%) and {n.} be a sequence such that
— p(y) w is bounded in L?((0,T) x T x T4),
— ne(t,z) = n(t,z) in L2(0,T; HY(T?)) and n € L*(0,T; H*(TY)).
Then,

2
ue(t, @ — ey) — uc(t, )

T
< / |Vus - y* dedt < |y| sup Vel .
o Jrd e b

oly) VED VL) (4 D20t ) -y weakly in L2((0,T) x T x T,

Démonstration. Clearly, after passing to a subsequence, the limit exists and we only need to
identify it. For this, we consider a smooth and compactly supported test function (¢, x,y) and
compute

/ / / ) LD Z%(t’x_gy)w(t,x,y) dydzdt =
Td JTd

T J—
= /0 /]rd /]rd (p(y) 7/1(t,:z:,y) i(taz +€yay) Vﬁg(t,:c) dydxdt

which converges to

/ / / YVt z,y) -y Vn(t,z)dyde dt = / / / O(t, x,y)D*n(t, x)-ydy de dt
Td JTd Td JTd

because n € L2(0,T; H?(T?)).

5.5.2 Compactness results

A version of Lions-Aubin for JKO scheme. We recall here from [135, Theorem 2.1] a
version of Lions-Aubin lemma useful for establishing compactness of a sequence of solutions to
JKO scheme. For the proof we refer to [301, Theorem 2|.

Theorem 5.5.3. Let (X, || - ||x) be a Banach space. We consider

— a lower semi-continuous functional F : X — [0,4o00] with relatively compact sublevels in
X,

— a pseudo-distance g : X x X — [0, +00], that is g is lower semicontinuous and g(p,n) =0
for some p,n € X such that F(p), F(n) < oo implies p = 1.

Let U be a set of measurable functions u: (0,T) X X with T > 0 fized. Assume further that

sup/ F(u(t))dt < oo, lim sup g(u(t + h),u(t)) dt = 0. (5.5.1)
uelU h—=0ycU



186 CHAPITRE 5. Degenerate Cahn-Hilliard systems : From nonlocal to local

Then, U contains a sequence {un,} converging in measure to some u € X, i.e.
Veso [{t € 10,T] : ||un — ul|lx > e} = 0 as n — oo.
In particular, there exists a subsequence (not relabelled) such that
un(t) = u(t) in X for a.e. t €10,T).

Nonlocal version of Lions-Aubin lemma
The following result was proved in [155, Theorem B.1] based on [53] and [294]. In fact, the proof
of Theorem 5.5.4 is the proof of Proposition 5.1.3 integrated in time.

Theorem 5.5.4. Let d > 2. Let {f.} be a sequence bounded in LP((0,T) x T%). Suppose that
there exists a sequence {pe} as above such that

T —
/O /w /w |f-(t, ) Epr(t’y”p“’E(‘x —y|)dadydt < C (5.5.2)

for some constant C. Then, {f.} is compact in space in LP((0,T) x T%), i.e.

T
limlimsup/ / o % 05t 2) — fo(t,2)|P dadt = 0 (5.5.3)
0 T

620 -0

for all families of mollifiers {ps to<s<1-
We prove here :

Lemma 5.5.5. Suppose that {f.} is a sequence bounded in L*((0,T) x T¢) such that
— {0, f.} is uniformly bounded in L*(0,T; H=*(T4)) for some k € N,
— {f.} is compact in space in L*((0,T) x T?), i.e.

T
lim limsup/ / |fe* ps(t,z) — fo(t,z) > dedt =0 (5.5.4)
0o Jra

620 0
for some family of mollifiers {vs}o<s<1-

Then, {f.} is compact in time in L?((0,T) x T?), i.e.

T—h
lim limsup/ / (b 4+ hoz) — fo(t,2)2dzdt = 0 as h — 0 (5.5.5)
0 T4

h—=0 ¢—0
and so, it is compact in L2((0,T) x T4).

Démonstration. Using the mollifiers with 6 = §(h) depending on h to be specified later in the
way that 6(h) — 0 as h — 0, we first split

T—h T—h
/0 /w |fe(t + h,x) — fo(t,z)]? dedt < 4/0 /Td |fo(t,z) — fo(t,-) * ps(z)|? dz dt
T—h
+4/ ot + o) — fult + ho) % o5 (a)]? da dt
0 Td

T—h
+4/ |fo(t+ R, ) % ps(x) — fo(t,") * ps(z)|* dz dt.
0 T4
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When we apply limit limp_,limsup,_,,, the first and second term vanish due to (5.5.4). It
remains to study the third term. For this, suppose first that f. (¢, ) is smooth in the time variable.
Then,

T—h T—h
[) Td|fs(t+h,~)*§0§( ) fe( )*(p(; | dedt = / /]rd

Now, we can estimate the convolution as follows

2

/ Ocfe(s,) *x ps(x)ds| dadt.

O fe(s,7) * ps(x / O fe(s,y) ps(x — y) dy < (|0 fe (s, )| -+ (Td) lps(x — )||Hk(1rd

Using this and applying invariance in space of the H*(T%) norm we obtain

L

Applying Jensen’s inequality we obtain

T—h
R lesllmnces |
0

Using that [|@s]| g (ray < WLd/z we finally obtain

1

2 T—h t+h
/ O f(s,-) * ps(x) ds| dwdt = h® ||<P5||Hk(1rd)/ E/ [0 fe (s, ')||H—k(1rd) ds| di.
0 t

1

2
t+h
E/t 10 fe (5 M - (ray ds| At < Th|l@s|l ey 10 fe (s, 720,055 (wayy -

T—h h
2 2
| [ b s osto) = ot ) s dadt < CT s 100850 g ooy

Now, if f.(t,z) is not smooth in time, we extend it with f.(0,z) for ¢t < 0, f.(T,z) for t > T
and apply usual regularization to obtain the same estimate. Hence, if we choose h(§) = §2F+9 w
conclude

h—=0  ¢-0

T—h
lim hmsup/ / |fo(t + h,x) — fo(t,x)|* dzdt < O(h).
d

Combined with the compactness in space (5.5.5) and the Fréchet-Kolmogorov theorem we obtain
the compactness of {f.} in L2((0,T) x T9). O
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Chapitre 6

From nonlocal Euler-Korteweg to
local Cahn-Hilliard via the
high-friction limit

Abstract
Several recent papers considered the high-friction limit for systems arising in fluid mechanics.
Following this approach, we rigorously derive the nonlocal Cahn-Hilliard equation as a limit of
the nonlocal Euler-Korteweg equation using the relative entropy method. Applying the recent
result by the first and third author, we also derive rigorously the local degenerate Cahn-Hilliard
equation. The proof is formulated for dissipative measure-valued solutions of the nonlocal Euler-
Korteweg equation which are known to exist on arbitrary intervals of time. Our work provides a
new method to derive equations not enjoying classical solutions via relative entropy method by
introducing the nonlocal effect in the fluid equation.

2010 Mathematics Subject Classification. 35Q35, 76D45, 35B25, 35K55, 35Q31
Keywords and phrases. Cahn—Hilliard equation, Euler-Korteweg equation, nonlocal equation,
high-friction limit, relative entropy

6.1 Introduction

We consider the nonlocal Euler-Korteweg system re-scaled in time i.e. t — é and with high
friction coefficient %

1
Op + —div(pu) =0, in (0,+00) x T¢ ~ (6.1.1)
€
1 1 1
O(pu) + B div(pu ® u) = — U ng(F’(p) + Bylpl), in (0,400) x T4 (6.1.2)
This equation models the long-time asymptotics of the motion of a compressible fluid with den-
sity p, velocity u which is in fact a liquid-vapor mixture. The fluid experiences high friction (due

to the term —6% pu) and additional capillary effects in the transition zone between liquid and

191
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vapor (due to the term —2pV(F'(p) + By,[p]) as proposed by Korteweg [213]).

Concerning the notation, T? is the d-dimensional flat torus, € > 0, B, is the nonlocal operator
approximating —A operator, defined by

1 1
Bylpl(z) = ﬁ(p(x) — wy xp(x)) = P /w wy () (p(x) — p(z —y)) dy (6.1.3)
for n > 0 small enough and w, is the usual radial mollification kernel w,(x) = n%,w(%) with w
compactly supported in the unit ball of R¢ satisfying
2D
wly)dy =1, yw(y)dy =0, yiywdy = 5@]’7 < 00. (6.1.4)
R4 R4 R4

When ¢ is very small, the friction is so big, that we mostly observe a phase separation phenomenon
between the liquid and the vapor. More rigorously, when £ — 0, we prove that the constructed
solution of (6.1.1)-(6.1.2) converge to solutions of the nonlocal Cahn-Hilliard

Oip = div(pVp), in  (0,400) x TY, (6.1.5)
p=Bylp]+ F'(p), in (0,+00) x T (6.1.6)

see Theorem 6.1.5. Furthermore, when £, — 0 in some scaling to be determined, we prove the
convergence of (6.1.1)-(6.1.2) to the local Cahn-Hilliard equation

dip = div(pVp), in (0,400) x T, (6.1.7)
pw=—DAp+ F'(p), in (0,400) x T¢, (6.1.8)

which describes the dynamics of phase separation, see Theorem 6.1.4.

Our proof relies on the relative entropy method, which is for instance often used in the context
of weak-strong uniqueness. It relies on certain regularity of solutions of the limit system, which
is not available in the case of the local Cahn-Hilliard equation. Therefore, we introduce an
intermediate step, which is interesting by itself, and consider the nonlocal Cahn-Hilliard equation
by introducing the parameter 7. Since we know from [155] that the solutions to the nonlocal
Cahn-Hilliard equation converge to the weak solutions of the local Cahn-Hilliard equation (see
Definition 6.1.3) when 1 — 0, it remains to prove that the nonlocal Euler-Korteweg system
tends to the nonlocal Cahn-Hilliard equation when € — 0. Then, sending £ and 7 to 0 with the
appropriate scaling, we prove the result.

Non-local degenerate Local degenerate

] Cahn-Hilliard Cahn-Hilliard
(6L.1)-(6.1.2) Theorem 6.1.5 (6.1.5)-(6.1.6) Proved in [157] (6.1.7)-(6.1.8)

Nonlocal Euler-Korteweg

e — 0, 7 — 0 together

Theorem 6.1.4
FIGURE 6.1 — Relation between the three equations considered in this article.

The main motivation for our work is the paper of Lattanzio and Tzavaras [249], who prove the
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convergence of the local Euler Korteweg system to the local Cahn-Hilliard equation. They assume
the existence of admissible weak solutions of the first system and classical solutions of the second
one. The first assumption is a drawback as dissipative (that is, satisfying energy inequality) weak
solutions existing on arbitrary intervals of time are not known to exist for most models in fluids
dynamics. One can try to construct the solutions via the convex integration method but these
solutions will have a jump in the energy at the initial time so they will not be dissipative. The
second assumption of [249] is also difficult to be satisfied as so far, there is no theory of classical
solutions to the local Cahn-Hilliard equation with degenerate mobility on arbitrary intervals of
time. Similarly, there is no maximum principle that is necessary in [249] to deduce that the
classical solution is strictly positive using positivity of the initial condition.

We propose to overcome the first problem by the concept of dissipative measure-valued solutions,
introduced by DiPerna [138] in the context of hyperbolic conservation laws in one dimension and
by DiPerna and Majda [139] for the incompressible Euler equations. Roughly speaking, they
are defined as the weak limit of classical solutions of appropriate approximating problems. As
weak compactness is not sufficient to pass to the limit in nonlinear terms, the definition of the
measure-valued solution includes the Young measure v, and the concentration measure m to
represent weak limits as in (6.2.1).

While measure-valued solutions are weaker than the usual weak solutions, they are dissipative
and they are known to exist. Moreover, their importance comes from the fact that they enjoy
the property called weak-strong uniqueness : they coincide with the strong solution whenever
the latter exists. The dissipativity is important both for the weak-strong uniqueness and appli-
cation of the relative entropy method : the weak-strong uniqueness does not hold for weak or
measure-valued solutions without any condition on energy as demonstrated by solutions arising
by the convex integration method [315, 124].

Since the weak-strong uniqueness property was observed by Brenier, De Lellis and Székelyhidi
in [55], measure-valued solutions were studied for several systems including compressible fluid
models [207], isentropic Euler system [185], polyconvex elastodynamics [133], Euler-Poisson sys-
tem [79], general hyperbolic conservation laws [204]. Moreover, for many equations describing
compressible fluids, the measure-valued formulation has been significantly simplified [168, 39, 1] :
it boils down to the usual distributional identity modulo the so-called Reynolds stress tensor.

Concerning the problem of the existence of classical solutions, we propose to introduce nonloca-
lity in the equation and introduce an intermediate step in the convergence analysis as outlined
in Figure 6.1. The advantage is that the nonlocal Cahn-Hilliard equation is in fact a porous
medium equation. In particular, it satisfies the maximum principle and so, if the initial condi-
tion is positive, the solution remains positive and one can prove the existence and uniqueness
of a classical solution, see Section 6.4. Furthermore, it is known that the nonlocal Cahn-Hilliard
equation converges to the local one [155] so that at the end, the nonlocality can be removed.

To prove the convergence, we use the relative entropy method. The method is based on intro-
ducing a functional called relative entropy (or energy), which measures the dissipation between
two solutions of the system. Essentially, the same method is used to prove the aforementioned
weak-strong uniqueness when the relative entropy measures the distance between weak (measure-
valued) and strong solutions. This strategy has been applied for several singular limits [107, 90,

, 94, , , | and we also refer to the excellent review on weak-strong uniqueness [327].
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Our proof via the relative entropy method is based on an important assumption that the initial
datum is well-prepared. In our case, this means that the initial velocity uy vanishes as the
parameter € — 0 cf. (6.1.9) and (6.1.10) so that the initial kinetic energy is very small. Such an
assumption is necessary to guarantee that the relative entropy ©(0) at time ¢t = 0 converges to 0
as € — 0 so that O(t) — 0, cf. (6.5.5), which implies the main result. Let us however remark that
one can also study similar problems via compactness methods and this approach is also effective
for ill-prepared initial data. Nevertheless, its applicability is restricted to some special cases like
one spatial dimension (which allows to use the div-curl lemma in the time-space setting) [268]
or the presence of viscosity terms yielding compactness [169)].

6.1.1 Rigorous formulation of the main result

We make the following assumptions on the potential F'.

Assumption 6.1.1 (potential F). For the interaction potential we assume that there exists k > 2
and constant C such that F' can be written as ' = I + F5 where

1. Fy € C*(R) is a convex, nonnegative function having k-growth
1

C|u|k —C < Fi(u) <Clulf +C,

1
Gl = C < F'(w) < Clu|*? + C

and satisfying |uF! (u)| < C(Fy(u) + 1), [uF¥ ()] < C(FY (u) + 1),

2. F, € C4R) is such that FQ,FQ’,FQ”,SFZ(?’)(S) € L*(R) are bounded on the whole line.

Moreover, ||F§|ls < &= where Cp is a constant in Lemma 6.7.2.
P

We also define s := ,f—fl and s’ its conjugate exponent.
Example 6.1.2. The following potentials satisfy Assumption 6.1.1.
(1) power-type potential F(u) = |u|?, v > 2 used in the context of tumor growth models [289,
(2) dou,ble-w;ell pm;ential F(u) = u? (u — 1)? which is an approximation of logarithmic double-
well potential often used in Cahn-Hilliard equation, see [277, Chapter 1].
Before stating the main result, we define solutions of the local degenerate Cahn-Hilliard equation.

Definition 6.1.3. We say that p is a weak solution of (6.1.7)-(6.1.8) if

p € L0, T; LF(T%)) N L*(0,T; HA(T?),  dyp € L*(0,T; W' (T7)),

VE(p)Vp € L*((0,T) x T?),

p(0,7) = po(z) a.e. in T¢ and if for all p € L2(0,T; W2%>(T4)) we have

T T T
/ <8tp, (p>(W—1,s/(’]1‘d)7W1,s(’]1‘d)) = —D/ / Ap Vp . V(,D - D/ / pAp A(p
0 0o Jrd o Jrd

T
—/ /pF”(p)Vp-Vsa-
0 Td

The definition of dissipative measure-valued solutions to (6.1.1)—(6.1.2) is quite technical and
will be presented in Definitions 6.3.1 and 6.3.4. The main theorem reads as follows.
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Theorem 6.1.4. Let pg be an initial density satisfying
po =0 >0, po € C3(T%)
for some o > 0. Let ug . be an initial velocity satisfying
llwo.cllL2(rey — 0 as e — 0. (6.1.9)

Let (pp.e;\/Pretn,e, V", my ) be a dissipative measure-valued solution of (6.1.1)~(6.1.2) with
the initial condition (po, up.) and parameters e,m satisfying Poincaré inequality (6.3.23). Then,
for each sequence mi — 0, there exists a subsequence {ni} (not relabelled) and a sequence {ex}
depending on ny and the final time T such that e, — 0 and py, ., — p in L?(0,T; L?(T?)), where
p is a weak solution of (6.1.7)—(6.1.8) with initial condition py as defined in Definition 6.1.3.

Let us briefly comment that the measure-valued solution has in fact four components. While the
first component p,, . is the most important since it converges to the Cahn-Hilliard equation, we
can also characterize what happens with the other ones, see Theorem 6.6.2. Roughly speaking,
the second one converges to 0 in L>(0,7; L?(T%)) which represents that in the high-friction
limit, the kinetic energy converges to 0. The parametrized measure v * converges in the second
Wasserstein metric W, to the Dirac mass d,(;,,) ® do :

T
/ / [Wg(l/nk’gk,(;p(t,w) ® 50)]2 dzdt — 0 as Eky Nk — 0
0 T4

while the concentration measure m,, ., converges to 0 in the total variation norm. The estimate
in the Wasserstein metric is in the spirit of [175].

Theorem 6.1.4 is valid only for a subsequence as the convergence from non-local Cahn-Hilliard
to the local one is based on the compactness arguments (and there is no uniqueness for the limit
equation). On the other hand, the passage from the nonlocal Euler-Korteweg equation to the
nonlocal Cahn-Hilliard equation is based on the relative entropy method and so the convergence
is satisfied for any sequence. We state this result below.

Theorem 6.1.5. Let n € (0,n9) where ng is defined in Lemma 6.7.2. Let po be an initial density
satisfying
po =0 >0, po € C*(T?)

for some o > 0. Let ug . be an initial velocity satisfying

lwo.ellz2(rey — 0 as e — 0. (6.1.10)

Let (pn.es\/Pretin.e, V", my ) be a dissipative measure-valued solution of (6.1.1)—(6.1.2) with
initial condition (po, ugc) and parameters e,n satisfying Poincaré inequality (6.3.23). Let p, be
the solution of non-local Cahn-Hilliard (6.1.5)-(6.1.6) with the same initial condition py. Then,
Pne = py in L®(0,T; L*(T4)) as € — 0.

Similarly as for Theorem 6.1.4, we can prove convergence of the other components of the measure-
valued solution /p; cuy e, v, my ., see Theorem 6.6.1.

6.1.2 Relevancy of the system

The Euler—Korteweg equation The compressible Euler—Korteweg equation models the mo-
tion of liquid-vapor mixtures with possible phase transitions. It combines the classical Euler
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equation with Korteweg tensor introduced in [243]. The equation reads

Op + div(pu) = 0,
1 (6.1.11)
di(pu) + div(pu ® u) + V(p(p)) = —Cpu+ pV(K(p)Ap + §K’(p)IWI2)-

Here, p is the density of the fluid, u is its velocity, K(p) corresponds to the capillary coefficient,
¢ is the friction coefficient and p is the pressure function. In a liquid-vapor system, the tensor
K takes into account that the liquid and vapour are separated by a thin layer of finite thickness
and describes the capillary effects in this transition zone. There are numerous mathematical re-
sults concerning well-(and ill-)posedness of solutions to (6.1.11), see [141, 29, 59, 24, 44, 58]. For
instance, for some particular choice of K(p), an approach to prove existence of global solutions is
to relate the Euler-Korteweg and the Schrédinger equation through the Madelung transform [72,

|. For more general cases, only local existence [44] and global existence for small irrotational
data [29] is known. For the physical background of (6.1.11) (in particular, the form of the Kor-
teweg tensor) we refer to [143, 229, 214] but it is a fairly complicated matter.

The viscous version of (6.1.11), that is the Navier-Stokes-Korteweg system, was also studied in

the mathematical literature [25, ]. In particular, several papers are concerned with the case
of the nonlocal equation, where —Ap is approximated by the nonlocal operator B;,. In [300], the
author proves the short-time well-posedness while in [96], the global well-posedness as well as

the convergence of the nonlocal Navier-Stokes-Korteweg to the local one is established. We also
refer to [95] for a variant of this system.

The high-friction limit The high-friction limit (also referred to in the literature as the re-
laxation limit) is a part of a long research program of establishing a connection between nonlinear
hyperbolic systems and degenerate diffusion equations. One of the first results in this direction
[268] states that the solutions to the compressible Euler equations in one dimension

Op+ Oz(pu) =0,

2 2 2 (6.1.12)
e“0(pu) + 0, (e” pu® + p(p)) = —u

converge, as € — 0, to the porous media equation

Orp = 0z (p 9xp(p))

where p(p) is the pressure function of the form p(p) = p?. To connect (6.1.12) with our system
(6.1.1)—(6.1.2), it is sufficient to rescale & = £ u so that we have

1., -

Op+ —0:(pu) =0,
< . - (6.1.13)

O(pT) + = 0u(pU* +p(p)) = — -

Intuitively, it is easy to understand from (6.1.13) that the flow of the fluid with big damping or
friction (caused by the term —E%) and very small kinetic energy (caused by the initial condition)
resembles a flow through a porous media. Several other limit passages have been studied between
porous medium equation and hyperbolic equations [323, , 27]. The revival of interest in this
type of problem appeared recently with an observation that one can study these problems by the
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relative entropy method [250, , , , ].

In our case, we consider (6.1.11) with K(p) = 1, large friction coefficient ¢ = %, we approximate
the Laplace operator —A by the nonlocal operator B, with 7 small enough, and we perform a
rescaling in time ¢t — g Then, we let both £,7 — 0, and in the limit, we obtain the Cahn-Hilliard
equation. Again, it is intuitive that due to the very large damping and small kinetic energy, we
observe mostly a phase separation process. The latter is described by the Cahn-Hilliard equation

so it is not surprising that it is the limiting PDE.

The Cahn-Hilliard equation In their publications [69] and [70] J.W. Cahn and J. E. Hil-
liard proposed the equation in 1958. It represents now a commonly used mathematical model for
describing phase changes in fluids, although the equation was primarily developed in material
sciences to explore phase separation processes under isotropy and constant temperature circum-
stances.

Being of fourth-order, the (local) Cahn-Hilliard equation is often rewritten in a system of two
second-order equations, i.e.

6.1.14
po =—=DAp+F(p), ( )

. Orp =div(m(p)Vu),
Bup = div (m(p)V (F'(p) — DA)) - { (m(p) V)
where p is the concentration of a phase and p is called the chemical potential in material sciences
but is often used as an effective pressure. The interaction potential F'(p) contained in this effec-
tive pressure term comprises the effects of attraction and repulsion between particles. Finally,
the Laplace operator takes into account surface tension effects.

The existence and uniqueness of solutions for the Cahn-Hilliard system (6.1.14) strictly depends
on the properties of the mobility term m(p) and the potential F(p), as well as the conditions
assigned on the boundary. More specifically, the presence of degeneration on the mobility, i.e.
the possibility for it to vanish, can turn the analysis of solutions into a rather complex problem.
We refer to [157] for the first existence result of weak solutions in the case of degenerate mobility
and to [113] for some improvements. The uniqueness and the existence of classical solutions are
open questions for this type of mobility. Since we use a relative entropy argument between the
Euler-Korteweg equation and the Cahn-Hilliard equation, the existence of a classical solution of
the latter is a crucial point. In fact, we need an L°° bound on the second derivative of p, and
that the solution remains positive for all times in a finite time interval. Since the Cahn-Hilliard
equation does not satisfy the maximum principle, it is impossible to get these estimates. For that
purpose, we introduce the nonlocal Cahn-Hilliard equation, which is a second-order equation with
a nonlocal smooth advection term. With classical arguments, we are able to prove that the latter
admits a unique positive classical solution. Let us finally remark that the nonlocal Cahn-Hilliard
equation is nowadays a topic of intense research activity, see for instance [293, , , , 81].

Mobilities This work focuses on the mobility case where m(p) = p, which is a result of deriving
the Cahn-Hilliard equation from fluid models. This mobility is also obtained from Vlasov equation
via hydrodynamic limit [150] and is also observed in the nonlocal Cahn-Hilliard equation, which
can be derived from systems of interacting particles as an aggregation-diffusion equation (see [92,

, 93]). Furthermore, it would be of interest to investigate whether this work can be extended
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to the mobility case of m(p) = p (1 — p), as studied in the original works of Giacomin-Lebowitz
[189, ]. They developed a model based on a d-dimensional lattice gas that evolves through
Kawasaki exchange dynamics, which is a Poisson process that exchanges nearest neighbors. In the
hydrodynamic limit, they observed that the average occupation numbers over a small macroscopic
volume element tends towards a solution of a non-local Cahn-Hilliard equation with mobility

m(p) = p(1 = p).

6.2 Generalised Young Measures

We introduce the framework of Young measures to define the solutions of the nonlocal Euler-
Korteweg equation. This framework is necessary since in the usual approximation schemes we
cannot pass to the limit in the terms term of type f(z;) where f is nonlinear and {z;} is only
a weakly star convergent sequence. The idea of Young measures is to embed the problem in a
larger space and gain linearity. We write f(2;(y)) = (f,0.,(y)), and if f € Co(R"™), using the
duality (L1(Q; Co(R™)))* = L2°(Q; M(R™)), Banach-Alaoglu theorem and weak-star continuity
of linear operators, we can pass to the limit. The same is true if {f(z;)} is weakly compact in
L' (Q) and {z;} does not grow too fast as the following theorem states :

Theorem 6.2.1 (Fundamental Theorem of Young Measures). Let Q C R? be a measurable set
and let z; : Q — R™ be measurable functions such that

sup [ gz(0) dy < +oc
jeNJqQ

for some continuous, nondecreasing function g : [0,+00) — [0, +00) with lim;_, 1 g(t) = +oo.
Then, there exists a subsequence (not relabeled) and a weakly star measurable family of probability
measures v = {vy}yeq with the property that whenever the sequence {¢(y,z;(y))}jen is weakly
compact in L' (Q) for a Carathéodory function (measurable in the first and continuous in the
second argument) ¥ : Q X R™ — R, we have

Yy, 2z () = | w(y,A)dyy(A) in L'(Q).

Rn
We say that the sequence {z;};en generates the sequence of Young measures {vy}yeq-

Note that in the above theorem, we require that the sequence {¢(y, z;(y))} is weakly compact
in L'(Q). This prevents the concentration effect to appear (think about the family of standard
mollifiers). When we do not have weak compactness, we use the following proposition which
follows from the Banach-Alaoglu theorem. We formulate it with a distinguishment between time
and space variables (that is, @ = (0,T) x , y = (¢,2) with ¢ € (0,T) and = € Q) as usually in
applications one has better integrability in time which results in better characterization of the
resulting measure. The following proposition is a consequence of the Banach-Alaoglu theorem
and the Radon-Nikodym theorem, see [55].

Proposition 6.2.2. Let f be a continuous function and a sequence {f(t,x, z;(t,x))} en be boun-
ded in LP(0,T; L*(Q)) with p > 1. Let {vy z }1,. be the Young measure generated by {z;};. Then
there exists a measure m? such that (up to a subsequence not relabelled)

ftz,z;(t,x) — (Ve f) 2mf i LP(0,T; M(Q)) ifp > 1,

f(t,z, 2z (t,2)) — (Vea, f) Zmf in M((0,T)x Q) ifp=1.
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Moreover, if p > 1, the measure mf is absolutely continuous with respect to time : for a.e.
t € (0,T), there exists measure m? (t,-) such that

T
Xz mf ) = T mf z )

Let us remark that by the fundamental theorem, we have m/ = 0 when the sequence {f(z;)};en
is weakly compact in L((0,7) x ). We use the notation :

T =N, vee) +m? (6.2.1)

to represent weak limit of f(t,z,z;(t,x)). We also need the following result which allows com-
paring two concentration measures m/* and m/? for two different nonlinearities fi, fo. For the
proof, we refer to [167, Lemma 2.1].

Proposition 6.2.3. Let {12} ,2)c(0,1)x0 be a Young measure generated by a sequence {z;} jen.
If two continuous functions f1 : (0,T) x Q — R and fy : (0,T) x Q — RT satisfy |f1(2)] < f2(2)
for every z, and if {f2(z;)} is uniformly bounded in L'((0,T) x ), then we have

mTt (4)] < mP(A),

for any borel set A C (0,T) x Q.

Here, |u| is the total variation measure defined as |u|(A) = pt(A) — p=(A) where put, p= are
positive and negative parts of p.

Let us conclude with a few comments about the measure m/ which captures concentration
effects. One can describe it more precisely. The first attempts to do so by some generalizations
of the Young measures were initiated by DiPerna and Majda in the case of the incompressible
Euler equations [139]. Then, Alibert and Bouchitté extended the result to a more general class
of nonlinearities in [15]. They proved that there exists a subsequence (not relabeled) as well as
a parametrized probability measure v € L{(Q;P(R™)) (which is identical with the "classical"
Young measure), a non-negative measure m € M*(Q), and a parametrized probability measure
v>® € L2°(Q, m; P(S"~1)) such that for any Carathéodory function f such that f(z,2)/(1+ |2])
is bounded and uniformly continuous with respect to z,

Fzw) > [ Fw Vv, + / (. B8) dv (B)m(y)
RCL S’n—l

weakly™* in the sense of measures. Here,

F.8) = tim L)

Their result was also extended to the case when f has different growth with respect to different
variables, see for instance [207].
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6.3 Measure-valued solutions to the nonlocal Euler-Korteweg
equation

6.3.1 Definition of dissipative measure-valued solutions

Let us motivate the definition of a measure-valued solution by their construction. We will consi-
der a sequence of approximating solutions {(ps, us)}, see Section 6.3.2, satisfying the estimates
(uniform in 4)

{ps} in L=(0,T; L*(T?)),  {F(ps)} in L=(0,T; L'(T?),  {/psus} in L>=(0,T; L*(T%)),

which will be a consequence of energy inequality (6.3.36). As we do not have estimates on {us}
itself, we will consider in fact the sequence {(ps, \/ps us)}. Up to a subsequence, we have as § — 0

ps = pin L=(0,T; L*(T%)) Vpsus = /puin L2(0,T; L*(TY)), (6.3.1)

where \/pu is a definition of a weak limit of |/psus. Let {vy,} be the Young measure generated
by this sequence as in Theorem 6.2.1. We will use dummy variables (A, \) € Rt x R? when
integrating with respect to vy, :

(FOM, AN ) vz) = / F(A, X)) dvg (A, N), (6.3.2)

R+ xR4

with A; representing p variable and A" as representing ,/pu variable. In terms of Young measures
we write weak convergence (6.3.1) as

p={\,v),  Jpu=(\,v), (6.3.3)

as there is no concentration measure because of integrability in L?((0,7) x T¢). Using nota-
tion (6.2.1) we represent weak limits (as 6 — 0) of all the terms that should appear in the weak
formulation and the energy

2= 0) +m, (6.3.4)

= (vVaN,v), (6.3.5)

meu= (NN v)+mPhen (6.3.6)

plul2 = (N[, v) + mell, (6.3.7)

(p) = (F(\1),v) +m" ) (6.3.8)

P (p) = (M F' (M), v) +mP ), (6.3.9)
1 —

p(p) = pF'(p) = F(p) + By P2, (6.3.10)

where p(p) := pF'(p) = F(p) + 5,2

Moreover, we will identify weak limits of several nonlinearities which will be used in this work.
By linearity of weak limits, we have the following identities :

/Td wy(y)|p(z) — p(z — y)[> dy = ?"‘F*wn —2puwy*p (6.3.11)
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Similarly, for all bounded P : (0,T) x [0, +00) — R* and U : (0,7) x T? — R? we have

lp—P]2=p2+P>—-2pP (6.3.12)
plu—TUZ=pul +p[U] - 271U, (6.3.13)
p(u—U) @ (u-U)=(N- VMU N —V/\U),v,) +mfre, (6.3.14)

/wn(y)\(p—P)(ﬂs)—(p—P)(x—y)IQdy=/ wy(Y)|p(x) — p(z —y)[* dy +
Td Td

+ / wy(y)|P(z) = Pz —y)l dy — 2/ wy(y)(P(z) — P(z —y))(p(x) — plz — y) dy,
Td Td
(6.3.15)

F(p|P) :== F(p) = F(P) = F'(P)(p=P),  p(pIP) :=p(p) —p(P) —p'(P)(p—P)  (6.3.16)

where nonlinearities are defined as

F(p[P) = F(p) = F(P) — F'(P)(p—P),  p(pIP) =plp) —p(P) —p'(P)(p—P).  (6.3.17)

Now, we define measure-valued solutions by inverting this discussion.

Definition 6.3.1 (Measure-valued solution). We say that (p, /pu, v, m) where

v={viz} € L. ((0,T) x T%P([0, +00) x R?))
p=(n,v) = / M dvss (M, V) € L0, T; LA(T%),
R+ xRd

ﬁu:<x,y>:/+ N vy, X) € D20, T5 (1)),
R+ xR

m = (mpimpu@u’ el F ) mpF’(p))
with
m?  m? mFe) e L((0,T); MT(T%)), m?F'(0) € L°((0,T); M(T%)),
mPES e L2°((0,T); M(T) %)

and ,
|meu®u| < melul (6.3.18)

ImPE' )| < CpmP @) 4 Cpm? | Cp defined in (6.8.2) (6.3.19)

is a measure-valued solution of (6.1.1)-(6.1.2) with initial data (pg, uo) if for every ¢ € C([0,T) x
T4 R), ¢ € CL([0,T) x T4 R?) it holds that

T 1
/ / O p+ —Vip-pudzdt + / (x,0)po dz =0, (6.3.20)
0 Td € Td
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T
1 — 1 1 — 1

/ Op-pu+ -Vo:pu®@u— —¢-pu+ —divép(p) + —5¢ - pVwy, * pdzdt

0 JT ¢ ¢ ¢ & (6.3.21)

+/ ¢(x,0) - poup dz = 0,
’]I‘d

where p(p) = pF'(p) — F(p) + % and all the terms are defined in (6.3.3)—(6.3.10).

Definition 6.3.2 (nonlinear functions). Given a measure-valued solution (p, /pu, v, m) and boun-
ded P:(0,T) x [0, +00) — R, U: (0,T) x T? — R?, we define nonlinear quantities

[ enlot@) = pta = piPay. =PE. p-OF,  FGIPL  p(olP)

p(u—-U)® (u-U), /w wy(y)l(p = P)(x) — (p = P)(z —y)[? dy
by formulas (6.3.11)—(6.3.16).

Definition 6.3.3 (energy). Given a measure-valued solution (p, /pu,v,m) for a.e. t € (0,T") we
define the energy as

11— —— 1
Eros(t) := / spul? + F(p)dz + — / / wy(y)lp(x) — p(z — y)|* dy dz,
Td 2 477 Td JTd

where the nonlocal term is defined by (6.3.11). We also define
1 2 1 2
Eo:= | Spoluol*(z) + F(po) dz + — wn(Y)|po(x) — po(x — y)|* dz dy.
Td 2 477 Td JTd

This energy is well-defined because, by Proposition 6.2.2, a concentration measure m € L> (0, T; M(T?))
admits disintegration dm(t,x) = m(t,dx)dt where m(t,-) is a well-defined measure on T¢ for
a.e. t € (0,T).

We now introduce two properties which allows to select the right measure-valued solutions.

Definition 6.3.4 (Dissipativite measure-valued solution). We say that a measure-valued solution
(p, /pu,v, m) is dissipative if

Y Ly p—
Eps(t) + —2/ / plul2dzdt < Ey (6.3.22)
g 0 ']l‘d

for almost every t € (0,7).

Definition 6.3.5 (Poincaré inequality). A measure-valued solution (p,./pu,v,m) with initial
condition po satisfies the nonlocal Poincaré inequality if for a.e. ¢ € (0,7) and all bounded
P: Q7 — [0,400) such that (P)ga = (pg)e we have

[ PPac< 3t [ ] wwlo-P@) - (- P -nPdyde. (6329

where the constant Cp is given by Lemma 6.7.2.
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Let us remark that in Lemma 6.5.2, we will prove that any measure-valued solution satisfies

2 c 2
Lo=Pras< 3 [ [ wmlo-P@) - (=P - )Py

which is a weaker version of (6.3.23). Nevertheless, (6.3.23) will be necessary to estimate several
terms appearing in the application of the relative entropy method in Section 6.5. Let us also point
out that similar Poincaré-type inequalities are usually assumed for measure-valued solutions to
several different PDEs, see for instance [167, eq. (2.23)].

We conclude with a simple observation concerning the energy.
Lemma 6.3.6. The energy E,,.s defined by (6.3.22) is nonnegative.

Démonstration. The lemma seems to be trivial from the point of view of our discussion about
weak limits at the beginning of this section. However, the measure-valued solution is defined by
Definition 6.3.1 so that we can argue only using Definitions 6.3.1 and 6.3.2. Clearly, %p\uP and

F(p) are nonnegative so that we only have to study the nonlocal term. By (6.3.11),

/Td /T wy(y)lp(z) = ple —y)?dy = 2/W?—2/pow,7 % p.

By Cauchy-Schwarz and Young convolution inequalities :

2/ pwn*pdx§2/ P d.
Td Td

Using Jensen’s inequality (measure v, is the probability measure with respect to both coordi-
nates)

/dex:/ <)\1,um>2d33§/ <)\%,ut’$)dx§/ p2dz (6.3.24)
Td Td Td

Td
so that the nonlocal term is nonnegative. O

6.3.2 The approximating system

To construct a measure-valued solution we use a method as outlined in [266, Section 5.5], see
also [79, ]. This is a fairly standard procedure based on regularizing density by a positive
parameter
— 1md _ 3,2 (mdy\d
pos=po+0, po€CH(T), po>0, uges(x)=mug(x)eW*(T¢, (6.3.25)

which makes the density ps globally bounded from below. We will only discuss the main steps
and for the full presentation, we refer to [266, Section 5.5].

We work in W32(T9)? (but for dimensions d higher than 3, we need to work even in W1+%2(T9))
because of the embedding W32(T9¢) c C*(T%) which will be important for certain estimates. We
use notation ((-,-)) for the standard scalar product in W32(T%)?. By [266, Appendix, Theo-
rem 4.11], we take {w;} to be an orthonormal basis of W32(T%)? which are C°°(T9)?¢ func-
tions. Finally, we define II"V to be the projection operator into span{ws, ...,wn} which satisfies
I ullyss < Juflwss and [Ta]z2 < ]l
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We will find solution (ps,us) such that

88”5 e L2((0,T) x T9)

t (6.3.26)
€ L*((0,T) x T%),

ps € L=((0,T) x T%) N L*(0, T; WH2(T7)),

o
us € L0, T; W32(Td)), 22

to the following problem : for all ¢ € CL([0,T) x T%R), ¢ € CL([0,T) x T4 R?) it holds that

T
1
/ Orpps + =V - psus dedt + ¥(z,0)po,s dz =0, (6.3.27)
0o Jrd € Td

T
/ 5t¢ psus + V¢ psls ® us — *¢ psus + — lepr(pé)dxdt

. (6.3.28)

/ / —(b psVwy * ps da dt + » &(x,0) - posugsdr =0 (us, ¢)) dt.
Td

0

To find the solution to (6.3.27)—(6.3.28), we use the method of Galerkin approximations. We look
for u of the form

N
uV = Z cév(t) w;
j=1
solving
0
ot L1 - div(pVu") =0, (6.3.29)

ot
NawN L N No.N, L N N N I N N
PO + —ptutVut + —ptu +7Vp(p )= —=5p" Vwy*p" | -widz+
Td € € € en
+6((u,w;) =0,
for i = 1,..., N with initial conditions p™ (0) = po s, u’¥ (0) = Iy .

(6.3.30)

The proof of existence to (6.3.29)—(6.3.30) follows 3 steps : using a fixed point argument to
prove the existence on a small interval, deriving a priori estimates on this interval, extending the
procedure on the whole interval. The crucial point is the lower bound on p?v in terms of 6. This
is obtained by the method of characteristics. Indeed,

I I
pN (t,x) > essinf pg 5 exp (—/ [dive® || dt) > § exp <—/ | ||yys.2 dt) (6.3.31)
z€T4 € Jo g Jo

by the well-known formula for the continuity equation. On the other hand, thanks to the regula-
rizing term, [[uN||p2(0 7ws.2(may) < %. This gives uniform lower (and also upper) bound on pV
and allows us to look at (6.3.30) as a system of ODEs. We refer to [266, Section 5.5] and omit
the details. We obtain the following lemma :

Lemma 6.3.7. For fized N, there exists a solution to (6.3.29)(6.3.30) such that p™ € C([0, T]x
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T4), u¥ € C1([0, T]; W32(T%)?). Moreover, we have the energy estimate : for all times T € [0,T)

1 1
/ LN P 4 F(oV)da + -1 / / on @)l (@) — pN (& — y)? dady
d2 47] Td
+5/ N |yas dt + — // PN N2 d < (6.3.32)

“J.s
i 2

as well as the following estimates

(p0) da + 115 //w 1p0.s() — pos(z — )| dz dy,

1
pN(t,z) > C (5> (6.3.33)
T T 1
||PNHL°°((0,T)xQ) +/0 ||atpNH%2(’JI‘d) +/0 ||VPNH%2(W) <cC (5) ) (6.3.34)
T 1
/0\ ||atuN||%2(Td) + 6”uNHLOQ((O,T);WB*Z(Td)d) S C <5> 5 (6335)

where C (%) is a constant depending on % and other fized parameters (like ).

Démonstration. The energy estimate follows by testing (6.3.30) by u” (in the Galerkin sense :
we multiply (6.3.30) by ¢V and sum for i = 1, ..., N). Estimate (6.3.33) follows from the charac-
teristics as explained in (6.3.31). Similarly, we obtain the upper bound. Concerning the estimates
on derivatives of pV, they follow by differentiating the formula from the method of characteris-
tics and using the bound [[u™ || 12 7.2 (1a)) < %. Finally, (6.3.35) is a consequence of testing
(6.3.30) by dyu™. O

Using the estimates in Lemma 6.3.7, up to a subsequence, we can pass to the limit N — oo

pY — ps strongly in L*((0,T) x T%),
u? — us strongly in L*((0,7) x T%)?

(the convergence holds even in better spaces). We also have an energy inequality :

[ gostusl P ot o [ [ wnlpsto) = psta = )Py
T
+5/ |us||Zs.2 dt + 7/ / pslus? da < (6.3.36)
0 € Jo Jrd
1 2 1 2
< §po,a|uo| + F(po,s) dx + o) wn(Y)]po.s(x) — pos(x —y)|” dzdy,
Td n" Jrd Jpd

This concludes the proof of existence of (ps, us) satisfying (6.3.27)—(6.3.28).

6.3.3 Existence of dissipative measure-valued solutions

It remains to pass to the limit 6 — 0 in (6.3.27)—(6.3.28). First we gather some uniform bounds
in 0, being a simple consequence of (6.3.33) and (6.3.36), in the following lemma :
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Lemma 6.3.8. Let (p°, u’) be weak solutions of (6.3.27)~(6.3.28) as constructed above. Then,
there exists a constant C' > 0 independent of § such that

ps >0 ae in (0,T) x T,
IvPsusl o 0.2z ey < Co - IF(p8) o,z cryy < Gy llpsllie oziz2oayy < C.
5”“5”2L2(0,T;W3’2(Td)) <G

1905 || L2 (0, 13w 4 (Tayyy < C.

In fact, the proof of the existence of dissipative measure-valued solution follows now the me-
thod described at the beginning of Section 6.3.1. By Lemma 6.3.8, we have sufficient estimates
to have convergence (6.3.1) which allows us to define the Young measure {v; ,} as in (6.3.2)—
(6.3.3). Then, the representations formulas for weak limits of nonlinearities (6.3.4)—(6.3.7) are a
consequence of Lemma 6.2.2 and the estimate on ||,/psus| 1o (0,7;12(T4)) Which guarantees that
all of the considered quantities are at least in L°°(0,T; L'(T¢)). Note that m”® = 0 because

we have a uniform bound ||p5u5||Loo(0 .04 (Tay) < C. Next, (6.3.8) follows from the estimate

on |[F(ps)|l o (0,711 (r4y)- Here, the measure m¥(®) is nonnegative because F = F; + F, where
F1 > 0 while F5 is bounded so that the only concentration effect can arise from Fj. Similarly,
by Assumption 6.1.1, |[ps F(ps)|| oo (0,721 (1)) < C so that (6.3.9) follows. Finally, (6.3.10) is a
consequence of the linearity and uniqueness of weak limits. This allows to pass to the limit § — 0
in almost all of the terms in formulation (6.3.27)—(6.3.28).

Concerning the regularizing term on the (RHS) of (6.3.28), we observe that

< 0 J|usll 22 0.7y ws 2 (ray) 191 L2 (0,12 (rayy < CVB |l p2(o,1) w2 (rayy — 0.

5 / (us, &) dt

When it comes to the nonlocal terms, we observe that we can identify their weak limits because
the convolution upgrades a weak convergence to the strong one. More precisely, if ps — p in
L>(0,T); L3(T%)), then ps*w, — p*w, in LP(0,T; LP(T%)) strongly, for all 1 < p < oo. This fol-
lows by the Lions-Aubin lemma and a standard subsequence argument as the sequence {ps *ws, }s
has uniformly bounded derivatives in the spatial derivatives while its time derivative is bounded
in some negative Sobolev space by Lemma 6.3.8.

Concerning (6.3.18), we notice that it is a consequence of the inequality

1/2
d d
NeXN =3 (a)*] =S P =P
i,j=1 i=1

and Lemma 6.2.3. Similarly, (6.3.19) follows from by virtue of Proposition 6.2.3 and inequality
(6.8.2).

Next, the constructed measure-valued solution is dissipative in the sense of Definition 6.3.4 be-
cause we can pass to the limit in (6.3.36) using identified weak limits (rigorously, one multiplies
(6.3.36) with a nonnegative test function of time, passes to the limit and then performs a stan-
dard localization argument).

Finally, the constructed solution satisfies Poincaré inequality as in Definition 6.3.5. Indeed, by



6.4. Classical solutions to the nonlocal Cahn-Hilliard equation 207

Lemma 6.7.2 we have for all bounded and nonnegative ¢ : [0,7] — [0, 00)

[ ety < 25 [ [ ol Paw) ~ (s - P )P ardyar

because (ps — P)ra = . The (LHS) can be written as

/OT/ngO(t)KPé—P)_(5|2:/0T/Td<p(t) ((ps — P)2 + 02— 26 (ps — P)) .

As ps — P is bounded in L>°(0, T; L?(T)), the last two terms vanish in the limit § — 0. Finally,
the term (ps — P)? has weak limit p2 4+ P2 —2P p which is exactly (p — P)2, cf. (6.3.12). Similarly,
we consider the term on the (RHS) so that we obtain

//Td I~ PP < ,71; /OTSD(t)/Td/WWn(y)(PP)(x)(PP)(wy)IZdydxdt.

As this inequality holds for all ¢, we conclude the proof.

6.4 Classical solutions to the nonlocal Cahn-Hilliard equa-
tion

To prove the convergence of the measure-valued solution of the nonlocal Euler-Korteweg to a
solution of the Cahn-Hilliard equation, we use arguments similar to weak-strong uniqueness.
Therefore, we study below the classical solutions of the nonlocal Cahn-Hilliard equation. More
precisely, we consider the equation (6.1.5)—(6.1.6). The initial condition is a smooth positive
function, more precisely we consider for some «, 0 > 0

p(0,z) = po(z), po € C*T(TY), po(z) >0 VoeT (6.4.1)

We also suppose that F' € C* which is required by the parabolic regularity theory exploited in
Lemma 6.4.2. Equations (6.1.5)-(6.1.6) can be rewritten as

2 Vw, *p

dp — A(d(p)) +div(pb(p)) =0, ¢(p) = 2’;2 + /Op sF"(s)ds, b(p) = 7;772 (6.4.2)

Theorem 6.4.1. Equation (6.4.2) with initial condition ug satisfying (6.4.1) admits a classical
unique solution.

To prove this theorem we first consider an approximate problem and we define T a smooth
function such that

[\

T5(0) ==, Ts(p)=pifu>J, T;sisincreasing.

The plan is to approximate (6.1.5) with

Orp = div(Ts(p) V). (6.4.3)
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We also define

%@yzApﬁfhm+lfn@ﬂw®ms:%fn@)C;+F%@)@ (6.4.4)

so that equation (6.4.3) can be rewritten as a porous media equation

9o — A@5(p) + div(pd(p)) =0 p(0,2) = pola). (6.4.5)

From the properties of F' we note that ¢s > 0 and ¢§ > 0.

Lemma 6.4.2 (existence). There exists a classical solution to (6.4.5). Moreover, the solution
obeys the mazimum principle

plt) = oen (- [ v b(o)= (5) 4s) < slt) < e ([ v b(o)l= (9) as).

Démonstration. The existence follows from [155]. To prove the maximum principle, we denote
w = p — p so that

Ow — A(¢s(p)) + div(wb(p)) + p(div(b(p)) — [|div(b(p))[|L=) = 0, w(0,2) = po(x) = p = 0.

—1if 0
We multiply this equation by sgn™(w) := ] s . We obtain, with w™ = min{w, 0},
0ifw>0.
|w~| = — min{w, 0}.
Felw™ |+ Aes(p))sgn™ (w) + div(Jw™|b(p)) < 0.

Therefore integrating in space and using the inequality

- Ags(p)sgn™ (w) > 0,

@/|w1go
Td

Using the initial condition we conclude |w~| = 0.

we obtain

Since the solutions to (6.4.3) satisfy uniform lower bound, we obtain Ts(p) = p for sufficiently
small § and thus classical solutions of Theorem 6.4.1. O

Lemma 6.4.3 (uniqueness). Classical nonnegative solutions to (6.4.2) are unique.

Démonstration. We want to adapt usual L' contraction principle [324, Proposition 3.5] to the
case with additional continuity equation term. Let p1, ps be solutions to (6.4.5) and let w =
p1 — p2. Equation for w reads

ow — A(@(p1) — ¢(p2)) + div(p1 b(p1) — p2b(p2)) = 0.

We multiply this equation by p.(é(p1) — ¢(p2)) where p. approximates p(u) = 1,50 and pL > 0.
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Then,

A(p(p1) — ¢(p2)) pe(d(p1) — ¢(p2)) dv = — /w PLV(6(p1) — d(p2))|> dz < 0.

Td

Concerning the other terms we notice that after sending ¢ — 0 we obtain p(¢(p1) — ¢(p2)) =
p(p1 — p2) by monotonicity of ¢. Therefore,

/ Owp(py — p2)de = &g/ |w|+ dz.
Td Td
Now, we split the divergence term into two parts :

div(p1 b(p1) — p2b(p2)) = [p1 divb(p1) — pa divb(pa)] + [Vp1 b(p1) — Vp2 b(p2)] = A + B.

The term A can be estimated in L!(T9) with

|All1 < [lp1 divb(p1) — p2 divb(p1)[[1 + [|p2 divb(p1) — p2 divb(p2)[[1
. 1
< llp1 = p2ll1 [|divb(p1)]loo + 772H92H1 |1 D*wy llosllp1 — p2lly

< D%y
< %(Ilmlll + llp2ll) llor = p2llr

where we used Young’s convolutional inequality. Therefore,

D2y |
/poAdw <llp Al < %(llp il + llp2ll) llpr = p2lla-
where we denoted for simplicity p = p(p1 — p2). Concerning term B we write similarly

B = (Vp1b(p1) — Vp2b(p1)) + (Vp2b(p1) — V2 b(p2)) =t B + Ba.

As above, we easily obtain

\Y
[Bzflx < %
n

9 o
IVpals los = palh. [ pBade < 2 Wl [y = pol.

The term Bj is more tricky. Keeping in mind that everything is multiplied by p(p1 — p2) we have

/w (Vp1 — Vp2) p(p1 — p2) b(p1) do = / Vip1 = p2|+ b(p1) dz =

D wyl|
== [ o1 = pelsaivi(pn) o < s — pal o L2

We conclude that for some constant C' depending on L' norms of p;, p2 and Vpy we have

3t/ \Pl—P2|+d$S/ lp1 — pa|dz.
Td Td
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Replacing p; and p, we obtain

5t/ |p1—P2\dx§/ lp1 — p2|dx.
']l‘d ']I‘d

so that we conclude p; = ps. O

6.5 Convergence of nonlocal Euler-Korteweg to nonlocal Cahn-
Hilliard

To prove convergence of nonlocal Euler-Korteweg equation to the nonlocal Cahn-Hilliard equa-
tion, we first rewrite the latter as a nonlocal Euler-Korteweg equation with an error term :

a,P + % div(PU) = 0, (6.5.1)
9,(PU) + % div (PU ® U) = fgizPU - éPV(F’(P) + B, [P]) + e(P, U). (6.5.2)

Here, velocity U is given by
U= —V(F'(P)— B,(P)) (6.5.3)

and the error term is given by
e(P,U) = 6,(PU) + édiv (PU®U)
= ediv(PV(F'(P) + B, [P])) ® V(F'(P) + By[P]))) — e0:(PV(F'(P) + By[P]))).

Finally, given strong solution (P, U) and measure-valued solution represented by (p, /pu, v, m)
we define the relative entropy as

o) = | =P+ FuPI e+ 15 [ [ w,)l(o=P)ia) = (o= P = )2y

(6.5.4)
where nonlinearity F(p|P) is defined in (6.3.17) and measure-valued terms are defined by (6.3.13),
(6.3.15) and (6.3.16). The main result reads :

Theorem 6.5.1. Let (p,/pu,v,m) be a dissipative measure valued solution of (6.1 ) —(6.1.2)
satisfying Poincaré inequality (6.3.23) and let (P, U) be classical solutions of (6.5.1)—(6.5.2).
Then, for a constant independent of € and 1 we have

2
o(t) < (@(0) +e'C(|IPfl =) H;H ) eTCUIPllg21)/n" (6.5.5)

Lemma 6.5.2. Let n € (0,1m9). Then, the relative entropy defined by (6.5.4) is nonnegative :
there exists a k € (0,1) such that

[T 5 [ [ awle-Pi@) - (- P)e-playdr <o) (650

where both terms on the (LHS) are nonnegative. Moreover, for the constant Cp (defined in
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Lemma 6.7.2) we have an estimate

o =Pl < 55 [ [ allo=P)@) — (0= P~ )P dy (6.5.)

Proof of Lemma 6.5.2. We study the three terms appearing in (6.5.4) separately. First, for
(6.3.13) we write by Fubini theorem

p‘ll - U|2 = <|)‘I|2 + A1 |U|2 -2 V >\1 )‘/Ua Vt,m> +mp|u\2 = <|>‘/ Y/ )\1U‘23 Vt,m> +mp|u\2’

so that, after integration in space, it is positive (for a.e. ¢ € (0,7)). Now, we study the nonlocal
term. We claim that (after integration)

/W/Ww” p(z) = ple —y |2dydx>//wn )p(x) = p(z —y)|? dy da. (6.5.8)

Indeed, by definition (6.3.11), the (LHS) equals QdeF — Jra 2 pwy * p. By (6.3.24), we know
that de p? > [ra p?. To conclude the proof of (6.5.8), it is sufficient to observe

2/Td 4 _/sz“"*”:/w /wlp@c) — plz —y)|*dy da.
Now, combining (6.3.15) and (6.5.8), we obtain
/w /wan(y)KP_P)(ﬂU) —(p—P)(z —y)|2dydx >
> [ [ le-Piw - - P aa

Using Lemma 6.7.2, we conclude the proof of (6.5.7) and nonnegativity of the nonlocal term.

It remains to study the term F(p|P). The concentration measure m®(?) is nonnegative and
will be neglected in the estimate below. We split F' = Fy + Fy (where Fy, Fy are defined in
Assumption 6.1.1) in (6.3.16) so that from (6.3.8) and (6.3.16)

F(p|P) = (Fi(A1) = F1(P) = F{(P)(A1 — P), 1)

+ (Fy(A\1) — Fo(P) — F5(P)(Ay — P), vy ) + mP® (6.5.9)

The first term is nonnegative by convexity of Fj. The second can be estimated from below
(by Taylor’s expansion) with —||F¥'||oc (A1 — P)?, 14 ). Now, recall that ||F}||e < é (cf. As-
sumption 6.1.1). In particular, there exists x € (0,1) such that ||Fy|eo < 167—: Using Poincaré

inequality (6.3.23) and the fact that the concentration measure mP’ is nonnegative we have

. 1— .
—Mﬂw/<WfPﬂ%QMZ—MHm/(WPVMZ—Lgﬁf(w?VM
T Td P Td

1—/@

//wn (p—P)(x) = (p—P)(x —y)[?dy dx.
Td JTd
(6.5.10)
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Therefore, we can compensate a possibly negative term with the positive nonlocal term appearing
n (6.5.4). O

Proof of Theorem 6.5.1. We split the reasoning into several steps.

Step 1 : Energy identities. First, we recall that the dissipative measure valued solutions satisfy

1 (" 4
/ —plul + F(p) dx+—/ / p(xfy)|2dydx+f2/ / plul?dz dt
T4 € Jo Jrd

< [ grolunl @)+ Fon) do+ 5 / [ rlonta) = mia =) dyda,
Td Td

(6.5.11)
where the quantities on the (LHS) of (6.5.11) are evaluated at time ¢. Similarly, the classical
solutions (P, U) satisfy

/d 2P|U\2—1-F( )dac—|—417 / / y)|P(z) — P(z —y)*dady =
:/ —Poluo|*(z )—|—F(Po)dx—|—4 2/ / wy(y)|Po(z) — Po(z — y)[*dzdy (6.5.12)

_7/ / P\U|2dxdt+/ U e(P,U)dtdx.
0 d

Identity (6.5.12) can be obtained from testing (6.5.1)—(6.5.2) by U and performing several inte-
gration by parts.

Step 2 : Estimate for the mized terms F'(P)(p — P), B,[P] and p|UJ>. We consider weak solu-
tions of the mass equation satisfied by the differences between the measure valued solutions and
classical solutions :

T
1
/ op(p—P) + -V (pu — PU) dz dt + / ¥(z,0)(po — Po) dz = 0. (6.5.13)
0 Td Td
We set

1 for0 <7<t

O5(t) := {55 +1 fort <7 <t+4,
0 for T >t+94.

Note that €’(t) is an approximation of the dirac mass —d;. We consider test function in (6.5.13)
defined as ¢ = 05(t) (F'(P) 4+ B,[P] — 2|UJ?) so that after letting § — 0 we obtain

[ (Fersmm - 50) o) ao=

_+/ /T ( P) + B, [P ]—;|U2> (p— P)dedr (6.5.14)

//T < +B[]_;|U2>‘(PU—PU)dxd7,

Step 8 : Estimate for the mized term pu U. We consider weak solutions of the momentum equa-
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tion satisfied by the differences between the measure valued solutions and classical solutions :
0 . 1 - 1 . 1 . —
[ [ a0 Gu-PU)+ 290: (uea-PUSU) - So-(7u-PU) + - div (6(5) ~ p(P)
o Jr

1 (o9}
+$¢-(prn*p—P~an*P)+/ ¢(;v,0)-(p0u0—P0U0)dx—/ ¢-e(P,U)=0.
Td 0 Td

We consider test function ¢ = 05(¢t)U so that after letting § — 0 we obtain

t t
U - (pu — PU) dx:/ 0;U - (pu — PU)dzdr
Td 7=0 o Jrd
b — 1 —
+ / EVU (pu@u—-PUU)+ - div(U)(p(p) — p(P))dzdr
o Jrd

D o (6.5.15)
——/ U-(W—PU)dxdT—i——/ U (pVwy, * p—P - Vw, * P)dzdr
e Jo Jra en? Jo Jra

¢
— / U-e(P,U)dzdr.
o Jrd

Step 4 : First estimate on the relative entropy. Let us observe that when we subtract (6.5.12),
(6.5.14) and (6.5.15) from (6.5.11) we obtain an estimate for ©(t) —©(0). To see this, let us write
explicitly the (LHS) after the subtraction (we omit integral with respect to x for simplicity and
we consider only terms at time 7 = t; of course, for 7 = 0, they will be analogous) :

SR+ PO+ 1z [ wnwlote) = plo — ) dy — 3PIUP — F(P)
~ 3 [ enIP) — Pla = ) dy — (F'(P)+ B[P}~ JUR ) (o P) ~ U (pu— PO).

We claim that this expression equals O(t). Indeed, the terms containing both density and ve-
locity sum up to the term pjlu — U2 as in (6.3.13). Similarly, terms with the potential F' and
its derivative F’ can be combined to (6.3.16). Finally, for the nonlocal term, the claim is the
consequence of two identities :

1

Bn[P]P:W

/W wy(y)(P(z) = P(z —y)) (p(x) — plz —y)) dy

and the similar one for B, [P]P we can easily see that this expression equals ©(t). Subtracting
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all the terms on the (RHS) of (6.5.12), (6.5.14),(6.5.15) from (RHS) of (6.5.11) we obtain
ot) — / / plul2 = P|U2 - U - (pu — PU)dzdr
_ / / o, (F’(P) B, [P]— 2|U|2) (p—P)+0.U- (5 — PU)dz dr
o Jre

- i/ot /W v (F/(p) + B,[P] — ;|U2> -(pu — PU)dzdr (6.5.16)

I — ——
—C / VU: (pu®u—PU® U)+div(U)(p(p) — p(P)) dedr
0 Jra
—f—/ U (pVwy, *xp —P - Vw, «P)dxdr.
Td

Step 5 : Terms with 0; U in (6.5.16). To estimate the right-hand side of (6.5.16) we first try to
eliminate time derivative from (6.5.16). To this end, we compute 9;U from the equations (6.5.1)-
(6.5.2) to obtain that U satisfies

e(P,U)

5 (6.5.17)

1 1
U+ - (U V)U = —E—QU — EV(F/(P) + B,[P]) +
We take the scalar product of this equation with pua — p U which yields

1 1
o;U - (pu — PU) + 58t|U\2(P —p)+ -VU: (pu® U — pU ® U)

e(PP’,U) - (pu - pU),

1 L 1 o
= 3 (plU = U - pu) — —V(F'(P) + B, [P]) - (pu — pU) +
where we used identities

1 1
~(U-V)U- (pu—pU) = -VU: (ueo U~ pUs U),

1
/U - (pu — pU) = 0,U - (pui — PU) + Z0,[U[*(P — p).

Finally, using matrix identity z Ay = A : 2 ® y where z,y € R? and A € R?¥¢ we easily deduce
the formula

VU: (pueU—-pUeU)=VU: (pu®u—-PUxU)

~-VU:pu-U)®u-U)-V (;UF) (pu — PU),

where

p(u—U)(u-U):=puu—-puU-U®pu+pUxU.
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‘We obtain

LOIUP (P~ p) +0,(0) - (- PU) - Ly (;UP) (pu— PU+

1 - 1
+-VU: (pu@u-PUU) = -VU:pu-U)& (- U+ (6.5.18)

e(P,U)

= L IUE - U - 1) + B[P - (u - o) + BT ),

Note that this gives us an estimate on four terms appearing on the (RHS) of (6.5.16).

Step 6 : Terms with F' and B, in (6.5.16). We now consider the expression

/Ot TdaT (F’(P)ﬁLBn[P])(p—P)Jr%v(F/(P)Jan[PD.(piuiPU)dsz
t 1 ) -
[ 29w ®)+ B, p) - (u- 0 s

The first integral comes from (6.5.16) while the second from (6.5.18) plugged into (6.5.16). We
can simplify this to get

- /t 0, (F'(P) + B,[P]) (p— P) + %v (F'(P) + B,[P]) - U(p — P) dz dr. (6.5.19)
0 Td

We split the term with B,[P] = % - % for the local and non-local parts. Now, concerning
the terms with potential F', we use (6.5.1) to deduce

1 1 1 1
8,F'(P) = F"(P)&,P = —~F"(P)VP-U — ~F"(P)PdivU = —~VF'(P) - U — = F"(P) P divU.
€ € € €
Similarly,
1 1 1 .
—0P=—-——-VP.-U- —PdivU.
n? en? en?

Therefore, the local parts of (6.5.19) sum up to

—é <F"(P) P+ 1712P> divU (p — P) = —ép’(P) divU (p — P)

which together with —1 div(U)(p(p) — p(P)) divU from (6.5.16) gives p(p|P) divU, where

p(pP) == p(p) — p(P) —p'(P) (p — P).

3

Now, we consider the nonlocal parts in (6.5.19) and the last nonlocal term coming from (6.5.16).
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which equals
Lt 1
— Td8T(P>kw,,)(p—P)—|—ag—nZV(P*wn)-U(p—P)dxdT

,,7/ U - (pVwy, * p — P - Vw, * P)dz dr.
Td
(6.5.20)

Using (6.5.1) and properties of the convolution we can rewrite the first term in (6.5.20) :
1 t
—2/ 8T(P*wn)(p—P)dxdT——f—/ / div(PU) (wy, * (p — P)) dzdr
" Jo Jrd T4
=-= PU - (V —P))dzdr.
L[] pU S -y drar

so that (6.5.20) boils down to

77—// p—P)U-Vuw, *(p—P)dedr.
Td

Step 7 : Final estimate on the relative entropy. Using the steps above and (6.5.16) we obtain

O(t) — <——//p|u Uzdadr — // PU (pu— pU)dadr
Td

—7/ VU pu-U) @ (= U)dxdf—lf div(U) p(p[P) dar dr
€ Jo Td g Jo Td

—f—// (p—P)U-Vw, x(p—P)dedr=:A+B+C+D+E.
Td

(6.5.21)
By definition of U we notice that

[Ulloo; VU loo, [e(P, U)| < e C([|P[|¢2.1),

where C(||P||c2.1) is a numerical constant which depends on ||P||c2.1 and blows up when 7 — 0
since we do not have estimates in C? of the solutions of the local Cahn-Hilliard equation. Now,
we estimate the terms appearing on the (RHS) of (6.5.21).

Term E. For the nonlocal term E we use boundedness of U to have

Cl[Ulloo

ClUll
2 77d+3

lp=Pll2 [[Vwn*(p = P) |2 < lp=Pl3-

11 [
7—2/ / (p—P)U-Vuw,*(p—P)dedr| <
enJo Jra

Using (6.5.7) for n € (0,19) we obtain

C(|IPllc21)
E< T gpdts @
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Term B. Using (6.3.3) and (6.3.5) we can write

//T< L0 /R - vau), Vtx>dxd7

Using Cauchy-Schwartz with a parameter

t 2
B<//<€
~ Jo Jra \ 2

e(P,U

5 ‘ eC(|Pllc2a) || H . Moreover, expanding the square in |\ —+/A; U|? and using
(6.3. 5) (6.3.7) we recognize that

t t
[ [ Aw-vavpwy< [ [ a=oF
0 Td 0 Td

Therefore, we have the estimate
) 1 /t / _
S| g [ [ TR
‘P 50 2€2 o JTd

P, U
6(1;)‘ /\1+—\>\’ ﬁ1U|2,ut,z>dxdT

B < ' C(|[Pllc21)

Term C. We have

1t
f/ VU:p(u—U)® (u—U)dzdr ’ CHVUHOO//
€ Jo Jrd Td

Estimating directly under the integral in (6.3.14)

(V= VNU) © (V= VAT0) ) | <

and using (6.3.18) we arrive at

(u—U)® (u—U)|dzdr

|)‘/ fU| Ve, w

¢
C< C(HPHCQJ)/ / plu—U]2dzdr
0 Jrd
Term D. Using (6.3.16) and (6.3.10), we can write
/ 1

p(PIP)] < (p(A1) = p(P) = p'(P) (A1 = P),vi0) + [m? O] 4-mT®) Zm

The first part can be estimated using (6.8.1) :
1

WOIP). 10} < CrnF )} + (Gt 22 ) (O = PPovia) (6.5.22)

The concentration measures part can be estimated using (6.3.19) :

/ 1 1
|m? ¥’ (p)| +mFe L = 7 mP” <(Cr+1)m <CF + o ) mf’. (6.5.23)
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Summing up (6.5.22) and (6.5.23) we obtain

]_ -
POIP) < CF(IP) + C (1 " n) e

The last term can be estimated by the nonlocal term appearing in the definition of ©® due to the
Poincaré inequality (6.3.23). As F(p|P) also appears in the definition of © we obtain

D< i/ot/T div(U)p(p[P) da dr| < C(||P]| o) <1+7712) /Ote)(T)dT.

We conclude that for n <1 :

CPlcz1) [* " ’
Using Gronwall’s lemma, we obtain (6.5.5). O

Proof of Theorem 6.1.5. The proof is a direct consequence of (6.5.5). Indeed, we consider the
relative entropy © as in (6.5.4) with p = p, o, u = u, ¢, P = p,, and U = —eV(F'(p,)) — By (py)).
Asn € (0,np) is fixed, p,, (which depends on n!) is a C?! function bounded away from 0 (Theorem
6.4.1, Lemma 6.4.2). Furthermore,

0(0) <C (52 + ||u0,e||2L2('ﬂ~d)) —0 (6.5.24)

(here, we use that the initial density po belongs to C? so that [|[U(0,z)|| e (pe) < Ce, cf. (6.5.3)).
Therefore, we get that ©(t) — 0 as ¢ — 0. By (6.5.6) and (6.5.7), we obtain convergence in
L?(T%), even uniformly in time. O

Proof of Theorem 6.1.4. We write p, (note that it does not depend on ¢, cf. (6.5.1) and (6.5.3))
for solutions to (6.5.1)—(6.5.2) and we note that they depend on 7. From [155] we know that
there exists a subsequence 7 — 0 such that

lone — PllL2(0,1)xTey = 0,

where p is a weak solution to the local Cahn-Hilliard equation. Now, let p,, ., be a measure-
valued solution of non-local Euler-Korteweg equation. Using (6.5.24), (6.5.6) and (6.5.7), we
have

2

1

da+3
o0 — Prsen ||L2((O7T)><Td) <cC (6% + ||uge, H%z(']rd) + 6% | o ||?;2,1 ) CTlpny llg2,0 /"7

Nk oo

1
Pny
we lose parabolicity), nevertheless we can choose e so small to obtain convergence to 0. The

conclusion follows by triangle inequality. O

2 d+3
‘ eCTllPmllc21 /7™ is blowing up as ne — 0 (because

Of course, the quantity [|py, [|Zz..




6.6. Convergence result for the parametrized measure v">* and the concentration measures m,, 219

6.6 Convergence result for the parametrized measure /"*°
and the concentration measures m, .

Theorems 6.1.4 and 6.1.5 answer the question of what happens with the function p,. when
n,e — 0. However, the measure-valued solution (p;, c, VPrely e, Ve, my, ) is in fact a collection
of four components. Below, we address the question of convergence of the other components :
VPrelye, V1 my .. We provide a detailed proof only for the situation in Theorem 6.1.5. Adap-
tation to the case analyzed in Theorem 6.1.4 is straightforward.

We first recall some basic notions from measure theory. We consider the set Rt x R? and we
write (A1, \') for a given element of this set where \; € R and ) € R? as in Section 6.3.1. For
two probability measures x, v on RT x R? with a finite second moment, that is,

/ (A2 + IX[2) dp(Aa, V) < o, (A2 + X [2) dv(A, X) < oo,
R+t xR4 R+t xRd

the Wasserstein distance Wh (i, v) is defined as

NN

2 2 ~ ~
Wa(u,v)? =  inf / U/\l . )\1’ n } dr (/\1,>\’,>\1, /\’) : (6.6.1)
mell(p,v) (R xR4)2

where the set II(u, ) is the set of couplings between p, v ; that is, the set of measures 7 on the
product (R* x R%)? such that

(A x (RT x RY)) = u(A), 7((R* x RY) x B) = v(B).
Furthermore, for a measure p on some space X, the total variation of u is defined as

lullrv = [ul(X),

where |p|(A) = pt(A) — p~(A) and p*, p= are positive and negative parts of y, respectively.
Note that if p is a nonnegative measure, ||u|l7y = pu(X). For more on spaces of measures and
related norms, we refer to [142, Chapter 1].

Theorem 6.6.1. Under the notation of Theorem 6.1.5, the function ./p,cun . converges to 0
in L>=(0,T; L?(T%)) :
esssup/ |\/Pr.ethyc|” dz — 0 as € — 0. (6.6.2)
te(0,T7) J1d
Moreover, the parametrized measure v € L% . ((0,T) x T4 P([0,+00) x R?)) converges to
05, (t,z) ® 0o in the following sense

esssup Wa (v, 6, (t,2) @ 50)]2 dz — 0 ase — 0. (6.6.3)
te(0,1) JTe

Furthermore, the concentration measures vector m,, . converges to 0 in the total variation norm,
uniformly in time :

esssup ||my (t,-)||rv — 0 as e — 0. (6.6.4)
te(0,7)

Démonstration. From the proof of Theorem 6.1.5, we know that sup,¢ o ) ©(t) — 0 where O(t)
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is defined as in (6.5.4) with p := p, ., P := p,, u:=u, . and
U = —eV(F'(py) — By(py))- (6.6.5)

Due to Lemma 6.5.2 this yields

l
Sllp)/ 2pn5|1177€ U2 d£E+ /Td/ w,, p776 pn)( x) — (Pn,s_Pn)(fE—y)dedﬁ—)O

te(0,T

(6.6.6)
and these two quantities are nonnegative. First, by Poincaré inequality (6.3.23) and (6.3.12), we
have

esssup/ / A1 — pn(t,2)[* dvfs (A, V) do + mfzze(t, T — 0. (6.6.7)
t€(0,T) JTd JR+ xRd '
In particular,
esssup/ / / |A1 — )\1(1& )2 dvy”, =M, A )d6 (t,2) ()q)dx — 0. (6.6.8)
te(0,T) JTd JR+ JR+ xR4

Second, due to (6.3.13), we can expand the term [, 3py.c[u,.c — U? into three integrals :

1 _— 1
5 / P |0y 2|2 da — / Py Udz + 3 / pn.e U dz. (6.6.9)
Td Td Td

We claim that the second and third term converge to 0. For the third term, this follows easily from
(6.6.5), nonnegativity of p, . and the conservation of mass de Pnedr = de po dz. Concerning

the second term, by the dissipativity (Definition 6.3.4) and nonnegativity of the energy (Lemma
6.3.6), we have the uniform estimate

‘/ Pre Uy e da < VAL X, Vn’€> dx
Td Td
1 1 TT— 1 1 T
<z pnedz + 5 |\/Petyel>do = 5 podx + 5 \VPnepe|*de < C
2 Td 2 Td 2 Td 2 Td

1 1
<5 [ty [ QxR s <
2 ']l‘d 2 Td

As |U| < Ce, we conclude that esssup,¢ (o 1) | fra Pretyz - Udz| — 0 as € — 0 so that (6.6.9)
implies

1 f —
esssup — / Pne [0y c[2de — 0.
te(0,T) 2

Again, we can write it as

esssup/ / IN? Ay (Ar, X') do + mf) ¢, 79 0 (6.6.10)
t€(0,T) JT¢ JR+ xRY ’
which implies
esssup/ / / — N2 dvy (A1, X) ddo(N)dz — 0. (6.6.11)
te(0,1) J1d Jrd R+ de

Now, as the product measure v} (A, \) ® (5,,,()\1) ® 8o(X) is an admissible coupling between
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vy and §, © dg we can estimate the infimum in (6.6.1) by

W (b, @ 80)] P < [ [ = i) P Ao X 8, ()
X

+// N = N[2dufs (Mg, V) ddo (V)
R4 JR+ xR4

so that integrating over T¢ and taking esssup,¢ o,y we conclude the proof of (6.6.3) due to
(6.6.8) and (6.6.11). Furthermore, by Jensen’s inequality

/ Tl = / V1) 2 da < / (NP, 07).
Td Td T4

Taking esssup;¢ (o, and using (6.6.10), we arrive at (6.6.2).
Finally, we study the concentration measures. From (6.6.7) and (6.6.10) we know that

esssup mf:‘a(t, T%), esssup mﬁ;‘“l (t,T%) - 0 as e — 0.
te(0,7) te(0,T)

F(

Using (6.3.18) we obtain the same for |mj u®u| It remains to study my,.¢ ?) and mh e 0 fact,

if we prove that esssup;¢ (g 1) mg(e )( t,T4) converges to 0 as ¢ — 0, the same will be true for

mhE ‘ due to (6.3.19).

By supse(o,r) ©(t) — 0 and (6.6.6), we have that

sup F(pp.elpn) = 0ase—0.
te(0,T) JTd

We can write F'(py, c|p,) as (cf. (6.5.9))

F(py.elpn) = (Fi1(M) = Fi(py) = Fi(pn) (M = pn),v™%) +

, o (6.6.12)
+ (Fa(M) = Falpy) — Fo(py) (M1 — pp), v"%) +my .

The first term is nonnegative while the second converges to 0. Indeed, it can be bounded by
1 F4 loo ((A1 = pn)?, vt,») Which can be estimated due to inequality (cf. (6.5.10)) :

175l /T O = o)) do < - (P = po) (@) = (p = pg) (& = y)|? dy dz

4n? Jpa Jpa

for some x € (0,1). Thanks to (6.6.6),

esssup [ [(Fa(A1) — Fa(py) — Fa(pn) (M — py), ") dz — 0 as e — 0.
te(0,T) JTd

Due to (6.6.12), the proof of (6.6.4) is concluded. O

We can also formulate a similar result to Theorem 6.6.1 in the context of Theorem 6.1.4. The
proof is the same as the one of Theorem 6.6.1.
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Theorem 6.6.2. Under the notation of Theorem 6.1.4, the function \/py, e Uny.c, CONVETgES to
0 in L>(0,T; L*(T?)) :

——2
esssup [ [\/Prop.er Wi |- dz — 0 as e, m — 0.
te(0,7) J1d

Moreover, the parametrized measure vk € L  ((0,T) x T P([0,4+00) x R?)) converges to

weak
dp(t,z) ® o in the following sense :

T
/ /d [Wg(l/’k’s’“,ép(t’x) ® 50)]2 dxdt — 0 as e, nr — 0.
0o Jrd

Furthermore, the concentration measures vector my, ., converges to 0 in the total variation norm,
uniformly in time :

esssup || My, . (t,-)|[7v — 0 as e, nx — 0.
te(0,T)

6.7 Some inequalities

Lemma 6.7.1. Let o > 0 and a final time T > 0. Let u be defined by u(t) = o exp (— fOtHdiv bl L= (s) ds)
and ¢ defined in (6.4.4). Then

/ Ads(u)sgn™ (u —u) > 0.
Td

Démonstration. We note f. a concave approximation as 7 — 0 of the function f : x — min{z, 0}.
Then f! approximates f’ : x — sgn™ (x). We have

Ads(u)f =) = = [ () u—w|Val®

Td

Since ¢ > 0, f < 0 by concavity and we conclude by sending 7 — 0. O

Lemma 6.7.2. There exists ng > 0 and constant Cp such that for all n € (0,m0) and all
f € L3(T%) we have

) — 2
If - (f)Td||2L2(Td) <Cp /11‘d /Td an(|z —y|) dz dy.

6.8 Bound on the relative pressure

Lemma 6.8.1. Let F satisfy Assumption (6.1.1), p(p) = pF'(p)—F(p)—i—% and F(p|P), p(p|P)
be defined by (6.3.17). Then there exists a constant Cp g such that p(p|P) is bounded in terms of
F(p|P) and |p — P|? i.e.

1
p(pIP) < Crn F(olP) + (CF,R i n) - PP. (6.8.1)
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Similarly, there exists constant Cr such that
lpEF'(p)| < Cr F(p) + Cr p* + Cr. (6.8.2)

Démonstration. We write

1 T
pelP) = (=P [ [ e+ 1= sP)asar

F(plP)=(p— P)Q/O /OT F"(sp+ (1 —s)P)dsdr.

We note h(s) = sp+ (1 — s)P to simplify the notations. By definition p'(p) = p (F"(p) + n%)
Therefore we obtain

p(pIP) = (p — P) / / FY (5(s)) + F5 (1(3)) + h(s) P (h(5)) + h(s) P (h(s)) s dr + 5| =PI
F(lP) + (p— P) / / ()P () + (s) S (h(s)) s+ o = PP

We note I; = fo Jo h( (s)F{¥ (h(s))dsdr and I = fo Jo Al (s)FS¥ (h(s)) dsdr. By assumptions
on |uF1(3)| we obtain

I1<C+C/ / F/'(h dsdT<C+C/ / F/'(h(s)) + Fy (h(s))dsdr,

where the value of C changed in the last inequality, using the boundedness assumption on Fy'.
For I we simply use boundedness of |uF3 (u)| so that

I, <C.

This concludes the proof of (6.8.1). Concerning (6.8.2), we have

2
pF'(p) =pFi(p)+pFs(p) <C(1+ Fi(p)) +Cp<C(1+F(p) +C (; + pz) +C,

where we used estimate on p F(p), boundedness of Fj, Fy and inequality 2p < 1+ p2. The proof
is concluded. O
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Chapitre 7

Analysis and numerical simulation

of a generalized compressible
Cahn-Hilliard-Navier-Stokes model
with friction effects

Abstract

Motivated by the mathematical modeling of tumor invasion in healthy tissues, we propose a
generalized compressible diphasic Navier-Stokes Cahn-Hilliard model that we name G-NSCH.
We assume that the two phases of the fluid represent two different populations of cells : cancer
cells and healthy tissue. We include in our model possible friction and proliferation effects. The
model aims to be as general as possible to study the possible mechanical effects playing a role
in invasive growth of a tumor. In the present work, we focus on the analysis and numerical
simulation of the G-NSCH model. Our G-NSCH system is derived rigorously and satisfies basic
mechanics of fluids and thermodynamics of particles. Under simplifying assumptions, we prove
the existence of global weak solutions. We also propose a structure preserving numerical scheme
based on the scalar auxiliary variable method to simulate our system and present some numerical
simulations validating the properties of the numerical scheme and illustrating the solutions of
the G-NSCH model.

225
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7.1 Introduction

We derive, analyze and simulate numerically the generalized compressible Navier-Stokes-Cahn-
Hilliard variant (G-NSCH in short)

% +div (pv) =0, (7.1.1)
% + div (pev) = div (b(c) V) + Fe, (7.1.2)
_ 9%
pi = —yAc+ p 9’ (7.1.3)
9(pv) . _ : 1 2 : T
5 +div(pvev)= — |Vp+~div [ Ve® Ve — 2|Vc| 1) | +div (v(c) (Vv +Vv'))

- %div (v(e)div (v) 1) + div (n(c)div (v) 1) — k(p, c)v,
(7.1.4)

stated in (0,7) x Q, where 7' > 0 is finite time horizon, and @ C R? (d = 1,2,3) is an open
bounded domain with a smooth boundary 0.

Interested by the modeling of invasive growth of tumors in healthy tissues, we motivate the
different terms of the model with this biological application in mind. However, we emphasize
that the model is a general compressible diphasic fluid model that could be used for other
applications.

System (7.1.1)—(7.1.4) models the motion of a diphasic fluid composed of two immiscible compo-
nents, i.e. two different cell types (e.g. tumor and healthy cells), and comprises viscosity effects,
surface tension, and friction on rigid fibers representing the extracellular matrix (ECM in short).
In System (7.1.1)—(7.1.4), p is the total density of the mixture (i.e. the sum of the two partial
densities), ¢ is the relative mass fraction of one component (e.g. the cancer cells), v is the mass
averaged total velocity, u is called the chemical potential, p is the pressure. The coeflicient ~ is
related to the surface tension and is equal to the square of the width of the diffuse interface exis-
ting between the two populations. The friction coefficient x(p, ¢) is a non-negative function of the
density and the mass fraction, and takes into account the possible difference of friction strength
between the two populations. We use this friction term to model possible adhesive effects of the
cells on the ECM. The coefficients v(c) and n(c) represents the viscosity coefficients (shear and
dilatational, respectively) of the mixture. Possible differences in viscosities could be considered
for the two populations. The function 1y represents the separation of the two components of the
mixture and phenomenologically models the behavior of cells (i.e. cells tend to form aggregates
of the same cell type). The function F.(-) accounts for the possible proliferation and death of
cells and these two effects are assumed to be modelled as an exchange of mass between the
populations. The non-negative function b(-) models the mobility of cells. This function models
the probability for a cell of any of the two populations to find an available neighboring spot to
which it can move. More details about the general assumptions and precise forms of the different
functions will be given in the next sections.

The motivation of our model stands from the modeling of tumor progression and invasion in
healthy tissues. Indeed, as explained in Appendix 7.7.8, under suitable choices of functionals,
our model can be viewed as a representation of a proliferating population of cells, i.e. the tumor
cells, in a domain filled with a non-proliferating population, i.e. the healthy cells and the rest
of tissue (ECM, extracellular fluid, etc.). The proliferation of cells happens by consuming mass
from the other phase (we are not injecting mass in the system). Both cell populations move in an
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ECM constituted of rigid fibers on which they can adhere. As we only focus on the mechanical
effects generated by the properties of the cells that could play a role during invasion, we do
not consider in the model other effects that are known to be important in tumor progression :
e.g. angiogenesis, digestion of the ECM by proteolic enzymes, role of helping cells located in the
stroma.

We emphasize that this article only concerns the analysis and the numerical simulation of the
G-NSCH model (7.1.1)—(7.1.4). This latter comprises effects that are negligible in biological
situations, e.g. inertia effects. We propose here an analysis of the model and a structure preserving
numerical scheme for the G-NSCH model.

Literature review The motion of a binary mixture of two immiscible and compressible fluids
can be described by the Navier-Stokes equation coupled to the Cahn-Hilliard model : the Navier-
Stokes-Cahn-Hilliard model (NSCH model in short). The well-known incompressible variant of
the compressible NSCH model has been denominated model H (see e.g. [215, 202]). Model H has
been proposed to represent viscous fluid flow in an incompressible binary mixture undergoing
phase separation. This model assumes matching densities, i.e. p1 = p2 and, hence, constant total
density p. To consider non-matching densities, Lowengrub and Truskinovsky [263] proposed the
compressible NSCH model. Expanding the divergence term in the mass balance equation, the
authors found a relation denoting the quasi-compressible nature of the fluid. Concomitantly,
Anderson, FcFadden, and Wheeler [22] proposed a similar system. In the present work, we use
a similar system. We also remark that a very recent work [148] proposed a unified framework
for the incompressible NSCH system and shows that the different NSCH models found in the
literature only differ from their general modelling framework by specific constitutive hypotheses.
Under some simplifying assumptions compared to the system proposed in [263] but being closer
to the system in [22], the analysis of the compressible NSCH model with no-flux boundary
conditions has been realized by Abels and Feireisl [5]. Their analysis requires to simplify the
model proposed in [263] to avoid zones with zero density which would make this analysis a lot
more difficult since the control from certain estimates would be lost. In another article, for the
same system, Abels proved the existence of strong solutions for short times [3]. Considering
the same assumptions and dynamic boundary conditions, Cherfils et al. [104] proved the well-
posedness of the compressible NSCH model with these special boundary conditions. These latter
allow to model the interaction of the fluid components and the walls of the domain.

Results on the analysis of the incompressible variant of the NSCH model, i.e. the model H, are
numerous and we here mention only a few of them since a complete review would be out of the
scope of the present article. With a non-degenerate mobility coefficient and a physically relevant
choice of potential, the well-posedness and regularity analysis of model H has been performed
by Abels [2] using tools both from the analysis of Navier-Stokes model and the Cahn-Hilliard
model. It is worth mentioning that the non-degeneracy of the mobility coefficient leads to non-
physical effects, i.e. Ostwald ripening effects (see [6]). For this reason, Abels, Depner and Garcke
studied model H with a degenerate mobility [4]. Their analysis relies on a regularization of the
mobility and singular potential into, respectively, a non-degenerate and non-singular potential.
Then, suitable a-priori estimates uniform in the regularization parameter allow to pass to the
limit in the regularization and show the existence of weak solutions to the degenerate model H.
We now review partially the extensive literature about the Cahn-Hilliard equation and its use
for the modelling of tumors. The Cahn-Hilliard equation has been initially used to represent
the phase separation in binary mixtures and has been applied to the spinodal decomposition
of binary alloys under a sudden cooling [70, 69]. The model represents the two phases of the
fluids as continua separated by a diffuse interface. This equation has been used later in many
different applications and we do not intend here to give an overview of all these. However,
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we refer the reader interested in the topic to the presentation of the Cahn-Hilliard equation
and its applications to the review book [277]. We are interested here in the application of the
Cahn-Hilliard framework to tumor modelling (see e.g. [265]). Latter, different variants of the
Cahn-Hilliard model appeared : e.g. (without giving a complete overview) its coupling to Darcy’s
law [187], Brinkman’s law [145], chemotaxis [299]. Recently, a variant of the CH equation has
been used to better represent the growth and organization of tumors. The main change is the use
of a single-well logarithmic degenerate potential instead of a double-well potential [97, 11, ]
This type of potential has been proposed in [20] to represent the action of the cells depending
only on the local density, i.e. attraction at low cell density and repulsion for large cell density
representing the tendency of cells to avoid overcrowding. The Cahn-Hilliard framework has also
been utilized in systems representing invasive growth of tumors. The interested reader can find
a lot of information about phase-field type systems modelling tumor growth and invasion in the
very recent survey paper [180] and references therein.

We now review some of the literature about the numerical simulation of NSCH models. The
numerical simulation of Model H for binary fluids with non-matching densities has been the
subject of numerous works (see e.g. [219] and references therein). However, in part due to its
complexity, the numerical simulation of the compressible NSCH system has been less explored. A
(" finite element numerical scheme for a variant of the quasi-compressible NSCH model proposed
in [263] has been proposed in [199]. Around the same time, Giesselmann and Pryer [13, |
designed a discontinuous Galerkin finite element scheme to simulate the quasi-incompressible
NSCH system which preserves the total mass and the dissipation of energy. A numerical method
has also been proposed in [210] in the case of constant mobility b(c) and smooth polynomial
potential ¥ (c). However, the system simulated in [210] is a simplification of the compressible
NSCH system since the pressure does not appear in the definition of the chemical potential p in
their system.

The previous works we presented for the simulation of the compressible or quasi-compressible
NSCH systems deal with constant mobility combined with a smooth polynomial potential. We
aim to simulate the compressible NSCH model with choices of mobility and potential relevant
for biology (but also relevant for material sciences and fluid mechanics), i.e. degenerate mobi-
lity combined with a logarithmic potential. We now review briefly some relevant discretization
methods for the Cahn-Hilliard equation with degenerate mobility and singular potentials. Consi-
dering a degenerate mobility and a double-well logarithmic potential, we mention the work of
Barrett, Blowey and Garcke [37]. In this article the authors proposed a finite element scheme
with a variational inequality to preserve the bounds of the solution. Based on these ideas, Agosti
et al. [11] proposed a similar finite element scheme for the single-well logarithmic potential case.
The difficulty in this latter case lies in the fact that the degeneracy and the singularity sets do not
coincide and, considering an order parameter that must remain within the bounds [0, 1), negative
solutions can appear if a standard discretization method is used. The numerical scheme propo-
sed in [11] solves this issue but does not preserve the mass. In a more recent work, Agosti [10]
proposed a discontinuous Galerkin finite element scheme that preserves the bounds [0,1) and
preserves the exact mass. However, the main drawback of the previously mentioned methods is
that they are computationally expensive : they solve a strongly coupled nonlinear system and
resort to the use of iterative algorithms.

Since the Cahn-Hilliard equation is a gradient flow (see e.g. [258]), a structure-preserving linear
scheme can be constructed using the Scalar Auxiliary Variable (SAV in short) method [311]. The
SAV method is a very powerful tool to design unconditionally energy-stable numerical schemes
for models possessing a gradient-flow (see e.g. [312, 333] and references therein) or Hamiltonian
structure (see e.g. [23, | and references therein). The SAV method has evolved during the
past 6 years starting from the original SAV method [311, | to improved variants such as the
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generalized version GSAV (see e.g. [333, 220]) and the relaxed RSAV method [231]. In our work,
we use the GSAV method that has been already used in [222] for the Cahn-Hilliard equation.
In this latter work, the scheme is structure-preserving from the use of a scalar variable that
represents the discrete energy, and an additional equation is solved to ensure dissipation at the
discrete level. The bounds of the order parameter are ensured using a transformation that maps R
to the physical relevant interval ((0,1) in the case of a double-well potential). Hence, compared to
other techniques, the SAV method has the advantage to allow for the design of a linear, efficient,
structure-preserving scheme and can easily be used for our G-NSCH system. We also emphasize
that the SAV method has been used for the simulation of the incompressible NSCH model
with positive mobility and polynomial potential in [252]. In the present work, we use the GSAV
method to design a numerical scheme for the G-NSCH model. Our numerical scheme allows to
use degenerate mobility and singular potential functionals which is more physically relevant. To
the best of our knowledge, our G-NSCH model is new because it comprises the friction force term
and the exchange between the two phases of the fluid. Moreover, the use of the GSAV method
for a compressible NSCH system is new, especially with our choice of functionals (i.e. degenerate
mobility and singular potential).

Objectives of our work The first objective of our work is to study the well-posedness of the G-
NSCH model under some simplifying assumptions (i.e. smooth potential and positive mobility).
The second objective is the design of an efficient and structure-preserving numerical scheme for
the G-NSCH model with singular double-well potential and degenerate mobility. The third focus
of the present work concerns the rigorous derivation of the G-NSCH model that is presented in
the Appendix.

Outline of the paper Section 7.2 presents the notations, functional spaces and assump-
tions we use in our work for the analytical part but also for the numerical part. Section 7.3
concerns the proof of the existence of weak solutions for the G-NSCH system (7.1.1)—(7.1.4)
under simplifying assumptions. A structure preserving numerical scheme based on the GSAV
method is then proposed in Section 7.4 and some numerical results are presented in Section 7.5.
Our model’s equations come from a thermodynamically consistent derivation of the compressible
Navier-Stokes-Cahn-Hilliard model including friction effects and source terms. The derivation is
described in Appendix 7.7.1. From the general model, we propose in Appendix 7.7.8 two reduc-
tions : The G-NSCH studied and simulated in the present work and one biologically relevant
reduction that will be the focus of a forthcoming work.

7.2 General assumptions, notations and functional setting

The equations are set in a domain Q7 = Q x (0,T) with  an open and bounded subset of R?
(d = 1,2,3). We assume that the boundary 02 is sufficiently smooth. We indicate the usual
Lebesgue and Sobolev spaces by respectively LP(Q), W™P(Q) with H™(Q) := W™2(Q), where
1 < p < 400 and m € N. For ¢ € [1,+0o0], we indicate the Bochner spaces by L%(0,T; X)
(where X is a Banach space). Finally, C' denotes a generic constant that appears in inequalities
and whose value can change from one line to another. This constant can depend on various
parameters unless specified otherwise.
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7.2.1 Assumptions on functionals

We divide the assumptions on the different terms appearing in system (7.1.1)—(7.1.4) into two
parts : analytical and numerical assumptions. Indeed we are not able to prove the existence
of weak solutions in the general setting used for the numerical simulations. For instance, the
case of the usual logarithmic double-well potential in the Cahn-Hilliard equation is not treated
but can be implemented in our numerical scheme. However, we can analyze our system with
a polynomial approximation of the double well. We also consider non-degenerate mobilities to
obtain estimates on the chemical potential p directly. The case of degenerate mobility, see for
instance [158], seems unavailable as we do not have anymore the classical “entropy” estimates of
the Cahn-Hilliard equation that provide bound on second-order derivatives of the mass fraction
c.

Framework for numerical simulations We assume that the viscosity v(c), n(c) and permeabi-
lity k(p, ¢) coefficients are smooth non-negative functions. The mobility is a non-negative function
of the order parameter (mass fraction) ¢. Hence, we assume that

be CY([0,1;RT), and b(c) >0 for 0<c<l1. (7.2.1)

In agreement with the literature (see e.g [104]), the homogeneous free energy 1o (p, ¢) is assumed
to be of the form

Yo(p,€) = the(p) + Pmix(p; ), (7.2.2)
with Ymix(p,¢) = H(c)logp + Q(c) and Q(c) is a double-well (or single-well) potential. Then,
using the constitutive relation for the pressure, we have

p(prc) = pﬂf — pe(p) + pH(©), (7.2.3)

where p. = p?¢.(p) and is assumed to satisfy
p1p® "t —p2 <pLlp) <ps(1+p*"), for a>3/2, pi,pa,ps>0. (7.2.4)

We assume that the exchange term F,. (that can depend on the mass fraction and the density)
is bounded,

FC(p7C)

|Fe(p, c)| + ‘p < C,Y(p,c) € R2 (7.2.5)

Remark 7.2.1 (Double-well logarithmic potential). In the present work, we aim to use a double-
well logarithmic potential in the definition of the mixing potential. A relevant example of potential

is
1 0 1

Ymix = 5 (a1(1 = ¢)log(p(1 — ¢)) + azclog(pc)) — 5(0 - 5)2- (7.2.6)
This potential gives
H(c) = % (a1(1 =€) + asc), Qc) = % (a1(1 = ) log(1 — ¢) + asclog(c)) — g(c _ %)2,
where 6 > 1.

Additional assumptions for the existence of weak solutions and analysis of the nu-
merical scheme. Concerning the existence of weak solutions and analysis of the numerical
scheme, we need to strengthen our assumptions. The viscosity coefficients v(c), n(c) are assumed
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to be bounded from below by a positive constant and the friction coefficient k(p, ¢) is assumed to
be nonnegative. Moreover, v(c),n(c) and x(p, ¢) are functions bounded in L?(0,T; L?(£2)) whene-
ver ¢ is bounded in L>(0,7T; H'(Q2)) and p is smooth (for instance C(0,T; C?(Q)). We consider
a > 2 the exponent of the pressure law. In the numerical simulations, we take degenerate mobili-
ties of the form b(c) = ¢(1 —¢)*. However, in the analysis, we consider a non-degenerate mobility
by truncating the previous mobility. For instance, using a small parameter 0 < g, << 1, we
approximate the mobility b(-) by

b(l—gp), ifc>1—egy,
be, (¢) = < b(ep), if e <ep,

b(c), otherwise,
and consider the case of a fixed ;. Dropping the ¢}, subscript, we obtain that
be CHR;R"), and b(c)>C >0 VeceR. (7.2.7)

Concerning the functionals appearing in the definition of the free energy vy we assume that H
and H’ are bounded and that @ is a polynomial approximation of the double well potential.
More precisely we take

H1§H1(0)7H(C)§H27 ceR, Hy,Hy >0,

1 7.2.8
Qle) = 31— )" (72
The case of the double-well logarithmic potential has not been tackled yet even though this is
the main motivation for the decomposition of ;. as in the works [5] and [104].
Also, to make the computations simpler, we assume that

— a > 6 where a is the pressure exponent,

— Ye(p) = ’Z::ll and therefore p.(p) = p®.

These two assumptions are not necessary and could be removed but simplify the analysis. We
refer for instance to [5, | for the more general setting. For instance, the condition a > 6 is
used to not introduce another parameter in the approximating scheme which would make the
article longer. Note that the assumptions on ¢y imply in particular the following lemma which
is essential to obtain estimates on the energy dissipation :

Lemma 7.2.2. There exists a constant C such that

9o
)

c

< Cpyo+ C.

Its proof uses the assumption on H and the fact that for ¢ large, Q'(c) ~ 3 < ¢* +1~ Q(c) + 1.

7.3 Existence of weak solutions

We now turn to the proof of the existence of weak solutions for the G-NSCH model (7.1.1)—(7.1.4)
subjected to boundary conditions

o, Oc ou
v =0, e b(c)a—n =0, on 9Q, (7.3.1)
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and initial conditions

2
p(0,2) = po >0 LYQ), ¢(0,2)=coec HY(Q) pov(0,z) = myg, with |Inp0| € L'(Q).
0

(7.3.2)
Also, we suppose py # 0. In this section we take d = 3. The proof of the result is quite long
and technical. Therefore, when possible and for the sake of clarity, we omit some proofs and give
instead appropriate references.

Outline of the analysis For readability reasons, we here present the outline of the analysis of
the G-NSCH model. We first start with the analysis of a "truncated" version of G-NSCH model
in the sense that the double-well is truncated for large values of ¢ with a parameter €g. Then,
for this fixed truncation, we prove the existence of weak solutions using the ideas of [250, ,

, 104]. Then, we pass to the limit g — 0. Namely, recalling that Q(c) = c(1 — ¢)? we first
consider Q. (c) a smooth truncated approximation of @ that satisfies

1
QuqlilQL, | 1QL | < C <Q> . (7.33)

In the first subsections, we drop the £ notation and work with the regularized problem. We will
use the €g notation when we pass to the limit. For the moment, we benefit from the properties
of the regularization.

7.3.1 Energy estimates

The G-NSCH system comes with an energy structure which is useful to obtain first a priori
estimates.

Proposition 7.3.1. Smooth solutions of the system (7.1.1)~(7.1.4) satisfy the following energy
relation p

—FE+D= / wke. de, (7.3.4)
dt Q

where E is the energy, and D is the dissipation defined as

o |V|2 v 2
E= [ p—— 4 pho + =|Vc|” dx, (7.3.5)
a 2 2

p- [ v
o 2

2

2
Vv + Vvl — gdiv(v)]l +n(e)|div (v) 12 + b(c)|Vul* + k(p, c)|v|*dx. (7.3.6)

This yields a priori estimates on the solution i.e. there exists a positive constant C such that

E(t) + /Ot D(s)ds < C + CE(0).

Note that the energy is bounded from below since plog pH (c) is bounded from below with (7.2.8).
Also, the purpose of the assumptions v(c),n(c) and b(c) bounded from below by a positive
constant becomes clear, they are crucial to obtain estimates on the H'(£2) norm of y and v.

Démonstration. We recall the formula

1
VeAce = div(Ve® Ve) — 5V|vc|2. (7.3.7)
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We denote by T the tensor

T = () (Vv + V7 — gdiv(v)l) + ne)div (v) 1. (7.3.8)

Then we multiply Equation (7.1.1) by % and sum it with the scalar product of Equation (7.1.4)
with v. We obtain

0 2 1
v <p|‘;) + div <2p|V|2V +p(p,c)v—T- v> +T: Vv + k(p, c)v? = p(p, c)div(v)

which is equivalent to

2 1
0 (plv|> + div <2p|v|2v +p(p,c)v—T- v) +T: Vv + &(p, c)v? = p(p, c)divvy — yAcVe - v.

at \" 2
(7.3.9)
Then, we multiply Equation (7.1.2) by u and obtain using also (7.1.1)

p(0rc+ v - Ve) = div(b(e)Vu)u + pF.
And, using (7.1.3) we obtain

o

pg(&gc +v-Ve) =div(b(e)Vu)pu + yAc(dic + v - Ve) + pF.

The previous equation can be rewritten using the chain rule as

A (pbo) + div(pypov) — tho(Oep + div(pv)) — p%—io

= div(b(c)Vu)p + yAc(Opc + v - V) + pF.

(O +v-Vp)

We have paa—po(atp+v~Vp) = paa—’l;f(—pdiv(v)) = —pdiv(v) (see Equation (7.2.3) for the definition
of the pressure). Moreover, we know that Acd;c = div(9;cVe) — 0, (WC|2) and, hence,

2

Vel

Ou{ o)+ div(pov) + paiv(v) = div(o(e) )+ |aiv@reve) - oy (1

) + Acev - VC}
+upF.. (7.3.10)

Summing (7.3.9) and (7.3.10) we obtain

0 2 1
5% ( % + pto + ;IVCIQ) +div (pwov + 5oV 4 p(p,e)v =T v — 7@ch> —div(b(c) Vi)

+T: Vv + k(p,c)|v|* = uF..
Now we use the fact that

2
T:Vv= @ Vv + Vvl — ;div(v)ﬂ +n(e) |div (v) 1]*. (7.3.11)
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Integrating in space and using the boundary conditions (7.3.1) ends the proof of the first part
of the proposition. To prove the second part, we integrate the equation in time and control the
right-hand side. Indeed, due to the assumption on the source term (7.2.5), we have

t t
/ /uFCdxdt’ SC’/ /|u|
0 Ja 0 Ja

We want to use Lemma 7.3.7 to control the L' norm of u. Integrating the equations on p to
obtain fQ pdx = fQ podx > My we satisfy the first assumption of the lemma. For the second, we

notice that we can consider a variant of this lemma such that instead of asking p to be in L8/5
we have the inequality
v
u—— [ pu
€2 Jo

Using Young’s inequality, the fact that in the energy pig contains a term of the form Pt we
obtain for C' small enough

t ~ [t inf. b(c)
/ /|u|dx§C+C/ / \u|2dx§C’+C’E(t)+T/ V/deerC‘/ ppdz
0 Jo 0 Jo Q Q

Since the energy dissipation controls the third term of the right-hand side, it remains to control
the last term of the right-hand side. We recall that pu = pag’c 9 — ~vAc. Using the Neumann

< ClIVullz + [l pors-
L2

boundary conditions on ¢, it remains to control ‘ fQ p%

o

We conclude using Gronwall’s lemma. O

. Using Lemma 7.2.2, we obtain

< C+CE(1).

7.3.2 Existence of weak solutions for fixed ¢

The weak solutions of system (7.1.1)—(7.1.4) are defined as follows
Definition 7.3.2. We say that (p,v,c, i) is a weak of system (7.1.1)—(7.1.4) provided :
— p > 0 and we have the regularity

p € L°°(0,T; L)),
v € L*(0,T; Hy(R?)), +/pv € L>=(0,T; L*(;R?)), T:Vve LY0,T;L'(Q)),
ce L>(0,T; H(Q)),
pwe€ L*0,T; HY(Q)).

— Equations (7.1.1)—(7.1.4) are satisfied in the distributional sense.
— The initial conditions (7.3.2) are satisfied a.e. in .
— The boundary conditions (7.3.1) are satisfied.

We state our main theorem about the existence of weak solutions

Theorem 7.3.3 (Existence of weak solutions). There exist (p, v, c, u) weak solutions of (7.1.1)—
(7.1.4) in the sense of Definition 7.5.2.
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In order to prove the existence of weak solutions, we use an approximating scheme with a small
parameter £ > 0 borrowing the idea from [256, |. More precisely, let X,, = span{n; }i=1,...»
be the set of the first n vectors of a basis of Hg(Q;R3) such that X,, C C?(2;R?). We consider
the following problem for (p, v,,c) with v,, € X,, (with coordinates depending on time) :

Orp + div(pvy) = eAp, (7.3.12)

and for every n € X,

¢ t
/ pvn(t) -ndx — / mg - ndr — / / PV @ vy Vndards — / / p(p, c)div(n) dz ds
Q Q 0o Ja 0o Jo

t t t
1
—l—e/ /(VVan)-ndxds—i—/ /']T:Vndxds—l—v/ /(7|Vc|2]I—(Vc®Vc)):Vndxds
0 Jo 0 Jo 0o Ja 2

t
+ / / k(p,c)vy -ndxds =0. (7.3.13)
aJo
And for the equation on the mass fraction

1. F. 0o Ac
Oic+ vy, -Ve= =div(b(c)Vu)+ —, pu=———7—. 7.3.14
t div(b(e) V) + e = (73.14)
We consider Neumann boundary conditions
Vp-n=0b(c)Vu-n=Ve-n=0 on d, (7.3.15)

and the Dirichlet boundary condition for v, is included in the definition of X,. Finally, we
consider the initial conditions

p(0,) =poe >0, ¢(0,))=coe, pvn(0,-)=my, (7.3.16)

where pg ¢, co satisfy the Neumann boundary conditions and they are smooth approximations
of pg,co (when € — 0).

We now comment on the scheme used above and detail the strategy of the proof. We add the
artificial diffusion in (7.3.12) with the parameter £ > 0. Here, v,, is fixed and we can conclude
the global in time existence of classical solutions to (7.3.12) which are positive since the initial
condition is positive (and using maximum principle). Using this positivity, we conclude the
existence of a strong solution to Equation (7.3.14) which is in fact a fourth-order parabolic
equation. Having obtained ¢, we focus on Equation (7.3.13) and we prove existence for a small
time with Schauder’s fixed point theorem. Note the presence of the additional term e [(Vv,,Vp)-n
which is useful to cancel energy terms introduced by eAp in (7.3.12). Having obtained existence
on a short time interval we compute the energy of the system and obtain global existence.
Then, we pass to the limit n — oo. It remains to send € and g to 0 and obtain solutions of
system (7.1.1)—(7.1.4).

We first turn our attention to Equation (7.3.12). From [166], we obtain the following proposition,
and lemma

Proposition 7.3.4. Let Q C R3 be a bounded domain of class C*t8 for some B > 0. For
a fized v, € X,, there exists a unique solution to Equation (7.3.12) with Neumann boundary
conditions (7.3.15) and initial data conditions (7.3.16). Furthermore, the mapping vy — p[vy],
that assigns to any v, € X, the unique solution of (7.3.12), takes bounded sets in the space
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C(0,T;C3(2,R?)) into bounded sets in the space
V= {8ip € C(0,T;C"(Q)), p € C(0,T;C***())}.

Lemma 7.3.5. The solutions of (7.3.12) satisfy

t
(int 0.0))exp (= [ 1w, ()0 ) < ot
r 0

¢
< (sup p(0, z)) exp </ | div v, (8)]| £o= () ds) ,
0

z€EQ
forallt € [0,T] and x € Q.

Using the latter lemma, if the velocity field is in W1 °°, the density is bounded from below by a
positive constant (provided the initial condition is positive). We now focus on Equation (7.3.14).

Proposition 7.3.6. Let p be given such that p € C(0,T;C%*(Q)) and p > p > 0. Then Equa-
tion (7.3.14) with Neumann boundary conditions (7.3.15) admits a strong solution. Moreover,
the mapping v,, — c[v,] takes bounded sets in the space C(0,T;C2(2,R?)) into bounded sets in
the space

W= {ce L>=(0,T; H(Q)) N L*(0,T; H*(Q))}. (7.3.17)

The existence of a strong solution is based on the remark that the highest order term of this
equation is f'y%c)AZc. Using b(c), p > C' > 0 we obtain a fourth-order parabolic equation with
smooth coefficients and with zero Neumann boundary conditions. Therefore, we can admit the
global in time strong solution than can be achieved through a Galerkin scheme and we focus on
the estimates (7.3.17). In the proof, we need the following two lemmas

Lemma 7.3.7 (Lemma 3.1 in [169]). Let Q € R® be a bounded Lipschitz domain and let My > 0,
K > 0. Assume that p is a nonnegative function such that

6
0<M0§/pda:,/p“dx§K, with a > —.
Q Q 5
Then, there exists a positive constant C = C(My, K, a) such that the inequality

v,
u—— [ pu
€2 Jo

holds for any u € Wh2(Q;R?).

< C|Vul[2(qrsxs),
L2(QR3)

Lemma 7.3.8 (Theorem 10.17 in [171]). Let  C R3 be a bounded Lipschitz domain, and let
1<p<+4oo, My >0, K>0,a>1. Then there exists a postive constant C = C(p, My, K, a)
such that the inequality

2 .
||u||W1,p(Q;R3) <C (|Vu +VTu- gleuH”LP(Q;RSXS) +/Qp|u| dl‘) s
holds for any u € W1P(Q;R?) and any non-negative function p such that

O<M0§/pdx, /p“dng.
Q Q
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Proof of Proposition 7.3.6. We admit the existence of solutions and focus on a priori estimates.
We multiply Equation (7.3.14) by —Ac. Using the boundary conditions and integrating in space
yields

dx

2 A 2
Bt/ Vel de+v [ blc) |V (C>
o 2 Q P

= / 1div(vn)\Vc\2 — Vv, : Ve® Vedx +/ b(e)V <8w0> -V (Ac) dz —/ EA
a2 Q dc P QP

Here, we have also used the formula (7.3.7). We use the L> bounds on v, div(v,,), b(c), p the
fact that % is also bounded in L, properties on 9.1 (7.3.3), and obtain

2
8t/ Vel dx+’y/ b(c) |V <AC> x<C/ |Ve|?
o 2 Q

We want to control the last term on the right-hand side. We use Lemma 7.3.7 with u =
%(1, 0,0)” and obtain, together with Neumann boundary conditions on c,

dx+0/ Ac].

A
H Hv (C> . (7.3.18)
L2(Q) P L2(Q;R3)
Then, writing Ac = p% and using the L* bound on p,
A
/ Al < C Hv (C> .
Q P/ llL2(q;rs)
Finally, using Young’s inequality and Gronwall’s lemma, we obtain
T Ac\ |?
sup / |VC|2dz+'y/ / b(c) |V <> dz < C. (7.3.19)
t€(0,T) JQ 0 Jo P

With Lemma 7.3.7 (and integrating the equation on pc using also the boundary conditions) we
obtain the bound
c€ L>(0,T; HY(Q)) N L*(0, T; H3(Q2)). (7.3.20)

O

Having defined p and ¢, we now solve Equation (7.3.13) with a fixed point argument. We define
the operator

Mlpl: X, = X, (Mp]v,w) := / pv-wdx, v,weX,.
Q

This operator ( [166]) M|p| is invertible, and

1

-1 ey <
M [P]”L‘(Xn,Xn) = infg p’

M 1] = M7 palllixix,) < Cnyp)llpr — p2llni @)
(7.3.21)
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for any p1, p2 > p. Finally, Equation (7.3.13) can be reformulated as

valt) = M~ [o(1)] (mz; s [ AT p(s) ) ds) , (7.3.22)
with
(mg,n /mo ndex,

and

N [Vnopodls) = / (rvn®vae =T = 2|VePT +Ve @ Ve) : Y+ plp,c)divin)
Q

— (eVv,Vp+k(p,c)vy,) - ndz.

To prove that Equation (7.3.22) has a solution, we apply Schauder’s fixed-point theorem in a
short time interval [0,7'(n)]. Then, we need uniform estimates to iterate the procedure.

Lemma 7.3.9 (Schauder Fixed Point Theorem). Let X be a Hausdorff topological vector space
and S be a closed, bounded, convex, and non-empty subset of X. Then, any compact operator
A: S — S has at least one fixed point.

With notation of the lemma 7.3.9, we call A the operator from Equation (7.3.22) and S = B(ug )
the unit ball with center ug ,, in C([0,T]; X,,), ug,y, is defined by

/pouo,n'ndl‘:/mO'ndxa V’UEXTL
Q Q

More precisely, we consider

A:S = O([0,T); X,),

u— M~ (m0+//\/ ()}ds).

Lemma 7.3.10. There exists a time T = T(n) small enough such that the operator A maps S
into itself. Moreover, the mapping is continuous.

Démonstration. By definition of A and mj, we need to prove that || M ™! fo (8)dsllcoo,m;x,) <
1. With properties (7.3.21), it is sufficient to prove that there exists a ﬁnal time 7T small enough
such that

< inf

C(0,T;Xzx)

Note that the infimum of p needs to be taken over the set Qp = (0,T) x 2 as p depends on time.
But, since we only consider small times, using Lemma 7.3.5 we see that this infimum is bounded
by below. More precisely, for every Ty, there exists C(Tp) > 0 such that for every T < Ty,
info,. p > C(Tp). We recall that X,, C C?(Q;R?) is finite-dimensional. With the definition of the
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tensor T and the pressure p(p, c) given by (7.3.11)-(7.2.3) we estimate by Holder’s inequality :

t
/ / (pru@u—T - %|Vc|2]l +1Ve® Ve) : Vi + p(p, ¢)div(n) — (eVuVp + k(p, c)u) - ndx ds
0o Jo

< CWT +T)(Inllx, + IVallx,) (el l[alfe + Cll(e)llzz [ VallL= + ClIVelZe + ol
+lole=lH ()= +ellullx, [[VollLe + [lullz=|[x(p, )| L2)-

Using assumptions of the subsection 7.2.1 and Propositions 7.3.4-7.3.6, we prove that all the quan-
tities on the right-hand side are bounded, with a bound that may depend on n, except ||[V¢| s
which needs an argument. Note that from (7.3.17), we deduce Ve is bounded in L?(0, T'; H*())N
L>(0,T; L?(€2)) (by a constant which depends on p, and also on |[ul|z, [|[Vul||z=). By Sobolev
embedding with d = 3, Vc is bounded in L?(0,T; L°(2)) N L>°(0,T; L?(Q2)). By Holder inequa-
lity (or interpolation), we obtain an L*(0,7; L*(2)) bound : |[Ve[|14,e < [[Vel|Fa 2]Vl 2w
With the previous estimates, and for T small enough, we obtain the result. O

Lemma 7.3.11. The image of S under A is in fact a compact subset of S. Therefore, A admits
a fixed point.

Démonstration. We want to apply the Arzela-Ascoli theorem to deduce the relative compactness
of A(S). From the previous computation, and using the fact that X, is finite-dimensional, we
can prove that A(S) is pointwise relatively compact. It remains to prove its equicontinuity.

We want to estimate for ¢ < ¢ the X,, norm of M~1[p(t)] (m(’g + fg Nu(s), p(s), c(s)] ds) -
ML [p(t)] (mg + fot, Nu(s), p(s), c(s)] ds). For simplicity, we write N'(s) := Nu(s), p(s), ¢(s)],

and rewrite the previous difference as

M t0) = ot0)] (i + [ N6y as) + M) (i + [ W) as)

For the first term, we use (7.3.21) and the Holder continuity of p given by Proposition 7.3.4.
For the second term, we repeat the computations in the proof of Lemma 7.3.10. This ends the
result. O

We have the existence of a small interval [0, T(n)]. To iterate the procedure in order to prove
that T'(n) = T, it remains to find a bound on v,, independent of T'(n).

Lemma 7.3.12. v,, is bounded in X,, independently of T'(n).

Démonstration. Note that we do not ask for a bound independent of n but only of T'(n) since
we use in the proof the fact that X, is finite-dimensional. The proof uses the energy structure
of the equation. We differentiate Equation (7.3.13) in time and take n = v,, as a test function.
This yields

d nl? 1
—/p‘v | dx—l—f/ (Orp + div(pvy)) [Val? dx—/p(p,c)div(vn)dx—i/ Ap|v,|? dz

1
—|—/ T: andx+7/(§|vc\2]l— (Ve® Vo)) : andx—i—/ k(p,c)|vnl?dz =0. (7.3.23)
Q Q Q
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Here we used

1d 1

Or(pvy) - v, :f—/p|v |2dx—|—f/8p|v | da,

/Q t n i 2 dt 0 n 2 0 t n
1

/ div(pv, @ v,) - v, de = f/ div(pv,,)|v,|? dz,

Q 2 Ja
s/(anVp)ovn dz = —E/ Ap|v,|? d.

Q 2 Ja

With (7.3.12), we see that (7.3.23) reads

d ‘Vn|2

dt Jo " 2

dz — / p(p, c)div(vy) dx +/ T:Vv,dz
Q Q

1
+ ’y/ (§|Vc|2]l —(Ve® Vo)) : Vv, dz +/ k(p,c)|va|?dz =0. (7.3.24)
Q Q

Now as in (7.3.10), we obtain with the artificial viscosity

o

9 (pto) + div(povn) + pdiv(vy) — thoelAp — spaprp = div(b(c)Vp)p

. |Ve|?
+ div(9¢eVe) — 0 — + vAcv,, - Ve + pF..

Integrating this equation in space, and summing with (7.3.24), we obtain

d [vn|? Vel 9o
% Q,O( B +w0)+’y 5 dl‘+€/ﬂv ’(/Jo—f'paip -Vpdz

Jr/ T:Vv,dz Jr/ b(c)|Vul? da +/ K(p,c)|vn|? dz = / uF.dz. (7.3.25)
Q Q Q Q
By definition of i, we obtain

E/QV <1/)0 + pa;;()> -Vpda = E/Q <((a 1)+ (a—1)*Hp" 2 + H;C)> |Vp|? da

+e / (H'(¢)(log(p) + 1) + Q'(¢)) Ve - Vpda.
Q

Therefore, the energy reads

d nl? 2 _ H
g Lo(BsE ) a5 e [ (- 0+ @224 29) jwppae

: Vv, dz c 2dx K(p,c)|vn|? dz = T
+ [ 1vidat [ WP+ [ spoivifae = [
*5/0(H/(C)(10g(p)+1)+QI(C))VC~Vpd£E. (7.3.26)

We need to prove that the right-hand side can be controlled in term of the left-hand side to obtain
estimates. For the first term on the right-hand side, we treat it as in the proof of Proposition 7.3.1.
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For the second term, we know by assumption on H and @, and the fact that (log(p) + 1)? is
bounded by a constant times % + (a — 1)p®~2 that it can be bounded in terms of the left-
hand side. Note that we used the hypothesis |Q'(¢)|] < C. This is based on the fact that Q
is in fact Q., so that we have |Q'(c)| < C’(%) with a constant that blows up when e¢ is
sent to 0. As we intend to send g — 0 in the next step, it is important to notice that we
can still manage to have this energy inequality since in fact the term e fQ Q'(c)Ve - Vpdz can

be estimated by £ [, (((a 1)+ (a—1)?)p* 2+ @) |Vp|?dz and [, €C($)|VC|2 dz. Since €
will be sent to 0 before eq, the energy inequality will still hold independently of g in the limit
e — 0. With Gronwall’s lemma, and properties of the tensor T, we deduce that v,, is bounded
in L2(0,T(n); H'(£2;R?)) independently of T'(n). Also, the previous bounds do not depend on
n. Since all the norms are equivalent, it is also bounded in L'(0,T(n); W12 (Q,R3)). Therefore,
we can apply the maximum principle stated in Lemma 7.3.5, and obtain that the density p is
bounded from below by a constant independent of T'(n). Then, using once again the energy
inequality, we obtain that v,, is bounded uniformly in time in L?(£2;R?). This procedure can be
repeated for every final time 7. O

Finally, we are left with the following proposition

Proposition 7.3.13. For any fized n and T, there exists a solution (p,c,vy,) defined on (0,T)
(with appropriate regularity) to (7.3.12)-(7.3.14)-(7.3.13) subject to boundary conditions (7.3.15)
and initial conditions (7.3.12). Moreover, this solution satisfies the energy dissipation inequality

E(¢) +E/Qt ((a+a2)pa_1 + H;C)> |Vp|? dz dt

+/ ']I‘:andxdt—i—/ b(c)|Vm2dmdt+/ #(p,c)|va|? dzdt < C + CE(0), (7.3.27)
Q, Qs Q.

vpl? Vel?
E(t)—/p<2|+wo) H%dx,
Q

and with a constant C' = C (1, %) that does not depend on n.

where

Now, we need to find estimates, independent of n, to pass to the limit n — oo. Since p and ¢
depend on n, we write p,, and ¢, from now on.

Proposition 7.3.14. We have the following estimates uniformly in n and € :
(A1) {patho} in L=(0,T5 L),

(42) {pn} in L=(0,T; L*()),

(A3) {T :Vv,} in L'(0,T; L}(Q)),

(A4) {V/Pnvn} in L=(0,T; L*(Q;R?)),

(A5) {y/b(cn)Vin} in L*(0, T3 L* (O R?)),
(A6) {vy} in L*(0,T; Hy (% R?)),

(A7) {VeVpn} in L*(0,T; L*(2)),

(A8) {cn} in L>=(0,T; H()),

(49) {padetbo} in L0, T L7(Q)) for 1 < £2,
(410) {,} in L*(0,T; H'(Q),
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(A11) {pnpn} in L2(0,T; L0/ (0+4)),
(A12) {c,} in L2(0,T; W2r(Q2)) N L2T¥(0,T; W12+ for some v > 0,
(A13) {pnen} in L(0,T; L¥¥(2)),
(A14) {pncavn} in L*(0,T; L (92)),
(A15) {p(pn,cn)} in L*7((0,T) x Q) for some & > 0.
Démonstration. Estimates (A1)-(A2)-(A3)-(A4)-(A5) follow immediately from the energy equa-

lity (7.3.27). Estimate (A6) is the result of Lemma 7.3.8 and estimates (A2)-(A3)-(A4). To obtain
estimate (A7), we multiply Equation (7.3.12) by p,, and using integration by parts, we obtain

T
% / / 19l A dt < [1pol[2(c + 192w 0.122(c0) + 1912200 253 () 9Vl 220,522 0y

Using (A2) and (A6), we deduce (A7). To prove Estimate (A8), we first notice that equa-
lity (7.3.27) provides the uniform bound on {Ve¢, } in L2(0, T; L*(Q)). To conclude with Lemma 7.3.7,
we need to bound [, pr¢,. Combining Equations (7.3.12)-(7.3.14), we obtain

Ot (pncn) + div(pncnvy) = —ecAp + div(b(c) V) + F.

Integrating in space, using the boundary conditions, and Estimate (A7), the L? bound on {Ve¢,},
assumption 7.2.5 yields { [, pncn} is in L>°(0,T). We deduce Estimate (A8). Estimate (A9)
follows from the definition of ¢y and Estimate (A1). Estimate (A10) follows from Estimates (A5)-
(A9) and Lemma 7.3.7. Estimate (A11) follows from Estimates (A2)-(A10). Estimate (A12) is a
consequence of Equation (7.1.3), the previous estimates and interpolation. The two next estimates
are a consequence of the other estimates and Sobolev embeddings. Finally, the last estimate on

the pressure can be adapted from [104, Subsection 2.5]. This estimate is useful when we obtain
the convergence a.e. of p, and ¢, so we can obtain strong convergence of p(p,,c,) in L' by
Vitali’s convergence theorem. O
From [166], we also obtain the following Proposition

Proposition 7.3.15. There exists r > 1 and p > 2 such that

Otpn, Apn  are bounded in L™((0,T) x Q),
Vpn s bounded in L*(0,T; L*(Q,R?)),

independently of n (but not independently of €).

With all the previous bound, we can pass to the limit when n — oo and obtain the different
equation and energy estimates in a weak formulation. Since the passage to the limit n — oo is
simpler than the next passage ¢ — 0, we only detail the latter. Indeed, as n — oo we can obtain
easily strong convergence of p which helps a lot in the different limits. So we assume that we can
pass to the limit and that the bounds obtained in Proposition 7.3.14 still hold independently of
€. It remains now to send ¢ to 0.

We recall the equations that we want to pass to the limit into :

Orpe + div(peve) = eApe, (7.3.28)
O(pece) + div(peceve) = —ecc Ape + div(b(c:) Vi) + Fe_, (7.3.29)



7.3. Existence of weak solutions 243

and for every 7 (sufficiently regular)

t t
/ peve(t) -ndr — / mg - ndz — / / peVe @ Ve 1 Vyndrds — / / p(pe, cc)div(n) dz ds
Q Q 0o JQ 0 JQ

t t t
1
+€/ /(VVEVpE)mdxds—i—/ /']I‘E:Vndxds+'y/ /(*lVCEPH—(VCE@vce))ZVT}d:L'dS
0 Ja 0o Jo 0 Ja 2

t
—|—// k(ce)ve -mdaeds =0. (7.3.30)
aJo

Using Proposition 7.3.14, which yields uniform estimates in e, we pass to the limit in the previous
equations. The difficult terms are the one involving nonlinear combinations. Indeed, it is not clear
that we can obtain strong convergence of p. as we have no estimates on higher order derivatives.
We use the following lemma, see [256].

Lemma 7.3.16. Let g,, hy, converge weakly to g, h respectively in L (0,T; LP2(Q2)), L1 (0,T; L% (Q))

where 1 < p1,p2 < 400 and

1 1 1 1
+—=—+—=—=1
b1 q1 D2 q2

We assume in addition that

88% is bounded in L*(0,T; W~"Y(Q)) for some m > 0 independent of n, (7.3.31)

and
R — hn(ts - + &)l Lar 0, 15092(2)) — 0 as |§] — 0, uniformly in n. (7.3.32)

Then, gnh, converges to gh in the sense of distributions.

Remark 7.3.17. This lemma admits many variants, and it is possible to identify the weak limit
of the products with lower regularity, we refer for instance to [280].

We want to apply the previous lemma to the terms p.ve, pece, pepte, pscg, PeVe, PeVe ® Ve,
pevece. We admit that 8&, 3”5;'5 and % satisfy (7.3.31) by using Proposition 7.3.14 and
Equations (7.3.28)-(7.3.29)-(7.3.30). The compactness in space required in (7.3.32) also uses
Proposition 7.3.14. We refer also to [104, Subsection 3.1] for similar results. The terms ec.Ap,
and € fot Jo(Vv.Vp) - ndxds converge to 0 (the first one in the distributional sense) thanks to

estimates (A7)-(A8).

It remains to pass to the limit in (i.e identifying the weak limits)

1
P(Ps,cs)a §|VC5‘23 VCE®VCE,
b(cs)vﬂea F,, (Pe;cs)a p=0co.

The convergence of the last term is used to identify pu. To prove the previous convergences,
we need to prove strong compactness in L? of c., Ve, and convergence a.e. of p, to use Vitali’s
convergence theorem. But they follow from the arguments in [5] and [104, Section 3.3 and 3.4].We
obtain
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Lemma 7.3.18. Up to a subsequence (not relabeled),

pe — p a.e. (7.3.33)
c. — ¢ a.e. and strongly in L*(0,T; L*(Q)) (7.3.34)
Vee — Ve a.e. and strongly in L*(0,T; L*(Q)) (7.3.35)

Altogether, we can pass to the limit in every term of the equations :
— p(pe,ce) : we use (7.3.33), (7.3.34) and (A15)
— 3|Vee|? and Ve, @ Ve, : (7.3.35)
— b(ce)Vpe : (7.3.34) and (A10)
— Fe_(pe,ce) : (7.3.33), (7.3.34) and (7.2.5)
— peOctpo = (7.3.33), (7.3.34) and (A9).
This concludes the argument.

7.3.3 Sending ¢ — 0

The last step in our proof is to let £ vanishes and recover the existence of weak solutions for the
double well potential Q(c) = c?(1 — ¢)2. Since we have the energy estimates from before, that
still hold by properties of the weak convergence, the work is essentially the same but we have to
be careful about two points. The first one is to indeed have an energy estimate independent of £g.
We discussed this point after Equation (7.3.26) and, hence, we do not repeat it here. The second
point are the estimates obtained in Proposition 7.3.14. However, the estimates are essentially the
same, except for estimate (A9) (that is the only one containing @) which becomes

{pOetbo} in L0, T; L+¥2 (Q)). (7.3.36)

This can be proved knowing that, when g ~ 0, we have that for ¢ large pQL Q(c) ~ pc®, and
we use estimates (A2)-(A8). Altogether, the reasoning to pass to the limit is the same and we
conclude.

7.4 Numerical scheme for the G-NSCH model

We propose a numerical scheme for the G-NSCH model (7.1.1)—(7.1.4) subjected to periodic
boundary conditions.

We combine ideas from the numerical scheme for the variant of the compressible NSCH sys-
tem in [210] and fast structure-preserving scheme for degenerate parabolic equations [221, ]
Namely, we adapt the relaxation [232] of the Navier-stokes part as used in [210]. The part of
the scheme for the Cahn-Hilliard part of the system is designed using the GSAV method. More
precisely, a variant used for degenerate parabolic models that preserves the physical bounds of
the solution [221, 222].

Indeed, we expect that the volume fraction ¢ remains within the physically (or biologically)
relevant bounds ¢ € (0,1). Thus, following [221, |, we construct the invertible mapping T :
R — (0,1), with ¢ = T'(v), transforming Equations (7.1.2)—(7.1.3) into

p O+ (v-V)v)

= L (div(o V) + F),
pi = —T'(W)Av —AT" ()| Vol* + p==2.
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Following [221] and [222], we can choose
1 1 1
T = -t h - T = -
(v) 5 tan (v) + 5 Of (v) T+ oxp(—0)’

thus, preserving the bounds ¢ € (0, 1).

The SAV method allows to solve efficiently (and also linearly) the nonlinear Cahn-Hilliard part
while preserving the dissipation of a modified energy. In the following, we assume that it exists
a positive constant C' such that the energy associated with the Cahn-Hilliard part, i.e.

Elt)(p.c) = / 196 + po(p. ) = Bolt] + Erl],

with F; the nonlinear part of the energy, and Fy the linear part, is bounded from below, i.e. Fq +
c>1
We define

’I“(t) = E(t) + Cy, with Cp=2C+ ||E'(p07 CO)HLoo(Q),

and apply the SAV method. System (7.4.1) becomes

p (O + (v~ V)o) (div(b(c)Vp) + F.).,

1

- T'(v)
_ / 1" 2 8¢0

pr=—yT"()Av =T ()| V0" + p— =, (7.4.2)

dr r(t) 5
@~ Ef+Co /Qb(c)|V,u| uke dz,

One can easily see that the previous modifications do not change our system at the continuous
level.

7.4.1 One-dimensional scheme

We consider our problem in a one-dimensional domain §2 = (0, L). Even though v is now a scalar,
we still denote it in bold font to not make the confusion with v from the transformation ¢ = T'(v).
As mentioned previously, we relax the Navier-Stokes part of our system. Namely, we introduce
a relaxation parameter ¢ > 0 and write U = (p, pv). We rewrite Equation (7.1.4) as

{@U+@V=GW% (7.4.3)

oV + A0, U = —%(V - F(U)),

in which G(U) = (0, —&v),F(U) = (pv, pvi+p—(3v(c) + 1(c)) 9:v+3|0:¢|?) and A = diag(a, az)
satisfying Liu’s subcharacteristic condition

A>F'(U), VU.

In what follows, and following [210], we use

a1 =ag = max{sup (v+ M)Q,sup (v— app)Q}.

We discretize the domain using a set of N, nodes located at the center of control volumes of size
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Az such that Q = U, v, 171, 2,1]

Our scheme follows the discrete set of equations

Uy =07, (7.4.4)
V=V - S - FU)). (745)
At

n+1 * * * n+1

Uptt = U; - o (1/'].+% - ij%) + AIGUTY, (7.4.6)
At
n+1l _ * * *
vt = v - A (Uj+% - Uj_%) : (7.4.7)
n+1T/ n i;H_l B U? n+1 an—&-l _ n ,n+l n+l 7.4.8
Py T () (F = vy (VOTY)) = gt o), (7.4.8)
n n n 1 n n n n
g(C ) +17p +1)j = (Al‘ ((b(C )v:u’ +1)j+% - (b(C )v:u’ +1)])> + k. (pj7 j) (749)
7 n =N n n —N 77 a/l/} "
= (AT AT, T T, () 4 ()
J
(7.4.10)
ZA&CT "'H Zcho + ZAtZA$Fc(p§,C§)7 (7.4.11)
J r=1 J
"t =T ("), (7.4.12)
A ) =AY (T
At E@t)+C 4 ’
+ LAJ;Z;/MF( P, (7.4.13)
E@t) + O J
é-n-‘rl — rn1+1 , (7414)
E(En+ ) + Cy

A=yt with M =1 (1= ¢, (7.4.15)
v;-”l = )\V"HE?H. (7.4.16)

Remark 7.4.1 (Computation of interface values). To obtain the interface values Ui, Us

1
2 2
and V* V,* 1, We use the upwind method, i.e.

ity
1 Vai 1 1
Ujtr = §(UJ‘ +Ujy1) — o Visr = Vi), Vigy = §(Vj + Vi) — 2@ (Uj1 = Uj).
We also mention that similarly to [210], one can implement a MUSCL scheme (see e.g. [251]) to

obtain a higher order reconstruction. The upwind method permits to rewrite Equations (7.4.6)—
(7.4.7) as

At At

n+1l __ * * *

A A v ﬂ’“_VHHK
. At At *

Vil = vy — ong Ui~ )+K\/a(5§vj ), (7.4.18)

Va(biU?r) + AtGU), (7.4.17)
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where we used the notation 62U = U,41 — 2U; 4+ U;_1. In Equations (7.4.17)—(7.4.18), we em-
phasize that U* = U™ and V* = V" — % (V*— F(U™).

Remark 7.4.2 (Algorithm to compute the solution of the discrete equations’ system). Equa-
tions (7.4.4) to (7.4.7) are solved from Equations (7.4.17)—(7.4.18), hence, a solution (U™ !, V"+1)
is computed just from vector computations. The coupling between Equation (7.4.8) and Equa-
tion (7.4.10) is also linear (nonlinear terms are taken at the previous time step to linearize the
equations). We solve this coupled system using the GMRES algorithm but we emphasize that
other iterative solver could work as long as they allow the matrix of the linear system to be non-
symmetric. The coefficient A is computed using an iterative method. Then, the discrete solution
(@, u" ), together with the coefficient ), is used in Equation (7.4.13) to find »"*! and, in
Equation (7.4.14), £n+1. At this point, we solve Equation (7.4.15) and(7.4.16) from the previous
steps.

In the following, we use the notations,

(U V)=Az> U;V;, and |U|J* =(U,U).

J

We also use Ag U = 4(Uj1 — Uj—1).

Our numerical scheme possesses the following important properties :

Proposition 7.4.3 (Energy stability, bounds and mass preserving). Assuming the CFL-like
condition %‘/al <1 and the condition

Co
At <C 7.4.19
<Og (7.4.19)
our numerical scheme satisfies the energy dissipation-like inequality
IWVaU™ 2+ [V 4 < VaU™ |2 + ||V + e, (7.4.20)

where r* 1 >0 and

1

No - —
L+ pattrer e 0@ IV 2 — LR () e

Cm+1 —

The previous constant can be estimated only in terms of E[¢"] and therefore do not depend on
the step n + 1. Furthermore, the numerical scheme preserves the physically relevant bounds of
the mass fraction, i.e.

0<c"t <.

Remark 7.4.4. Note that the constant C™*! is smaller than 1 whenever the nonnegative part
of the dissipation of the energy is greater than the increase of energy induced by the source term
F,.. This of course satisfied when we have F, = 0 for instance.

Démonstration. We start with Equation (7.4.17), and using the definition of the function G(U;LH)
as well as assuming x(c) > 0 (for ¢ € R), after taking the square on both sides, multiplying by
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Ax and summing over the nodes j =0, ..., N, we have

. . At 2 . Atyva\® oo At .
0 < 1071+ (e ) 1802V 1P + (SR ) 1820717 = Sotdonv?,U7)

Aty/a VaAt?
n 52 n\ A - * 62 ny.
+ Ax <U ) QCU > 2A$2 < 0, V I IU >

Repeating the same computations for Equation (7.4.18), we have

" n alAt\” n Aty/a\’ N alt S
IV < VIR (e ) 1anaU" 4 (Gagt) 12V IR - S (B0, Um V)

2Ax Ax
At/a at At?
U*, 62V*) — Do U™, 82V7).
Ax < » Vg > 2A$2 < 0, » Vg >
At this point, the proof is similar to the proof of [210, Theorem 4.1] (these steps use the periodic

boundary conditions and the summation by parts formula to cancel some terms when summing
both of the previous equations together), to obtain for a constant C' > 0,

VaU™ [ + VP2 < O ([VaU™ [P+ [[VF]?) -
Then, for the Cahn-Hilliard part, we easily obtain from Equation (7.4.13)

Az Y, bE VR, — T E T ET Y
E[EnJrl] + '

Therefore, as long as

E@™) + Co+ At [ Az b (Ve )7 = piH Fe(pp ety | >0,

J ’7)
J

so does r"*1. Assuming ||F.|r~ < C, it remains to control the discrete L' norm of y"*1i.
Performing the same computations as in the proof of Proposition 7.3.1 in continuous case, it
follows that

n n -n —n 1 —n n
Az E Py F(pi et < C+ CE[E"] + iAx E bt |[(Vu" )12
j J

J

Of course, one first needs to prove that a discrete version of Lemma 7.3.7 holds. At the continuous
level, this theorem is proved by contradiction using Rellich’s theorem. Hence, a similar proof can
be obtained at the discrete level, in the spirit of the Poincaré-Wirtinger inequality, see [163,
Lemma 3.8, Remark 3.16]. Based on these evidences we use a discrete version of Lemma 7.3.7 to
conclude conclude that there exists C' a universal constant such that provided r”™ > 0 and

Co
E[c")’

At <C

so does r™*1 >0, and (7.4.20) follows.
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Finally, from the definition of £"*! and Cj, we have

70

O < n+1 < — < )
¢ E(@n—i_l) +Coy —

The bounds for the mass fraction ¢ are ensured by the transformation 7'(v). This finishes the
proof. O

Remark 7.4.5. We observe during numerical simulations that the condition (7.4.19) is obtained
for reasonably small At. We also note that if we do not consider any source term, i.e. F, = 0,
the scheme satisfies the dissipation relation

IVGU™ 12 4 VP 47 < C (IWaU™ 2 4+ VIR + 17,

with the stability condition

At
E\/ES L.

7.5 Numerical experiments

In this section, we use the assumptions on the functionals stated in the "Framework for numeri-
cal simulations" paragraph in subsection 7.2.1. Throughout this section we use the double-well
logarithmic potential

1

Wimix = % (a1(1 = ¢)log(p(1 — ¢)) + aaclog(pc)) — g(c — 5)2 +k,

with £ = 100, and 6 = 4 (ay and a9 are specified later). We also use a degenerate mobility, i.e.
b(c) =c¢(1 —c).

We start by using the one-dimensional scheme (7.4.4)—(7.4.16) with no exchange term and fric-
tion, i.e. k(p,c) = 0 and F.(p,c) = 0, and we verify that the scheme preserves all the properties
stated in Proposition 7.4.3. We then use a non-zero exchange term and we compare the solution
with same friction forces for the two phases or contrast of friction forces. Then, we perform
two-dimensional simulations with friction forces contrast.

Finally, we verify the spatial and temporal convergence orders of the scheme.

Remark 7.5.1 (Implementation details). All numerical schemes are implemented using Python
3 and the Numpy and Scipy modules. The linear system for the Cahn-Hilliard part of the model
is solved using the Generalized Minimal RESidual iteration (GMRES) iterative solver (function
available in the scipy.sparse.linalg module). The tolerance on the convergence of the residual
is indicated in each of the following subsections. To find the A that allows to compute the correct
mass, we use the function fsolve of the scipy.optimize module which uses a modification of the
Powell’s conjugate direction method.

7.5.1 One dimensional numerical test cases

Comparison between matching and non-matching densities. We start with a one-
dimensional test cases to show the spatiotemporal evolution of the density, mass fraction, and
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velocity. We also verify numerically the properties stated in Proposition 7.4.3. We compare nu-
merical results for matching and non-matching densities for the phases of the fluid. For this
comparison, we set k(p,c) =0 and F.(p,c) = 0.

We use the computational domain = (0,1) discretized in N, = 128 cells. We take T' = 0.5
(this has been chosen because the system reaches a meta-stable state by that time) and use the
initial time step At = 1 x 10~° (this time step size is adapted from the CFL-like condition stated
in Proposition 7.4.3.

We choose the width of the diffuse interface to be v = 1/600, the viscosity to be constant
v(c) = 1x 1072 and n = 2 x 1072 | the relaxation parameter to be ¢ = 1 x 107°, and the
exponent for the barotropic pressure equals to a = 3.

To model matching densities for the two phases of the fluid, we choose a; = @y = 1. To represent
non-matching densities for the two phases, we can choose «; # ag. This allows us to model a
fluid for which the phase denoted by the index 1 is denser compared to the phase indicated by
the index 2. Indeed, this can been seen on the effect of the values a; and as on the potential.
Taking a; < aso shifts the well corresponding to phase 1 very close to 0 compared to the other
phase. This models the fact that the fluid 1 is in fact more compressible and thus aggregates of
pure phase 1 appear denser.

We choose constant initial conditions for the density and the pressure, i.e.

p} =08, v9=05 j=0,...,N,—1

The initial mass fraction is assumed to be a constant with a small random noise, i.e.
) =c+0.05r;, j=0,...,N,—1,

with ¢ = 0.5 and r is a vector of random values between 0 and 1 given by the uniform distribution.
We choose a tolerance for the convergence of the residual for the GMRES algorithm of rtol =
10710,

Figure 7.1 compares the results obtained for matching and non-matching densities for the two
phases of the fluid. For the two cases, we report the evolution of the density p, the mass fraction
¢, the velocity v and the pressure p at different times. We observe that, for both cases, after an
initial regularization of the initial condition, the separation of the two phases of the fluid occurs
and small aggregates appear (see first and second columns of Figure 7.1). Then, the coarsening
of the small aggregates into larger ones occurs. We arrive at the end of the simulation to the
solution depicted in the two figures on the last column of Figure 7.1. Hence, we can conclude
that our numerical scheme catches well the spinodal decomposition of the binary fluid while it
is transported to the right (since the velocity v is positive during these simulations).

A difference between the two simulations is observed on the densities and pressures. Indeed, for
matching densities, we observe that p organizes such that it is equal in aggregates of each phases
and drops at the interfaces between the aggregates. We also observe a drop of pressure p at the
interface, probably explained by capillary effects. For non-matching densities, as expected, there
is a density difference between aggregates of phase 1 and 2. Indeed, selecting oy < as makes the
aggregates of phase 1 denser compared to aggregates of phase 2. Our explanation is that, due
to the fact that attractive effects are stronger in phase 1, more mass is allowed to move inside
aggregates of phase 1. However, as the pressure function accounts for the difference a; # s,
the pressure equilibrates to a field similar to the matching density case (i.e. p varies from an
equilibrium value and depicts a drop at the interface between the aggregates of the different
phases).

Figure 7.2 shows that, for both cases (i.e. matching and non-matching densities), our nume-
rical scheme preserved the properties presented in Proposition 7.4.3. We defined the discrete
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— mass fraction — mass fraction
total density total density
v velocity

(b) T =0.03 (c) T=0.1 (d) T=05

() T=0 (f) T = 0.03 (g) T =0.1 (h) T =05

FIGURE 7.1 — Simulation of compressible Navier-Stokes-Cahn-Hilliard model (with k = F, = 0).

Matching densities (Top row) and non-matching densities (bottom row) for the two phases of
the fluid.

dissipation of energy

% = [IVaU™ 12 + [V 4 74 = [ VaU™ |2 + V)7 + O] (7.5.1)
We emphasize that as no exchange term was present in the previous simulation C™*! is bounded
from above by 1, hence we used C"*! = 1 for the simulations in this paragraph. Figure 7.2
presents the temporal evolution of the dissipation %—If, the mass fQ pcdz, the minimum and
maximum values of ¢, and the value of £. We observe for both cases that the dissipation (7.5.1) is
strictly negative, as expected by proposition 7.4.3. The mass of fluid 1 is preserved up to a small
numerical error (we emphasize that the error on the initial mass at the end of the simulation is
less than 1079 for both simulations). This latter result is expected as we set F.(p, c) = 0 for these
simulations. We observe that the physical bounds of the mass fraction are ensured, 4.e. maximum
and minimum values for ¢ lie the interval (0,1). The scalar variable is very close to 1 (up to an
error of order 107°) as observed in Figure 7.2c. This verifies that the modified energy r"*! and
the real energy of the Cahn-Hilliard part of the model

n i n o
B = 803 (90,40 +1( )
J

6Cn+1

are close.



252  CHAPITRE 7. Analysis and numerical simulation of a CHNS model with friction effects

%106

0.1168

("_\

0.4167

2 0.4166

= matching

dE
dt
Mass

non-matching

0.4165

0.4161

-5 = matching

non-matching 0.4163

00 01 0.2 0.3 0.4 0.5 0.0 0.1 02 03 0.4 0.5
Time Time

(a) Dissipation 4Z. The value of the dissipation re- (b) Mass [, pcdz of fluid 1. Difference of initial
mains negative ensuring that Inequality (7.4.20) is mass is due to the random initial conditions for the

satisfied at the discrete level. two simulations.
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(c) Scalar variable £. The value remains close to 1 (d) minimum and maximum of ¢. The mass fraction
(error is of order 107°), ensuring that the modified lies in the physically relevant interval (0, 1) throu-
energy "1 is close to the real energy E"1. ghout the simulation.

FIGURE 7.2 — Temporal evolution of the dissipation of the energy %, mass of the fluid 1 given
by fQ pc dx, scalar variable £, and of the minimum and maximal values of the mass fraction ¢
for matching densities (solid lines) and non-matching densities (dash-dotted lines).
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Mass exchange and contrast of friction forces. In this test case, we consider mass ex-
change between the two phases and friction effects. We choose

Fe(p,¢) = rvanspc(l — ¢/emax),  £(p, ) = pckr + p(1 — )k,

where 0 < ¢pax < 1 denotes the mass fraction at which we have an equilibrium for exchange of
mass and ryans 1S the rate of mass exchange. In this test case, we use ¢pax = 0.9, and rans = 1.
We compare the solution obtained with no contrast of friction effect, i.e. k1 = ko = 10, and
the solution obtained with k1 = 0, k3 = 10. To study the long time behavior of the numerical
simulations, we set T' = 5. The rest of the parameters and the initial conditions are chosen as for
the previous non-matching densities test case.

Figure 7.3 compares the solutions for the two cases. In both cases, we observe that the separation
of the two phases occurs and that the velocity decreases in time due to friction effects. Further-
more, as time passes, phase 1 of the fluid increases due to the exchange term F.(p,c) # 0 and,
hence, zones of mass fraction close to the value 1 enlarge. At the end of both simulations, there is
one large aggregate of fluid 1. The difference between the two simulations appears clearly at time
t = 0.1. When the friction forces are stronger in phase two compared to phase 1, i.e. Ko > K1,
zones of larger density appear destabilized, i.e. the shape of the aggregates is not symmetric
(compare the solution for Figure 7.3b and Figure 7.3f). For each aggregate of fluid 1, the den-
sity at the right of the aggregate is larger compared to the left. We conclude that the contrast
in friction forces is captured well by the model as simulations depict a contrast of velocity for
the two phases of the fluid and leading to less regular parterns for the densities. Furthermore,
we emphasize that even with non-zero mass exchange and friction forces, the numerical scheme
ensures the properties stated in Proposition 7.4.3 as observed in Figure 7.4. We emphasize that
compared to the simulation without source in which & seems to converge to a constant value,
the variable ¢ increases slightly with time (compare Figures 7.2c and 7.4c). A possible remedy
to this issue is discussed in the conclusion of this article.

7.5.2 Two-dimensional numerical test cases

We now simulate the G-NSCH system (7.1.1)—(7.1.4) in two dimensions. Details about the two-
dimensional numerical scheme can be found in the Appendix.

Phase separation with non-matching densities and contrast of friction strengths.
We use N, = N, = 64 cells in each direction. We fix the final time at 7' = 1. We set up two
simulations, both with no exchange terms F.(p,c) = 0. For the first, we consider no contrast of
friction effects, i.e. k1 = ko = 10, v1 = v5 = 0.01, and 7; = 12 = 0.02. For the second simulation,
we take k1 = 0, ko = 10, 1 = v = 0.01, and n; = 13 = 0.02. Hence, fluid 2 has stronger friction
effects.

The other parameters are v = %7 =40, =08, as =12 .=10"% Cy =100, a = 1.5. The
tolerance of GMRES solver is set to tol = 10710,

The initial velocities in both directions are constants in space v0 = 0.5 and vg = 0.5. The initial
density is also constant in space p° = 0.8. The initial mass fraction is set to a perturbed constant
c® = 0.3 — 0.05r, with r a random uniform number for each cell center.

Figure 7.5 compares the temporal evolution of the density of fluid 1 given by pc for both cases.
We observe that both solutions depict phase separation and progressive coarsening of small
aggregates into larger ones. This phenomenon occurs as the fluid is transported to the top right
corner (we recall that we implemented periodic boundary conditions). Careful inspection of the
relative density pc distribution inside each aggregates reveals the effect of the contrast of friction
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() t=0 (f) t =0.1 (g) t=1 (h)t=5

FIGURE 7.3 — Simulation of compressible Navier-Stokes-Cahn-Hilliard model nonmatching den-
sities, exchange term (F.(p,c) # 0), same friction effects for both fluids (top row) and contrast
of friction forces (bottom row).

106 1012 4+ 7 O3TRT40 x 10

Mass
|
Mass fraction

© Time Time | Time

(a) Dissipation 4. (b) Total mass [, pdz.  (c) Scalar variable £. (d) minc and maxec.
FIGURE 7.4 — Temporal evolution of the dissipation of the energy %, mass of the fluid 1 given
by fQ pc dx, scalar variable £, and of the minimum and maximal values of the mass fraction ¢
for matching densities (solid lines) and non-matching densities (dash-dotted lines).

between the two solutions. Indeed, as the fluid 1 encounters a resistance when transported by
the flow (because it pushes a fluid that experiences more friction), the mass of fluid 1 seems to
concentrate in the top right corner of each aggregate. This can be observed inspecting the level
lines depicted on Figure 7.6. Indeed on this figure, we see that the top of each aggregate is not
localized in the center of the aggregates but is shifted to the top-right. This indicates that the
2D scheme captures correctly the effect seen with the 1D numerical scheme when contrast of
friction between the two phases is considered.
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(f) t=0.1

FIGURE 7.5 — Two dimensional simulations of compressible Navier-Stokes-Cahn-Hilliard model
with nonmatching densities, same friction effects for both fluids (top row) and contrast of friction
(bottom row).

(a) No contrast of friction strengths. (b) Contrast of friction strengths.

FIGURE 7.6 — Relative density of fluid 1 at time ¢ = 0.25 considering a contrast of friction
strengths between the two fluids. The black circles represent the level pc = max(pc) — 0.03. This
corresponds to the tops of each aggregate.
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7.5.3 Convergence tests

We study the numerical convergence of the one dimensional scheme (7.4.4)—(7.4.16) with x(p, ¢) =
0 and F.(p,c) = 0. The computational domain is = (0, 1). The final time is 7" = 0.05. The other
parameters v, 3, 1, v, a, a1, g are chosen as for the previous 1D test case with non-matching
densities (see Subsection 7.5.1). The initial condition for the mass fraction is given by

& = 0.4 4 0.01 cos(67).

The initial conditions for the velocity and the total density are chosen as in the previous 1D test
cases.

We set the tolerance rtol of the GMRES algorithm to rtol = 1076 for the spatial convergence
test and rtol = 10710 for the temporal convergence test.

Convergence in space

We fix the time step to At = 1 x 10~° and we vary the grid size. We choose an increasing number
of cells N, = {64,128,256,512,1024,2048}. For each quantity ¢, v, p, we compute the discrete
errors
error(paz, Pax/2) = |Paz = pacs2llL=0.1:L20))
error(Caz, Caz/2) = l[cax — cawy2llL2(0,1522(00)) (7.5.2)
error(Vaz, Vaz/2) = [[Vaz — Vaz2lln2(0,m502(9))
where (paz/2, Cax/2, Vaz/2) denotes the solution computed using twice the number of cells of the
simulation that computes the solution (paz,CAz, Vaz)-

To compute the discrete norms, we save the solution every Atgave = 0.001. The norms in (7.5.2)
are computed following

1/a
Ax N a
lpae = pazyollLe=(or;Le(a) = max | —= > (pas(@)) = pacsa(a;)) ;
save =
Loy 2y /2
Ax N 2
llcaz = cazjallzz(o,m22)) = Z Atgave - (caz(®s) — canya(z;)) ,
tsave j=1
Loy 2y V2
Ax N 2
IVaz = Vazy2ll2 0,502 Q) = Z Atgave - (vaz(®;) — Vaz2(z;)) ,
t j=1

save

with N, the number of points on the Az /2 grid, and tg.e the array of times at which snapshots
of the solutions have been taken. Hence, the solution on the coarse grid Az is extended on the
fine grid Az /2 using the nearest solution from the coarse grid.

We arrive at the results given in Figure 7.7. As expected by the upwind scheme, the spatial order
of convergence is a little less than 1 for the total density p (see Figure 7.7a) and the velocity v
(see Figure 7.7¢). We recover first order for the mass fraction.
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A error A error A A error a
slope 1 slope 1 slope 1

(a) Spatial convergence of density (b) Spatial convergence of mass (c) Spatial convergence of velo-
p- fraction c. city v.

FI1GURE 7.7 — Convergence in space for the total density p, the mass fraction ¢ and the velocity
v. The orange dashed line represents the slope 1.

Convergence in time

We here fix the grid size and select N, = 128 points. We choose At = 1 x 107, and decrease
the time steps according to Atamay = {At, %, %, %, %7 %, %}. We deactivate the time step
adaptive strategy from the CFL condition. The other parameters and initial conditions are chosen
as in the spatial convergence test (see Subsection 7.5.3). To check the convergence in time of
our scheme, we compute the errors between two solutions computed with two time steps At
that differ only from a factor % We denote these two different solutions by (pat, cat, vat) and
(Pat/2,cat/2, Vae/2). We use the same method as for the spatial convergence computations, we

save the solutions every Atg.ve = 0.001. We compute the norms

error(pat, pars2) = llpat — paej2llLe0,7:00(Q)
error(cag, caty2) = llcas — caej2llL2 0,502 () (7.5.3)
error(Vae, vae/e) = [var — Va2 L2002 (Q) -

with

1/a

tsave

N,
lpat = pacslli=omie (@) = max | Az (pae(z;) — paes(x;))” ;
j=1

12\ 2\ Y2
N, ,
llcas — catyell20,m:L2()) = Z Atgave AJCZ (cat(z;j) — carya(z;)) ,
tsave ]:1
. 1/2 2 1/2
2
Ivar = vaeyallezo,m:2 ) = Z Atgave sz (vau(zj) — vaga(z))) ;
tsave ]:1

We obtain the results depicted in Figure 7.8 We observe that the order of convergence in time
for our scheme is exactly 1 for the three quantities.
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A error A A error A A error A
slope 1 slope 1 slope 1

(a) Temporal convergence of den- (b) Temporal convergence of (c) Temporal convergence of velo-
sity p. mass fraction c. city v.

FIGURE 7.8 — Convergence in time for the total density p, the mass fraction ¢ and the velocity
v. The orange dashed line represents the slope 1.

7.6 Conclusion and perspectives

We presented a generalized model of diphasic compressible fluid termed G-NSCH, that comprises
possible mass transfer between the two phases and friction effects. Under simplifying assumptions,
summarized in Section 7.2.1, we proved the existence of weak solutions of the G-NSCH system.
We also proposed a numerical scheme and prove, under the same simplifying assumptions, that
it is stable and structure preserving (i.e. it ensures the physically relevant bounds for the mass
fraction ¢, and it satisfies an energy dissipation inequality). For the numerical simulations, we
chose relevant functionals, thus, relaxing the simplifying assumptions that were necessary for the
analysis. We presented numerical simulations showing that our numerical scheme possesses the
robustness found analytically. The numerical simulations allowed us to show the ability of our
model to represent diphasic fluids with matching or non-matching densities for the two phases.
Furthermore, we computed numerically the spatial and temporal convergences our numerical
scheme.

Our model and numerical scheme allow to use physically relevant choice of functional and to
consider contrast of properties between the two phases of the fluid. Our aim is to perform
efficient simulation of general compressible diphasic fluids while being able to capture instabilities
that could emerge considering contrasts of properties such as Saffman-Taylor or Rayleigh-Taylor
instabilities. However, we emphasize that to achieve this latter goal, we have to be able to capture
accurately the possible fine structures appearing during the numerical simulations. We plan to
improve our numerical scheme in several ways. First, we plan to adapt the Relaxed version of the
Generalized SAV method. Indeed, we observed during our numerical simulation that the variable
¢ is between 107> and 1073. However, with the transfer term F.(p,c) # 0, as the simulation
progresses, the gap between r and the real energy increases, i.e. £ becomes larger. As shown
in [333], this problem is solved with the relaxed G-SAV method and the use of this method is one
of our further developments. In the same work [333], it is mentioned that this relaxed method
works well even when an external force is comprised in the model. In our case, this external force
will take the form of a mass transfer or mass source term. The second improvement concerns
the accuracy of our scheme. As shown in our work, the temporal and spatial orders of our
scheme do not exceed 1. Thus, we will aim to design a high-order finite element scheme for the
generalized compressible NSCH system that will remain structure preserving taking advantage of
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the flexibility of the relaxed GSAV method. On another aspect, we plan to use the reduced version
of the G-NSCH model presented in the Appendix 7.7.8 to represent tumor growth while removing
non-necessary effects such as inertia. Our goal is to present a model and numerical simulations
capturing Saffman-Taylor-like instabilities depicted by the protrusions of the tumor in the healthy
tissue and commonly observed in the context of, e.g. , skin cancer [97]. Furthermore, analytical
aspects of this work can also be improved. This direction is challenging because as pointed out
in the present work, necessary tools to perform the solutions’ existence proof do not work with
physically or biologically relevant potentials or mobility functions. In fact, singular potentials,
degenerate mobilities and degenerate viscosity functions are not allowed. One possible solution is
to derive a Bresch-Desjardins entropy estimate [56, 57] for the compressible NSCH as it has been
done recently by Vasseur and Yu [321], and Bresch, Vasseur and Yu [62], for the compressible
Navier-Stokes model with degenerate viscosities.

To conclude, we emphasize that the G-NSCH model is the basis of a reduced system that takes
into account only biologically relevant physical effects that play a role in tumor evolution (pre-
sented in the present article in Appendix 7.7.8 as Problem 2). Therefore, this work has to be
seen as the first part. In a subsequent work, relying heavily on the present one, we will focus on
numerical simulations, and sensitivity analysis of the reduced model.

7.7 Appendix

7.7.1 Derivation of the model

In this Appendix, we present the rigourous derivation of our G-NSCH model.

We formulate our problem in Eulerian coordinates and in a smooth bounded domain © c R¢
(where d = {1, 2,3} is the dimension). The balance laws derived in the following sections are in
local form.

We have two fluids in the model where p1, ps are the relative densities of respectively fluid 1 and
2. Thus, p; represents the mass M; of the fluid per volume occupied by the i-th phase V;, i.e.

Then, we define the volume fractions @1, s which are defined by the volume occupied by the
i-th phase over the total volume of the mixture

Therefore, the mass density of population ¢ which is the mass of population ¢ in volume V is
given by

i = pitpi-
We further assume that the fluid is saturated, i.e.

g01+g02:1.

The total density of the mixture is then given by

p=¢1+ ¢a.



260 CHAPITRE 7. Analysis and numerical simulation of a CHNS model with friction effects

We also introduce the mass fractions ¢; = M;/M and we have the relations
pci = ¢, and ¢ = (1 — c2). (7.7.1)

We denote by p the pressure inside the mixture and vy, ve are the velocities of the different
phases. We use a mass-average mixture velocity

vV = % (¢1V1 + ¢2V2) . (772)

We define the material derivative for a generic function g (scalar or vector-valued) by

Dg 0g

and indicate the definition of the differential operator

d dg
veVg=) vige.
j=1 J

In the following, we denote vectors by bold roman letters and we use bold Greek letters to denote
second-order tensors.

7.7.2 Mass balance equations

We have the mass balance equations

o 1 3 =
{g;+d1v (¢1v1) —Fl(pvclvc2)7 (774)

%2 + div (¢2v2) = Fa(p, c1, c2).

The functions F;(p, c1,c2) (i = 1,2) act as source or exchange terms of mass.

Summing the two equations, we obtain the continuity equation for the total density of the
mixture, using ¢ = ¢;, and the relations (7.7.1), we obtain the balance equation for the total
density of the mixture
0
a—f +div(pv) = F) + Fy = F,,. (7.7.5)
To obtain a system analogous to (7.7.4), we rewrite the first equation of (7.7.4) using the definition
of the mass fraction (7.7.1) to obtain

dpc )

B + div (pevy) = Fi(p,¢,1 —¢) =: F. (7.7.6)
The mass of the component 1 is transported by the average velocity v and the remaining diffusive
flux J; = pc (v — v1). Therefore, we can replace the previous equation by

% + div (pev) = div (J1) + F..

Then, using the definition of the material derivative (7.7.3) and the mass balance equation for



7.7. Appendix 261

the total mixture (7.7.5), the left-hand side of the previous equation reads

D D
% + div (pev) = pD—j +c {g;) + div (pv)} = pD—j + cF,.

Altogether, we obtain the balance equation for the mass fraction of the component 1

D
p— = div (J,) + F. — cF,. (7.7.7)
Dt
Since c¢a = 1 — ¢, solving the equations (7.7.5) and (7.7.7) is equivalent to solving the system

(7.7.4). In the following, we refer to ¢ as the order parameter (terminology often used in the
framework of the Cahn-Hilliard model [70, 69]).

7.7.3 Balance of linear momentum

We write the balance of linear momentum [146], which describes the evolution of the velocity v
due to internal stresses and external forces. Following continuum mechanics, the Cauchy stress
tensor gives the stresses acting inside the mixture due to viscous and non-viscous effects. An
additional stress must be taken into account to represent the effect of concentration gradients
[159]. Altogether, we assume that the stress tensor is a function of the total density p, the order
parameter ¢ (i.e. the mass fraction of fluid 1), its gradient Ve, and the total velocity of the
mixture v, i.e.
o=o0(p,c,Ve,v).

The friction around the pores of the medium is modeled by a drag term in the balance equation
[282] with a permeability coefficient k(p,c) = K1(p,c) + k2(p,c) (the sum of the two friction
coefficients for each component of the mixture). The permeability coefficient relates the properties
of the fluid and the porous medium.

For each dimension (for example if d = 3, then j = {xz,y, z}), the balance of linear momentum
reads [140]
Opv;
ot
where FYy,(v;, p) represents the gain or loss of velocity in the j-th direction from different effects
such as external forces. Then, using the continuity equation (7.7.5), we can rearrange the left-
hand side to obtain

+div (pv;v) = div (a); — K(p,c)v; + Iy},

Opv;
ot

. Dv; ap . Dv;
+div (pv;v) = pD—tJ +v; [at + div (pv)} = pD—tj +v;F, + Fy,.

Therefore, we have
DVJ'
Y

We can rewrite the balance of linear momentum in a more compact form

=div(o); — (k(p,c) + F,) vj + Fy,.

Dv

PDr = div(e) — (k(p,c) + F,) v + Fy, (7.7.8)

where Fy (v, p) is the vector of coordinates Fy,.
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7.7.4 Emnergy balance

The total energy of the mixture is the sum of the kinetic energy p% |v|? and of the internal energy
pu, where u = u(p, ¢, Ve) is a specific internal energy. Compared to the classical conservation
law for the total energy, we have an additional energy flux TDt Indeed, due to the interface
region, surface effects must be taken into account. Following this direction, Gurtm [200] proposed
to include in the second law of thermodynamics, the effect of an additional force called the
microscopic-stress which is related to forces acting at the microscopic scale. We denote this
supplementary stress by 7.

Since we assume that the system is maintained in an isothermal state, the balance equation for
the energy is given by [146]

9 2 Lo
8t( —|v]| +pu>—|—d1v (p (2|v +u) v)

(7.7.9)
Dc
= div (a v) +div ('r) —div(q) + pg + ¢, F, + c.Fe + ¢y Fy,

Dt

where q is the heat flux and pg is the density of heat sources to maintain the temperature
constant. The last three terms in Equation (7.7.9) account for the energy supply coming from
the mass and velocity sources (see e.g. [201, |). The prefactors ¢, c., ¢y will be determined
later to satisfy the free energy imbalance. Then, repeating the same calculations on the left-hand
side to use the balance of mass (7.7.5), we have

o (1 ., , 1, _[D (1, , 1,
at(p2|v| +pu>—|—dlv<p<2|v| +u)v>—p{Dt<2|v| +ul|+ 2|v| +u | F,.

Applying the chain rule to the kinetic part, we obtain

D 1\v|2 _ v DV
"Di \2 AR

and using the balance of linear momentum (7.7.8), we arrive to

Dv
Voo =V div(e) — (k(p,c) + E,) |v|* + Fy - v.
Using these previous equations inside (7.7.9), we obtain the balance equation for the internal
energy

Du . T . 2
D = div (6" v) — v - div (o) + div ( Dt) + (k(p,c) + F,) |v|" — Fyv
1
—div (q) + pg — (2|V|2 + U> Fp+coFy+ cFe+ ey Py

However, since
v (div (o)) — div (67v) = —0 : Vv,

where Vv = (@cj Vi) is the Jacobi matrix and, we have A: B = Zij AijB;j, for two

i,j=1,....d
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matrices A, B. Altogether, we have the balance equation for the internal energy

D D

p—u =0 Vv +div (7= + (k(p,c) + F,) [v]* = Fpv
Dt Dt

(7.7.10)

1
—div (q) + pg — (2|v|2 + u> Fy+c,Fp+c.Fe+ e Fy.

7.7.5 Entropy balance and Clausius-Duhem inequality

We aim to apply the second law of thermodynamics. To do so, we define the entropy s = s(p, ¢, Vc)
and the Helmholtz free energy F = F(p, ¢, Vc), both related through the equation

F=u—"Ts, (7.7.11)

where T denotes the temperature.

From the mass balance equation (7.7.5), we have the entropy balance equation

0 D 0 D
g + div(spv) = pD—j +s {8? +div (pv)} = pD—j + sF),. (7.7.12)
Then, using the definition of the Helmholtz free energy (7.7.11) and the balance of energy (7.7.10),
we obtain

Ds pDF  pDu

PDt ~ T Dt ' TDt
p DF

1. . . Dc 2
= 7o VT [o: Vv +div (TDt> + (k(p,c) + F,) |v]* = Fyv (7.7.13)

1
—div(q) + pg — <2|V|2 + “) Fp+cpFp +coFe + CVFV]7

where we have replaced the material derivative of the internal energy using its balance equation
(7.7.10).

The constitutive relations for the functions constituting the Navier-Stokes-Cahn-Hilliard model
are often derived to satisfy the Clausius-Duhem inequality (Coleman-Noll Procedure) [146]. In-
deed, this inequality provides a set of restrictions for the dissipative mechanisms occurring in the
system. However, in our case, due to the presence of source terms, we can not ensure that this
inequality holds without some assumptions on the proliferation and friction of the fluid around
the pores. Therefore, we use here a different method : the Lagrange multipliers method. Indeed,
the Liu [259] and Miiller [281] method is based on using Lagrange multipliers to derive a set of
restrictions on the constitutive relations that can be applied even in the presence of source terms.

Following classical Thermodynamics [281], we state the second law as an entropy inequality, i.e. ,
the Clausius-Duhem inequality in the local form [146]
P (3) + 29 4 div () (7.7.14)
Dt — T T ’

where J is the entropy flux. The inequality (7.7.14) results from the fact that the entropy of the
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mixture can only increase. Using the equation (7.7.13), we obtain

pDF 1 [o0: Vv +div <Tg§) + (k(p,c) + Fp) |v[
(7.7.15)

1
—F,v— <2|v2 + u> E,+c,F,+c.F.+ ey Fy] +div(J) <0.

Then, using the chain rule

DF _DpdF  DcdF  DVe OF
Dt Dt dp Dt dc Dt 09V

and -
} —(vv)" Ve, D—i = —pdiv(v) + F,,

DVe Dc
bt =V [Dt
in the entropy inequality (7.7.15), we obtain

. OF DcoF Dc T OF . Dc .
P [(—pdlv(v) + F,) o + Dt D + (V {Dt} —(Vv) Vc) . Z?Vc] — div (TDt> —0:Vv

1
- [(fi(p7 )+ F,)|v|* = F,v — <2|v2 + u> F,+ cyFp+c.F, + CVFV] + Tdiv (7J) <0.

(7.7.16)
By the chain rule, we have

Furthermore, we know that
—p?div (v) = = —p*=—1: Vv,
D

and
oF

OF
—p ((VV)T Vc) Hoe = P (Vc@ av(j) :Vv.

Gathering the previous three relations and reorganizing the terms of (7.7.16), we obtain

oOF oOF oF Dc

J— 27 J— —_— M —_— j E—

( p o 1-pVe® 9Ve 0) Vv + (p 5 le(T)) Di
oF De .

1 F
- [(Fa(p, ¢)+F,)|v|> - F,v— <2|v|2 +u— > Fy4c,Fy+ccFe+cFy| <0.

oF
&y

Then, we use Liu’s Lagrange multipliers method [259]. We denote by L. the Lagrange multi-
plier associated with the mass fraction equation (7.7.7). The method of Lagrange multipliers
consists in setting the following local dissipation inequality that has to hold for arbitrary values
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of (p,c,Vp,Ve,v,p)

OF OF
- 21 A .
D .—< p (9p1 ch@a c a).Vv

oF D OF D
+ (pac - div('r)> D—;: + <p8Vc - ’r) \Y L)j] + Tdiv (7)

‘F’
- |:(/§(p, )+ F,)|v|]* - F,v— <|v|2 +u— p) Fy+cyF,+ c.Fe + ey Fy

D
~ L, <pc —div(J,) - F, — ch) <0.

Dt
(7.7.18)
Since,
div (L.J1) = Lediv (J1) + VL, - Iy,
we reorganize the terms of (7.7.18) to obtain
OF OF
29 oS ).
D : ( p R pVe® ave a) Vv
oOF . Dc oF Dc .
+ <p80 —div(r) — ch) Di + <p8Vc - T> \Y [DJ +div(TT + L.Jy)
VL., (7.7.19)
1 OF
= [tslpc)+ ) V2 = Fov = (5 +u- 50 ) F,

+cpFp+ coFe+cevFy — Le(Fo + ch)] <0.

7.7.6 Constitutive assumptions and model equations

First of all, we assume that the free energy density F is of Ginzburg-Landau type and has the
following form [70, 69|

F(p,c,Ve) = o(p,c) + %\Vc\z, (7.7.20)

where 1) is the homogeneous free energy accounting for the processes of phase separation and
the gradient term %|Vc|2 represents the surface tension between the two phases. This free energy
is the basis of the Cahn-Hilliard model which describes the phase separation occurring in binary
mixtures. Furthermore, as obtained in Wise et al. [170], the adhesion energy between different
cell species is indeed well represented by such a choice of the free energy functional.

To satisfy the inequality (7.7.19), we first choose

T = p—avc = ypVe.

Then, we define the chemical potential u(p, ¢, V) by

_OF 1 OF 1. 9F 0w 7,
pi= e ple(T)— P pdlv(pavc)— P pdlv(ch),

which in turn gives a condition for the Lagrange multiplier

L.=p. (7.7.21)
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Using these previous constitutive relations, we have already canceled some terms in the entropy

inequality, i.e.
oF . Dc oF Dc
(f’ac —div(r) - ch) T <pavc B T) v [DJ =0

Then, using classical results on isothermal diffusion [263, 116], we have
pd
=—_— .7.22
gt (7722

and, using a generalized Fick’s law, we have
J1 = 0b(c)Vy, (7.7.23)

where b(c) is a nonnegative mobility function that we will specify in the following. The two
constitutive relations for the diffusive fluxes (7.7.22) and (7.7.23) together with (7.7.21), we
obtain

div(TJ + LeJy) — VL. -J1 = —b(c)|Vu* <0.

Following [263, 5], we define the pressure inside the mixture
o
2
=pt—. 7.7.24
P=r (7.7.24)

From standard rheology, we assume that the fluid satisfies Newton’s rheological laws. The stress
tensor is composed of two parts for the viscous P and non-viscous P contributions of stress

c=P+P, (7.7.25)

and we have by standard continuum mechanics (see e.g. [22, 146, 5])

P=—(p— 2[Ve2)1—
{~ (p— %IVe?) 7pVe® Ve, (7.7.26)

P =v(c) (Vv + VvT) + A(e)div (v) 1.

In (7.7.26), v(c) denotes the shear viscosity and A(c) = 1(c) — 2v/(c) where 1(c) is the dilatational
viscosity that encodes the response of the fluid to volume changes. The second term in the non-
viscous part of the stress (namely —y (pVe ® Ve)) represents capillary stresses that act at the
interface of the two populations.

Using (7.7.26), we can cancel terms in (7.7.19)

The remaining terms of the entropy inequality are the ones associated with proliferation and
friction. The last step to satisfy the entropy inequality is to choose arbitrarily a value for c,, such
that

1 OF
7[(’{(@ c)+F)p) |V|2 - F,v— (2|V|2 +u— Pap) F,

+cpFy+ccFe+ e Fy — Le(Fe + ch)] <0.
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Reorganizing the terms we have

1 oF
—k(p,c)|v|* = F, {cp + [v]? — (2|v|2 oy — p@p) - uc] — Fyley = v] — Flee — ) <0.
The obvious choices are

cp=—Iv[*+ (%IVI2 +u— p%f) + pe,
Cy =V,

Ce = [t

From the previous constitutive relations, we satisfy the dissipation inequality (7.7.19).

7.7.7 Summary of the model’s equations

Using the previous constitutive relations our general model is the following compressible Navier-
Stokes-Cahn-Hilliard system

dp .
i —div (pv) + F,,
D
pD—j =div (b(c)Vu) + F, — cF),
pp = —ydiv (pVe) + 0%7 (7.7.27)
D
pD—‘t/ = — [Vp+~div (pVe ® V)] + div (v(c) (Vv + VvT))

— %div (v(c)div (v) 1) +div (n(c)div (v) 1) — (k(p,c) + F,) v + FY,,

with p defined in (7.7.24).

7.7.8 Model reductions, general assumptions and biologically relevant
choices of the model’s functions

7.7.9 Specific choices of functionals and model reductions

Problem 1 : General compressible NSCH with friction term and mass transfer.
Assuming no creation of mass nor transfer of mass from the exterior of the system we have

F.=—-F_,, (7.7.28)

leading to mass conservation

F,=0. (7.7.29)

Furthermore, we assume no external source of velocity and energy, leading to
F, =0, and F,, = 0. (7.7.30)

Furthermore, using the same simplifying assumption as in Abels and Feireisl [5] to avoid vacuum
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zones, our final reduced system of equations is

% +div (pv) =0, (7.7.31)

Opc . .

n + div (pev) = div (b(c) V) + Fe, (7.7.32)
Mo

pu = —yAc + P e (7.7.33)

opv . . 1 2 . T

W—i—dlv(pv@v) = — |Vp+~div | Ve® Ve — §|Vc| 1) | +div (v(c) (Vv +Vv!))

- %div (v(e)div (v) 1) + div (n(c)div (v) 1) — k(p, c)v,
(7.7.34)

Problem 2 : Biologically relevant variant of the system. We here refer to the two phases
of the mixture as cell populations and not fluids. For this variant of the system, we assume the
production of mass and neglect certain effects. Namely, we neglect inertia effects, and the viscosity
of the fluid, and assume no external source of velocity. This leads to the momentum equation

1
Vp + &(p, c)v = —7div (Vc ® Ve — 2|Vc|21> — F,v.

Assuming that one cell population proliferates while the other does not leads to
F. = Fp = pcPc(p)’ and Fi_.= 07

with a pressure-dependent proliferation rate P.(p) > 0. The growth function P.(p) is used to
represent the capacity of cells to divide accordingly to the pressure exerted on them. It is well
known that cells are able to divide as long as the pressure is not too large. Once a certain pressure
Pmax 18 reached cells enter a quiescent state. Therefore, we assume that

Pl(p) <0, and P.(p)=0 for p> pmax (7.7.35)
Combining these changes, the model becomes

% + div (pv) = pcP.(p),

% + div (pev) = div (b(c)Vu) + pcPe(p),

pi=—yAc+ pGe,

Vp + k(p, c)v = —div (Ve ® Ve — 1|Ve[*1) — pcPe(p)v.

(7.7.36)

7.7.10 Biologically consistent choices of functions

As said in the derivation of the model, the free energy density F is the sum of two terms : %|Vc|2
taking into account the surface tension effects existing between the phases of the mixture and
the potential 1o (p, ¢) representing the cell-cell interactions and pressure. Thus, we choose

¢0 (P, C) = we (p) + wmix(p7 0)7 (7737)
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with ¥mix(p,¢) = H(c)logp + Q(c). Then, using the constitutive relation for the pressure we
have

P, = 9?20 = (o) + pH(c). (7.7.38)

The function b(c) is the active mobility of the cells.

Let us explain how the choices of functions for the free energy density and mobility are motivated
by biological observations.

To satisfy the conditions (7.2.7), we propose to choose

b(c) = Cpe(1 — )%, a>1, (7.7.39)

where Cj, is a positive constant.
We use for the pressure a power law such that

o 1 a—1
pe(p) = —p"" (7.7.40)

For H(c) and G(c), two choices can be considered depending on the behavior of the cells we want
to represent. If the two cell populations exert attractive forces when they recognize cells of the
same type and repulsion with the other type, the potential has to take a form of a double-well
for which the two stable phases are located at the bottom of the two wells (see e.g. Figure 7.9a).
This is a situation close to the phase separation in binary fluids. Thermodynamically consistent
potentials are of Ginzburg-Landau type with the presence of logarithmic terms. An example of
double-well potential is given by

Ymix = % (a1(1 —¢)log(p(l —¢)) + asclog(pc)) — g(c — %)2 + k, (7.7.41)
thus giving
H(E) = 5 (on(1— )+ ane), Q(e) = 3 (an(1 — ) log(1 — o) + azelos(e) — o (e — 3)° +F,

where 6 > 1, and k, a;, s > 0 are an arbitrary constants.
To meet the phenomenological observations of the interaction between cells when the mixture is
composed of only one cell population, a single-well potential seems more appropriate [67, 98].
Indeed, when the distance between cells falls below a certain value (i.e. if the cell density is large
enough), cells are attracted to each other. Then, it exists a threshold value called the mechanical
equilibrium for which 0.1 = 0 i.e. there is an equilibrium between attractive and repulsive forces.
For larger cell densities, cells are packed too close to each other, they thus experience a repulsive
force. When cells are so packed that they fill the whole control volume, then the repulsive force
becomes infinite due to the pressure. The representation of such functional is depicted in Figure
7.9b. A typical example of single-well potential which has been used for the modeling of living
tissue and cancer [98, 11] is
c? c?
Ymix(p,¢) = —(1 — ¢e) log(p(1 —¢)) — 3 (1- ce)? —(I=ce)ec+k, (7.7.42)

thus giving

Hc)=—1—-c.), Q(c)=—(1—ce)log(l—c)— < (I—c)=—(1—ce)e+k, (7.7.43)
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(a) Double-well potential (b) Single-well potential

FIGURE 7.9 — For both figures p = 1. Double-well logarithmic potential (left) with a3 = 1.2 and
as = 0.8 and single-well logarithmic potential (right)

where k is an arbitrary constant.

7.7.11 Description of the two-dimensional numerical scheme

We describe the two-dimensional scheme. This scheme possesses the same properties as the one-
dimensional scheme.

We write the velocity field v = (ug, uy). System (7.1.1)—(7.1.4) with the transformation proposed
at the beginning of this section, reads

Op + Oz (pug) + O0y(puy) =0, (7.7.44)
Uy pu +p Oy(puzuy)| [0z (¥(c)0zus) Oy (v(c)(Oyug + Ozuy))
& <p L‘?j) [ pu +p) ] * {8 puwuy } =2 {ay (V(C)ayuy)} M L% (V(c)(ayuz + axuy))]
0z ((n(c) = 3v(0)) (Oatia + Oyuy))| _ 7 [0:((820)> = (9ye)*)] _ _ [9y(0ucdye)
+ [ay ((n(c) — 20(0)) (Brus + uy))] 2 {ay((aycy - (Bmc)Q)] i {az(azcayc)}
- H(pv C) Zw )
[ J (7.7.45)
p (000 + U2y + 1y Dyv) = ﬁ (02 (b(€)Ds 1) + B, (b(c)Dy 1)) + ﬁv)F (7.7.46)
pr = =T (0)(Dawc + yye) — VI (v) ((F2v)* + (9yv)?) + pa(;p 2, (7.7.47)
dr r(t)
=BG /Q b(c)|Vu? — puF,. dz. (7.7.48)

We introduce the notations U = (p, pus, puy), G(U) = (0, —kug, —ku,) and

FU) = (purs = 2000050+ (3906) = 1(0)) @ota 4 0y0,) + 37 (020 = 0,01).

pugty — v(c) (Oyug + Oyuy) + ¥0yc0yc),
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K(U) = (puy, puguy — v(c) (Oyug + Ozuy) + ¥0zc0yc,

g+ 0= 20y, + (3100 0] (Ot + 0y + 57 (040)? = (@107

The stabilization (see [

, 210]) of the Navier-Stokes part of our system reads, with ¢ > 0 the
relaxation parameter,

KU + 90,V +o,W = G(U),
OV + A9, U = -L(v — F(U)),

(7.7.49)
W + Ba,U = —L(W — K(U)),

in which A = diag(as,as,a3) and B = diag(by, ba, bs). In the following, we choose

2 2
a1 = az = az = max{sup (mc + s/@,;p) ,Sup uZ, sup (uJc - 3pp> %

2 2
by = by = bs = max{sup (uy + \/app) , Sup ui, sup (uy — 8pp) 1.

We assume that our two-dimensional domain is a square [0, L] x [0, L]. We discretize the domain

using square control volumes of size Az x Ay. The cell centers are located at positions (x;,y;),
and we approximate the value of a variable at the cell center by its mean, e.g.

1 ity [Yi+3 o d
Pji = Al’Ay/z A p(X’ ) X.

1 _1
i—3 i—3
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Simply employing a first-order time discretization, the numerical scheme becomes

Ui =0, (7.7.50)
. N At .
Vii="Vji— o (Vi = F(U;) (7.7.51)
. At . .
Wii=Wii—~ (Wi = K(U)) (7.7.52)
At At
7L+1 * - * o * =" * n+1
Ui = Uja Az (Vj+%,i VJ*%J Ay (W] it W ) + AtG(Ui,j )s
(7.7.53)
At
n+1 * * *
Viet = Vi AxA (Uﬁzﬂ Uj—%,i) ’ (7.7.54)
At
n+1 * *
Wj’i W AyB ( 7, z+% - UJ 1_7) ) (7755)
ot — ou .
% + V?jl (Vo) = g(e®, ™ p" ), (7.7.56)
1
n ,n+l n+1l _ n+1 n+1
g™ 1T P ) IRy ((b(c IV )1 — (b)) Vi )J_%,J
1

(B VH )13 = BTy

FC(IO?J’ C;l,z)

+ Tl o\ ntl0
T’(Uzi)Pﬁl
(7.7.57)
nt+l _ 1 /(oM n+1 1 n 2 a¢0 "
p = e (AT @) AT ) i = AT @IV + (2 (7758)
Iyt j, 0
/ TP dz = / ¢ 4+ AtF, dz, (7.7.59)
Q Q
et =T\, (7.7.60)
1 rnt
= n+l _ .n — b n+1 v n+12d
At (T r ) E( n+1 +CO/ | H | X+
+ 7’n+1/ pHE (o e dx (7.7.61)
E(En—H)-l-Co 0 c ’ > -l
£n+1 = L (7.7.62)
- E(fn+1)_|_00’ s
A=yt with M =1 (102, (7.7.63)
oL — nHigntl (7.7.64)

s 5



Quatriéme partie

Kinetic theory and the
Cahn-Hilliard equation






Chapitre 8

From Vlasov equation to degenerate
nonlocal Cahn-Hilliard equation

Abstract

We provide a rigorous mathematical framework to establish the hydrodynamic limit of the Vlasov
model introduced in [317] by Noguchi and Takata in order to describe phase transition of fluids
by kinetic equations. We prove that, when the scale parameter tends to 0, this model converges
to a nonlocal Cahn-Hilliard equation with degenerate mobility. For our analysis, we introduce
apropriate forms of the short and long range potentials which allow us to derive Helmhotlz free
energy estimates. Several compactness properties follow from the energy, the energy dissipation
and kinetic averaging lemmas. In particular we prove a new weak compactness bound on the
flux.

8.1 Introduction

We counsider the following Vlasov-Cahn-Hilliard equation (VCH in short)

{EQatf€+€£mes+5F5v§fs :QE(taw)M(g)_fsa t207 meRd7 §€Rd7 (81 1)

Qs(ta ‘E) = fRd fs(t7 Z, 5) d¢,
with an initial data f-(0,,&) = f9(z,€&) > 0. The unknown is the function
fe = fe(t.w,6), te(0,T), z€R? £€RY,

such that, for every infinitesimal volume dx d¢ around the point (z,€) in the phase space, the
quantity fe(t,z, &) dzd€ is the number of particles which have position = and velocity £ at fixed
time t. The small parameter € > 0 arises from physical dimensions of the system and we are
interested in the limit when it tends to 0. Following [317], the force field F.(t,z) is decomposed
as long-range attractive and short-range repulsive

F.=FF+FS,  FERS(tx)=-VolS(t ). (8.1.2)

275
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We define the convolution in the space variable as fx g = [o. f(y)g(x — y) dy and set

1
@g?s(t,x) = ﬁws * W % 0Oc,

where w® > 0 is a function that may be thought of as a centered Gaussian. We use a double
convolution in order to enforce positivity of the corresponding operator as it appears in energy
considerations. We assume that w® satisfies

/Rd w(y)dy = 1, /Rd yw (y) dy = 0, /Rd ly?w® (y) dy < cc. (8.1.3)

The long-range potential is of the form

1
(I)g,a(tvx) = —gwg*ws*ws*&’ (8.1.4)
where wk (z) = % wt (%) may be thought of as a high temperature Gaussian and w” is a smooth,

nonnegative, symmetric, compactly supported function such that, for some ¢ > 0,

/ wh(y)dy =1, / yw"(y)dy =0, / yiyjw dy = 6; 6, / wh(y)|y* dy < oco.
]Rd Rd ]Rd ]Rd

(8.1.5)

The equilibrium distribution M (£) > 0 is a Maxwellian that we normalize as

d
M(¢) = . " exp —@ (8.1.6)
2nD 2D )’
and we have, fori =1,...,d,
ua=1 [ am©da=o, [ med-D<o, (3.1.7)
Rd Rd R4

so that D can be interpreted as the diffusion coefficient.

8.1.1 The macroscopic limit

The right-hand side of Equation (8.1.1) is a relaxation term that conserves mass but neither
momentum nor energy since we aim at using a diffusive scaling. Formally one can guess that

fet,x, &) = o(t,x)M(E), ase — 0. (8.1.8)

The mass conservation equation on . is obtained by integrating Equation (8.1.1) with respect
to £ against 1,

Oroe(t, ) + divJe(t,x) = 0, Je(t,x) = y gfs(t,x,g) d¢. (8.1.9)

Then, integrating against &, we obtain the flux equation

20, J.(t,z) + V, / EREf(t,x,€)dE — Fro. = —J.(t, ). (8.1.10)
R4
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Combined with (8.1.8), this flux equation allows us to identify the limit of .J. and to prove that
as €, — 0, the macroscopic densities tend to a solution of a degenerate nonlocal Cahn-Hilliard
equation type. More precisely, we have the

Theorem 8.1.1 (Limit € — 0). With the assumptions and notations (8.1.2)—(8.1.6), let o = €.
Let fO be a non-negative distribution that satisfies (8.2.1)-(8.2.2) and let f. be a solution of (8.1.1)
with initial condition f°. Then, we can extract a subsequence (not relabelled) such that o. — o
in LY LY strongly for 1 < p < oo where o solves in the distributional sense the equation

dro — DA — div(pV®) = 0, ® = —6A[w *xw¥ x 9], (8.1.11)
with initial data ¢° = [ fO(x,€) d€.

In fact, [317] obtains formally a more complete description which we cannot prove at the moment
(see Section 8.4).

Remark 8.1.2. e Writing formally Ap = div(oV log(p)), this term can be added to the potential
so as to obtain a kind of Cahn-Hilliard equation.

e Different scaling between « and ¢ can be considered, « constant is also possible

e Uniqueness can be proved in the class of uniformly bounded densities, see Appendix 8.6.3.

e The proof of this result uses compactness arguments, therefore we do not have any explicit
control on the error between the limit solution and the system in terms of e.

8.1.2 Contents

In Section 8.2, we collect various uniform estimates €. Section 8.3 is devoted to passing to the
limit ¢ — 0. Some open problems are drawn in Section 8.4. The Appendix contains different
mathematical tools and lemmas used throughout the proofs.

8.1.3 Literature review and relevancy of the system

Phase transitions in fluids In [317], Noguchi and Takata consider a kinetic model to capture
the dynamics of phase transition for the Van der Waals fluid. The model reads as follows

O0f+&-Vaf +F-Vef =A(o)(oM - f), Alo) >0,
F=F'4+F?* F"Y2=-Vo?

_ L
oo w e <I>2:—Cllog(1fg)+ifczg, C1, 0 R,
or —kAp I-o0

for some kernel w” and £ > 0. ®' is a combination of short range repulsion and long range
attraction. ®? is a short range interaction potential.
The authors state that full details of intermolecular collisions are not considered and that the
collision term on the right-hand side plays just a thermal bath role which is less desirable for a
physical /mechanical justification of the system. This problem has been adressed formally in [193,
]. From the mathematical point of view, it raises new and interesting different difficulties and
it can be definitely seen as a next step in our work. Nevertheless, the authors show that with this
thermal bath term, the system exhibits the essential features of phase transition dynamics, both
theoretically and numerically. By placing themselves in the framework of the strong interaction,
they find a rescaling of the first equation of the system and obtain Equation (8.1.1) of VCH.
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Then, setting A = 1 and letting ¢ — 0 they obtain formally that in the limit (that we refer to as
the hydrodynamic limit), the macroscopic density o satisfy

Do — Ap — div(pV(®! + %)) = 0.

Noting that Ap = div(oV log(g)) they obtain the Cahn-Hilliard equation with degenerate mobi-
lity

B0 — div(eV(®' + 82)) =0, ®* = d? +log(o).

This model presents several mathematical difficulties. First of all, we are not aware of any exis-
tence result concerning the Vlasov equation when the potential ¢ is a function of the density
0. In the Vlasov-Poisson system, one has ® = A~'p and there is a gain of two derivatives. For
the existence of classical solutions for Vlasov-Poisson we refer to [255, , , ]. A second
difficulty comes from the rigorous passage to the limit. Indeed, the bound provided by the energy
do not provide enough compactness. For instance, one cannot apply the averaging lemma 8.3.4
on this system because the functions are not bounded in L' uniformly in . For these reasons,
we add the convolutions w® in (8.1.1)-(8.1.4) and provide a rigorous mathematical framework
to establish the hydrodynamic limit of this model when ®2 = 0. It would be possible to prove a
similar result when ®2 = w? % /(o) where |f(0)| < C|olog o| for C small enough.

Our work also provides a generic model to obtain different nonlocal and degenerate equations
of Cahn-Hilliard/thin-film type as the hydrodynamic limit of kinetic models. For other kinetic
models modeling phase transitions, we refer to [193, , ]

Kinetic theory The main purpose of kinetic theory is to provide a description of the evo-
lution of a gas or plasma, and more generally a many-particle system made up of N similar
individual elements, in the limit when N tends to infinity which corresponds to the so-called
thermodynamical limit.

In the kinetic theory, the density of particles is described with the probability measure
f=1te€), t>0, zeRY R,

such that, for every infinitesimal volume dx d¢ around the point (x,€) in the phase space, the
quantity f(¢,x,€&) dzd€ is the number of particles which have position = and velocity & at fixed
time ¢. For this reason, f is a nonnegative function and integrable in both space and velocity
variables, but it is not directly observable. Nevertheless, at each point of the domain it provides
all measurable macroscopic quantities which can be expressed in terms of microscopic averages :

o(t,x) :/ ft,z,&)dE (macroscopic density),
Rd
Jea) = [ ertngds (@),

It is clear that such a statistical description makes sense only with a very large number of par-
ticles, and as a consequence, all kinetic equations are expected to approximate the true dynamics
of gases just in the thermodynamical limit. Rescaling the time and space with a parameter ¢,
i.e.t — €%t, x — ez and sending € — 0 is called the hydrodynamic limit. It allows us to find a
rigorous derivation of macroscopic models from a microscopic description of matter. For hydro-
dynamics on the Vlasov-Poisson-Fokker-Planck system, we refer to [149, |
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Our aim is to obtain an equation on the macroscopic density and to relate it to a known model
that has applications in fluid dynamics or biology, ¢.e. the Cahn-Hilliard equation.

The Cahn-Hilliard equation Equation (8.1.11) is an example of a Cahn-Hilliard type equa-
tion that is widely used nowadays to represent phase transitions in fluids and living tissues [328,
, , , , , , , ]. Originally introduced in the context of materials
sciences [70, 69], 1t is currently applied in numerous fields, including complex fluids, polymer
science, and mathematical biology. For the overview of mathematical theory, we refer to [277].

Cahn-Hilliard equation takes the form of

do  =div(b(e)Vp),

8.1.12
& =3+ (), (8:.1.12)

Oro = div (b(0)V (2(0) — 6A0)) — {

where p represents the relative density of one component o = p1/(01 + 02), b(0) is the mobility,
®' is the interaction potential while ® is the quantity of chemical potential.

We obtain a nonlocal version of the Cahn-Hilliard equation. The nonlocality comes from the
convolution of the Laplace operator with a smooth kernel w® concentrated around the origin.
There is a different possibility to approximate this operator nonlocally, we refer for instance
to [123, |, where the authors prove the convergence of a nonlocal Cahn-Hilliard equation
with constant mobility to a local Cahn-Hilliard equation and to [155] for a similar result with
degenerate mobility. In our case, because of the degenerate mobility, it is not clear that we can
pass from the nonlocal Equation (8.1.11) to a local one by sending w® to a Dirac mass.

8.2 Enmtropy, energy, and uniform estimates

The analysis relies on various uniform bounds in € which use an initial data that satisfies

[ bl + 16 + 1og £ (s, €) dade < +oc. (s.21)
R2d
sup 5 [ wk(yle+w(@) - ¢ x (@ — y) drdy < +oo. (8.2.2)

a1l ¢ R2d

Then, we begin with proving the bounds

Theorem 8.2.1 (Uniform estimates). With the assumptions (8.2.1) and (8.2.2), the following
uniform estimates hold for e € (0,1) :

(A) {fe} in L°L,, . and {o.} in L°L,,
(B) {f|log(f)I} and {f: |§]*} in LF°L;
(C) {eellog(e:)} in L Ly,

(D) {(QEM—fE)(loge(gsM)—log(fs))} in L%,x,fi

a]\/f £ y
(E) {Q £ } mn L;I’E,

(F) {J.} and {J.log"/?log"/? max(J.,e)} in Li,,
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G) {f-|z|}, {oc |z|} in LS°LL . and LS LY respectively.
t Hxk t Hx

Moreover, {o-} and {J.} are weakly compact in L} .

The proof of these estimates uses a fundamental property of energy dissipation. To show that,
we define the energy (kinetic+potential) and the Helmholtz free energy respectively as

&)= [ 1ePfdudst o [ oblarw®(t0) - poriS (b - )P dedy, (523

F(O):= || 2D10s() + €1 drds + 55 [ wblexw(t.0) = 0ox (b =) do .

R2d
(8.2.4)
The Helmholtz free energy satisfies the
Theorem 8.2.2 (Free energy dissipation). The free energy JF(t) is dissipated as
d 2D
%‘F(t) =T 3 [fe — 0 M (§)] [log fe —log (0 M (§))] dx d§ = —2D D.dzd¢, (8.2.5)
3 R2d R2d
where the dissipation term is defined as
1
D (t,2,€) = 5 [f- ~ 0-M(€)]log f- ~ log (0:M(€))] 2 0. (5.2,

This theorem can be seen as a combination of relations for both the total energy and the entropy
of the system.

Proposition 8.2.3 (Total energy dissipation). The total energy E(t) is dissipated as
GEO =5 [ 16 ob(©) ~ s g (827)
dt - 82 R2d Ce el ¥ ' o

Démonstration. By multiplying (8.1.1) by |¢|? and taking the integrals with respect to x and &
we obtain

2 / €20, f. darde + ¢ / €2 - Vo f. dardg + / EPEVef. dede
RQd de R2d (828)

= [ ePleMe) — fdede.

For integrable solutions, the second term on the left-hand side vanishes. Furthermore, with
integration by parts, the above equation reduces to

d
20 [ g dede — 2 / RS duds = / €2[0-M(€) — £.) da de. (8.2.9)
d R2d R2d

g
dt Jge

By recalling (8.1.9), the second term can be rewritten as

—2e / EF.f.dxdé = —2&2 / ®,, . divJ. dz = 2¢* / ®, . Or0. da. (8.2.10)
R2d Rd Rd
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We now want to prove that

1
2/ Qo0 dr = — a / wE(y)[o- *w (t, @) — 00 * W (t, 2 — y)]? dz dy. (8.2.11)
R 202 dt Jgea

First, by recalling (8.1.2),

2/ D, (t,)00:(t,x)dx = 2/ <I>§ S(t,2)00:(t, ) do + 2/ <I>§ S(t,2)00:(t, ) de.
R4 R4 ’ Rd ’

(8.2.12)
As regards the first term on the right-hand side
2
2/ <I>§ ()00 (t, ) de = - [wé *w xw® x 0e](t, ) Oroc (t, ) da
Rd ’ « Rd
2
=—— wh % 00 x w7 (t, 2)0; [0 * w7 (¢, ) da
2 a
(0% Rd
1
=—— [ wh)loc*w)(t,z — y)0i[o- xw](t, ) dz dy
(0% R2d
1
— = | wi@)oe *wI(t, 2)0[0c x w7 (t,x — y) dx dy
(6] R2d
1
= —zgp L kOl x )t o xS tom )] dady

The second term on the right-hand side can be handled similarly and gives

2/ <I>§ St 2)0p0:(t,x)de = 32 [ws * 0:|(t, )0 0e *ws}(t, x)dx
R4 ’ o R

o 1 d S12
= =3 /Rd[ge*w 1“(t, z) dx

1 d L 512 572
= 533 Rdea(y)[[gg*w 1°(t, ) + [0e *w”] (t,x—y)] dx dy.

By summing up the two previous identities we get (8.2.11), which, inserted in (8.2.9), concludes
that

d e? d
2 2 L S S 2
— cdrdé + —— w e x W () — 0 W7 (T, x — dx d
€ . €7 fe dz dg 202 di /Zd - (Wle (t,x) — o (t,xz —y)]" dxdy

= [, Jellebr©) - fasae.

O
Proposition 8.2.4 (Entropy relation). The following estimate holds :
d 1
G [ st tdrde =5 [ lo(e) - flog s dods (3:2.13)
dt Jrea & Jraa

Démonstration. By multiplying (8.1.1) by (1 + log f.) we obtain

52%02 log fo) + €& - Vafe(1+1og fo) + eF.Ve fo(1 +1og fo) = [0 M (€) — fo](1 +1og fe)
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By taking the integrals with respect to z and £, the second and third terms in the above equation
vanish and we obtain

d
52% felog fedxdé = [QEM(f)ffs} log f. dz d¢
R2d R2d

as announced. O
With these two estimates, we can finally prove Theorem 8.2.2.

Proof of Theorem 8.2.2. From Propositions 8.2.3 and 8.2.4, we get the following result :

GF0= 5| [ IPle© - Llasds+20 [ [0 - fllos fodva]
R2d R2d
1
— % | [ em@leParac— [ e sodndc 2D [ [0 - £lox s dads].

(8.2.14)

Using (8.1.6), we know that log(p. M (£)) =log o + C — % for some constant C. Inserting this
expression of |¢|? in the first two terms on the righthand side of (8.2.14), we obtain

25712) 2 [0 M (&) — fe] [log 0c + C — log(0-M (£))] dx A€
B 2?12) o [0 M (&) — f] [~ log(o-M (§))] dz d&.

Added to the third term on the righthand side of (8.2.14), we obtain the announced result. [

In order to prove Theorem 8.2.1, a major difficulty is to estimate the flux J. defined by (8.1.9).
We start by establishing a useful inequality, recalling the notation (8.2.6).

Lemma 8.2.5 (Pointwise estimates on J.). For every 0 < r < 1 and (s,z) € (0,T) x RY, we

have
1 2C
o) < relPulov iy + Crgonm (224 oclo,0) 2D
Démonstration. For r > 0, we decompose J.(s,z) = 6(1)(5,33) + Js(z)(s,x), with
1 1
o=z - oM@)ds, P =2 [ E(J. — 0.M(€)) de.
& Hloe(5n =5} & J{Jos(5L5r)| <21}
For Jg(l), we write
JV (s, <C/ ’10 <f€> QMfE—l‘d <re||D:(s,z, )| 1.
<t [ e () et g - 1fas < e
For J€(2)7 we use the Cauchy-Schwarz inequality and, with B(&) := m,
1/2
M N1 f 2
T (s, 2) s(/ ePL dg) f/ oM |- — 1| B()d¢| .
| € | ]Rd| | B(f) 52 {|log(g£§w)‘§‘7|} € EM
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Because M () is a Gaussian and g. depends only on (¢, ), we obtain

B(£)

Here we have split the second integral according to the sign of log( gf <7
may write, since B(¢) <1,

1/2
1) (5,2)] < 02 (s.2)'7? ( [ 1epane d£) (I + L)Y,
Rd

). When it is negative, we

2

1 Je 1 fe Je
I = — - —1| B(§)d¢E < — M | —— — 1| |log —— | d¢ = ||D:(s, x, - .
= ey 1] Bodes o [ e | By oz 255 ae = 1251
The second term is defined as
L /e ?
I = — M|—— — 1| B(¢)dE.
2 )S\EI} Q¢ QEM (g) g

Since log is a concave function, for A > 1 and y € [1, A], we have y — 1 < log(y) A(A) We choose
A=A = exp(lsl) and y = QZC—EM so that y € [1, A] means exactly 0 < log(;55;) < ‘

&L Then,
I> can be estimated as follows
1 fe fe T(exp(%‘) - 1) -
R e GL S LX)

Therefore, for some constant Cy, defined through M (), we have

1/2
8200 = Coclost Do M ( f rileww () (oo () ~1) )
Rd M

It remains to treat the integral factor that we denote by I3 and for r smaller than 1,

)2
Iy = /]Rd r|¢| exp (Cﬂ) (exp ('i') — 1) d¢§ < %exp (2S;M>

where C does not depend on r. This can be seen by splitting the integral in the zones {|¢| < MTM}
and {|¢| > QCTM} Finally, we obtain

-1

1 2C
[ Je| < rel|De(s,2, )2y + C g exp ( = ) 0c(s,2)'* [ De(s, 2. )

From this lemma, we deduce the following L' bounds on .J.

Proposition 8.2.6 (Estimate on J. in LL). With the decomposition of Lemma 8.2.5, J.(s,x) =
Jg(l)(s7 x)+ Jg(z)(s,x), we have
— [ (s,2)] < €| De(s, )l

— |72 (5. 2)| < Coelis, ) D, 1

— 195,108 172 (5, )llns < C [llox(s, ) ogy 0x(s,)lza + IDes, sz
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— |[J-10g"* log! 2 max (., €)1, < CUID-(s,,) 11, lle=(s. ) log 0c(s,)lls ) -

The first two estimates are similar to [119, Proposition 7.1] for the Vlasov-Poisson-Fokker-Planck
system. Here, we have additionally included the last two controls and we give a different proof.

Démonstration. The first two estimates are a direct consequence of Lemma 8.2.5. The third
estimate follows from the inequality, for u > 1, v > 0 and uv > 1,

(uv) 2 log?(uwv) < ulogu + V2v.

The last result is given for the sake of completeness and its technical proof is postponed to
Appendix 8.6.4. This concludes the proof of Proposition 8.2.6. O

With these estimates, we can now prove the main result of this section.

Proof of Theorem 8.2.1. Estimate (A) follows by mass conservation. The next bounds are dedu-
ced from the energy equality (8.2.4)-(8.2.5) which we write as

[, D10 0) + P15 dnd +2D [ 1D.(sve s s S F O, (5:219)

where we ignore the nonnegative interaction term as it does not help in this computation. It is
standard, see Appendix 8.6.1, to conclude from this inequality that

|, Do ()] + 51€P1.(0) dade + DDAy, < FO)+C (leclagerys [0z ).

(8.2.16)
The estimates (B) and (D) follow immediately. Then, estimate (E) follows from estimate (D)
and the Csiszar-Kullback Inequality, see Lemma 8.6.1.

Estimate (C) is also very standard and we reproduce the proof from [195, Lemma 2.1]. We
consider the convex function 9 (g) = plog(p) and apply the Jensen inequality. We obtain

0. log(0-) = ¥(0-) = (/ Ie Md&) /w<f€>Md€—

2
=/Rd§;[logf€ og o] = [ pfogs.+ S5 aerc [ ae

The conclusion follows by taking the absolute values of both sides and integrating with respect
to x.

Finally, estimate (F) is a direct consequence of Proposition 8.2.6, whereas (G) follows from (8.6.3).
Concerning the weak compactness of {o.}, it follows from estimates (C) and (G). Then, the weak
local compactness of {J.} is a direct consequence of Proposition 8.2.6 and the Dunford-Pettis
theorem. Indeed, with the notations of Lemma 8.2.5, J! converges strongly to 0 in L;m. For J?2
we first have the weak local compactness in L}’I thanks to the third estimate of Proposition 8.2.6,
bound (C) and the Dunford Pettis theorem. To prove the global weak compactness we only need

to prove it for Js(z). We recall that, from Lemma 8.2.5, we have

|72 (s,2)] < Cox(s,2) 1D (5.2, )}
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Therefore we can estimate with the Cauchy-Schwarz inequality

1/2 1/2
172 |22y < Cllee lallI75 11D 7

Ltl,u: Ltl/,z,g

which yields global weak compactness in L} with the Dunford-Pettis theorem. This ends the

t,x

proof. O

8.3 The limit ¢ — 0

We now perform the analysis allowing us to prove Theorem 8.1.1. We take o = € where the pa-
rameter « defines the long range potential (8.1.4). Note, however, that different scaling between
« and € could possibly be considered.

Recalling the mass balance equation (8.1.9) and the §&-moment equation (8.1.10), our aim is to
take the limit ¢ — 0 in these equations, and establish the relations

dro(t,x) +div J(t,z) = 0, (8.3.1)
J(t,x) = —DVo(t,z) — oV®(t, ), D = —0A[w *xw % 9], (8.3.2)

which are equivalent to (8.1.11).

A significant contribution comes from Theorem 8.2.1. The entropy bound for g, see (C), and
the L' bound on J, see Proposition 8.2.6, we immediately conclude that

e after extractions, g. and J.(¢,z) admit weak limits in L%,;cv o and J, see also Theorem 8.2.1,
e the equation (8.3.1) holds in the distributional sense.

The latter estimate on J. also tells us that 29, J:(t, ) converges to 0 in the distributional sense.

Therefore, establishing the equation (8.3.2) from equation (8.1.10), is reduced to proving the two
local weak limits in Lj ,

/ ERE fe(t,x,8)dE — Do(t, x) 1, 0:VP. — oVO(t, 7).
R

These follow directly from the following three lemmas

Lemma 8.3.1. We have

/(o,T) xR

Lemma 8.3.2. The sequence {o.} is precompact in LYLL for every 1 < p < oco.

/ E@E(f. — 0. M) de|dxdt — 0.
]Rd E—r

Lemma 8.3.3. The potential ®.(t,x) satisfies, uniformly in € € (0,1),
[Pelloc < C, [[VPe]loo < C. (8.3.3)
Moreover, we have for every 1 < p < oo the strong convergence in LY LS°,

O (t,x) — ®(t,2), VO.(t,x) — VO(t,z), &(t,x):= AW *xw® xo(t,x)]. (8.3.4)

The end of the proof of Theorem 8.1.1 is thus to establish these results.
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Proof of Lemma 8.3.53. Recalling the expressions of both long-range and short-range potentials
and that o = €, we see that

1
O (t,x) = ——2/ wh(z) [w *wS % p-(t, 2 — 2) — w¥ *w * 0. (¢, 2)] dz.
3 R4
Let now set y = Z, so that from (8.1.5) we deduce that

1
O (t,x) = = /Rd wh(y) [w® xw® % 0o (t, 7 — ey) — W % w® ¥ p.(t,2)] dy.

Because the convolution terms are smooth (say W?3°), we may use the Taylor expansion and
obtain

1
O (t,x) = - y Vz[ws *w> % 0:(t, )] -y wL(y) dy — » D?E [wS *wS 0:(t, )]y - wa(y) dy + O(e)

where the term O(e) converges to 0 in L since it is controlled by

Ce [ Pt WIS« 02(t, )l .
R

and we recall the uniform bound (A). Moreover, recalling (8.1.5), we see that the first term in
the right-hand side vanishes and the Hessian matrix reduces to the Laplacian, so that

D.(t,7) = =04, [w¥ xw x 0. (t,2)] + O(e) (8.3.5)
from which we directly conclude from (A)
[|Pc|loc < C  uniformly in € € (0,1).

As far as VO, is concerned, the properties of convolution with respect to derivatives gives

€

1
Vo (t,z) =——= wk(2) [sz * w3 x 0ot x — 2) — Vwd xw¥ % 0<(t, )] dz,

so that the Lg%, bounded on V®. follows from the previous argument assuming now that
w® e Whee,

It remains to show that ®. — ® strongly in LYLS°, the convergence of V®. uses the same
arguments. The convergence follows from (8.3.5) since we have

O (t,x) — D(t,x) = =4 [Aws *w (0e — g)(t,x)] + O(e),
so that, thanks to the above control of the term O(e) and properties of the convolution,
@2 = @l s < Cllox = el gy +Ce (33.6)

Using Lemma 8.3.2, we obtain the result. O

Proof of Lemma 8.3.2. This result is a consequence of the compactness averaging lemma in ki-
netic theory [194, 286]. Here, we use the following variant from [269, Lemma 4.2].



8.3. The limit € — 0 287

Lemma 8.3.4. Assume that {h°} is bounded in L}, ., {h§} and {h5} are bounded in Lj, .
Moreover, suppose that
eOh® 4+ & - Vi h® = hi + Ve - hi.

Then, for all ¥ € CS°(RY),

when y — 0 uniformly in .

— 0,
L.

L0+ 0.9 = b 2,9) 0 de

To prove Lemma 8.3.2, we cannot apply this averaging lemma directly on {f.} because {f.} is

not bounded in Liw,f and we follow the argument in [149] which follows idea of renormalized
solutions [136]. We fix v > 0 and we consider the functions £,(f) = ﬁ with derivative

BL(f) = m Now we multiply (8.1.1) by £,(f) and obtain

0By (1) + € - VaBu(f) = M _

v§ ! (Fsﬂu(fe))

We verify assumptions of Lemma 8.3.4. From (A) we see that h® = B,(f.) is bounded in

Ltla;g N L{, ¢ and hence in L z¢ Dy interpolation. The L z¢ bound on hg = M
is deduced from (E) and the L > ¢ bound on B, (f:). Fmally, since F; is bounded in LOO and
By(fe) is bounded in L; , . we see that hi = —F.B,(fe) is bounded in L, ..

The assumptions of Lemma 8.3.4 are satisfied and we obtain

when y — 0, uniformly in . As this is true for all ¥ > 0, Lemma 8.6.3 implies

— 0,
Ltl,,m

[ B+, = A1)t e de

-0, (8.3.7)
L,

H/Rﬁfsw + €)= fo(t 2, €) () de

when y — 0, uniformly in €.
The final step is to remove the weight 1 in the convergence (8.3.7) using uniform bound on

{f-|€|?}. To this end, consider a sequence of functions {1, (¢)},, in D(R?) such that v, (£) = 1
for [¢] < m and 9, (&) =0 for |£] > n + 1. Then,

/|£|zn Jeltom8)

and similarly for the term with f.(¢,z + y,£). Hence, we may choose first n large enough and
then for such n apply (8.3.7) to deduce

Hfalf\ Iy

t,x,§

g i

1
Lt,z

dg

Rd(fﬁ(t’w7€)(1 - ¢n(f)) df

1 n
Lt,:):

oo+ 9) = 0y, = | [ (tto 9.9 - £t ) e

0, (8.3.8)

1
Lt,z

when |y| — 0, uniformly in e > 0. This yields compactness in space.
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From Lemma 8.6.4 we know that {o.} is also compact in time, and as a result
T—h
/ / loc(t + hyw + ) — oo (t, )] dar dt
0 Rd

T—h T—h
g/ /\ge<t+h7x+k>—gs<t+h,x>|dtdx+/ /|gs<t+h,z>—gs<t,x>|dtdxsom,k),
0 R4 0 Rd

where 0(h, k) — 0 whenever |h|, |k| — 0 uniformly in €. This provides the equicontinuity of {o.}
in L{ , which provides us with local compactness in z.

From (G) in Theorem 8.2.1 we know that

sup / |xo:(t, )| dt dz < oo,
0<e<1J(0,T)xRd

and we obtain the strong convergence of the density in L%@ by Fréchet-Kolmogorov theorem,
see also [314]. Using Estimate (A) we obtain by interpolation and [314, Theorem 1] the strong
convergence in LY Ll for every 1 < p < oo and this concludes the proof of Lemma 8.3.2. O

Proof of Lemma 8.3.1. We adapt the proof of Lemma 8.2.5. We write

R, = / §®§(fa—QgM)d§‘§/ €% fo — 0 M| dé
Rd Rd
s/ €20 | L2 —1‘d£+/ P oo | L2 —1‘d§—11+12,
{1os(5257)|> €2 } 0-M {ros( 27| < €2} 0-M

where r is chosen later. For the first term, we just write

fe e
I < 1 <M
v [ oe (L)

oM
The term I5 is decomposed in two parts : where f. > o.M and f. < o.M . The resulting integrals
are called I3' and I2. We only discuss I3 as I can be treated similarly as it was discussed in
Lemma 8.2.5. We use the Cauchy-Schwarz inequality to obtain

1/2
IA 405Md 3
2= </{0§10g( f€M)£‘5'2}|£| B(&) g)

Qe s

- 1] dé < re? Dl

f 2 1/2
. </{0<log(ggi\4)< 2 0-M &75\4 — 1 B(©) df) —
where, as before, B(¢) = 5 = r(expgi;)*l)’ with A = A(§) := eXp(@). As in the proof of
Lemma 8.2.5, we have the inequality log(y) > (y — 1)% which yields with y = Qﬁ/l
f I 1/2
B < <~/{0§10g( gﬁw)gﬁ} 0= M 95]5\4 — 1] log (g;w) df) <e ||D5||1L/;.




8.4. Conclusion 289

Now we choose 7 such that M () exp( ‘5‘2) = C exp(—al¢|?) for some a > 0. Then, we have

T
M(¢ £)?
[ 8 ae<r [ e e (K8 )ag <o [ 6P exp-ale?) g = c2
R4 B(¢) R4 r R4
It follows that I;’l < CQ;/Q.
Finally we get
Re <12 || D1y + Ceol/?|| DIl

and, using the Cauchy-Schwarz inequality, the proof of Lemma 8.3.1 is concluded.

This also concludes the proof of Theorem 8.1.1.

8.4 Conclusion

We proved that macroscopic densities {o.} formed from solutions of the Vlasov-Cahn-Hilliard
equation (8.1.1) converge to the solutions of non-local degenerate Cahn-Hilliard (8.1.11). It is
an open question whether one can obtain a local version of this equation by sending short-
range interaction kernel w® to the Dirac mass dy. One expects in the limit the local degenerate
Cahn-Hilliard equation :

00 — DAp — div(pV®) =0 (8.4.1)

where ® = —§Ap. One can try to perform this limit either on equation (8.1.11) or directly on
(8.1.1), by sending w® = 5y, w¥ = § together, see Figure 8.1. Passing from (8.1.1) to (8.4.1),
the main difficulty is the lack of entropy which gives integrability of second-order derivatives in
the nondegenerate Cahn-Hilliard. On the other hand, when one tries to pass to the limit from
(8.1.11) to (8.4.1), the entropy is available but it yields estimates only on

A(o*w®) in L?L2,  V,/pin LIL2.

The minimal required information allowing to pass to the limit seems to be strong compactness
of {Vo} in L?L2.

Vlasov-Cahn-Hilliard e 0;wk 56 Non-local degenerate ) Local degenerate
equation (8.1.1) Theorem 8.1.1 Cahn-Hilliard (8.1.11) open problem Cahn-Hilliard (8.4.1)

S,w{; 2§ together

e—=0;w

open problem, formally obtained in [317]

FIGURE 8.1 — Relation between three types of the degenerate Cahn-Hilliard equations.

Moreover, it is also open to prove whether we can add the "usual" double-well Cahn-Hilliard
interaction potential in the system. In fact, as far as this modification is concerned, it is not even
clear if there exists a solution to the Vlasov-Cahn-Hilliard equation when the potential ® is a
function of the density p.
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8.6 Appendix

8.6.1 Useful inequality and lower bound on the energy

We recall two lemmas which have been used in the proof of Theorem 8.2.1. The first one is a
variant of the Csiszar-Kullback inequality.

Lemma 8.6.1. Let f,g > 0 with ||f|l1 = |lg|l1- Then,

I£ =l <1l [ (f =)oz ~logg)

The second lemma is used to control flog_(f) from flog f, which immediately establishes the
Inequality (8.6.1).

Lemma 8.6.2. Let log_(f) := max{—log(f),0}. Then

t
£ dedo+D [ D2ts.- s s
(8.6.1)

€
/R _2Dlog (f-()f-(t)dwde < C (llocllny . 2 fl1 s, )+ /R e

Proof of Lemma 8.6.1. Let || f||l1 = |lg]l1 = 1. Usual the Csiszar-Kullback inequality gives us

Ir-alt <2 [ e ().

By symmetry of the (LHS) we have

o=l <2 [ pioe() vz [ gto(2) =2 [ (- itons - toxta).

The general case follows by rescaling. O

Proof of Lemma 8.6.2. We proceed as in [149, Proposition 5.1].
We divide the domain in two parts :

2 2
S PRI S SO a1

On Qy, log_(fe) is bounded so that we have

2
fe 10g—(f6) < <|Z| + |8§l|)> fe,
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while on s, fo <1 so that \/f:log_(f.) is bounded by some constant C. Hence,

el 1e
folog (f2) < CV/f- < Cexp T "5 )

It follows that

/de log_ (f-(t)) f(t) dz d€ < /

R2d

2 2
Conp (B - L) (B EDY acar. s

Now, we only need to bound the term fde % -(t) d¢ dz. For this, we first observe that

xT

d
G L ermag =2 [ noedc= < 2Du(sn g + o

||

where we have used Proposition 8.2.6 and Young’s inequality (with e < 1). Therefore, for all
t>0

t
[ lfdcds < [ ol dedo s Clloduy, +2 [ 106y ds. (863)
R2d R2d ' 0 &

Finally, equation (8.6.2) simplifies to give the desired result (8.6.1).

8.6.2 Criteria for compactness

Lemma 8.6.3 (Compactness of 3, (f,,) implies compactness of f,,). Let {fn(t,z,£)} be a sequence
such that {f,} and {f,log f.} are bounded in L, .. Let () € C>(R?). Suppose that for all
v >0 and all € > 0, there exists 6(v,€) such that,whenever ly| < (v, e),

Then, for all € > 0 there exists 6(¢) > 0 such that

Démonstration. First, we observe that

<e.
L.

[ ottt +.0) = Bulult. ) w(6) de

<e.
Lia

| b 409 = Futn,0) v de

s|= 22 < min(v 52, 5).
1+vs

) =5 < 155

‘ 2
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Therefore, for M and v to be chosen later

| [htta 0= sttt + mom vioa| <
Lt,z
< ||¢||ooV/ fﬁ(t,m+y,§)d§d$dt+||¢|\oo/ folt,z +y,€) dgdzdt
fn(ta+y,E)<M fn(tz+y,)>M
an IngnHl
< M —_—.
< Wl v 3 Wl + 10 122282
Similarly,
fnlog f
A R S B N A R
R L, og M
Let £ > 0. First, we choose v and M such that
||fn IngnHl €
M Un 08 Jnflt £
[l MLl + o Lz 2l < 2
Then, we take §(v, e/3) such that
| [0ttt 40,60 - Bttt o] e
R Li .
when |y| < é(v,e/3). The conclusion follows by the triangle inequality. O
Lemma 8.6.4. The sequence {o.} from Lemma 8.3.2 is compact in time, i.e.
T—h
lim loc(t + h,x) — 0e(t, )| dadt =0  wuniformly in €.
|h[—=0 Jo R4

The proof of this lemma uses a sequence (¢5)s>0 € C°(R?) of standard mollifiers with mass 1
such that ps(z) = 5%90(%) with ¢ of mass 1 and compactly supported. Moreover

C
Hvk(PcSHLl(Rd) < 55
and for any function g € LP(R9),

19 * @sllrmay < ll@sllor@ayllgllLe @

Démonstration. We know that
Oioe +V-J.=0

where J. is bounded uniformly in L}ww see Proposition 8.2.6.
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Using the mollifiers with § depending on h to be specified later on, we first notice that

T—h T—h
/ / \gg(t+h7x)—ge(t,x)|dxdt§/ / loc(t, ) — 0:(t, ) * ws(x)| da dt
0 R4 0 Rd
T—h
+/ 0 (t 4 o) — 02t + B, ) % ()| dar dt
0 Rd

T—h
+/0 /]Rd|Q5(t+h")*¢5(x)_QE(ta')*%(dexdt.

For the first and second terms, the computations are the same, hence, we only present it for the
first term. Using the properties of the mollifiers and the compactness of g. in space, we want to
prove that

T—h
/ / loc(t, ) — oc(t, ) * ps(x)| dax dt < 6(9).
0 Rd

where 6(5) — 0 when ¢ — 0 uniformly in €. We write

T=h T—h
/ |98(tax)_98(t,')*@5($)|d$dt = / /
0 R4 0 Rd

Then we use Fubini’s theorem and the fact that ¢ is compactly supported in some compact set
K we obtain

L

where 7,, is the translation operator in x variable. Now we use the compactness in space obtained
in (8.3.8), so that

/Rd o(y)(0e(t,x) — 0:(t,x — dy)) dy| dz dt.

/d 90(3/)(96(75’ x) - Qe(tvx - 5y)) dy‘ dzdt < / HT5yQ€ - QsHLl((O,T)XRd) dy'
R4 K

/ 175y 0c — 0cllL1((0,7)xre) dy < | K| SUII; 175y 0e — 0cllL1((0,7)xre) < 0(6).
K ye

Therefore the first and the second term are bounded by 6(5) where 6(§) — 0 when § — 0
uniformly in €. It remains to study the third term. The third term reads

T—h T—h t+h
/ loo(t + B, ) % 05 (2) — 0o (2, ) % 05 ()] dar it :/ / / Dr0-(5,-) * ps(x)ds| dz dt
0 Rd 0 R |Jt

T—h d PR on
:/ / _Z dxdth/ / / |J; % Oips5(s, )| ds da dt,
0 S —'Jo rd Ji

S—

where we used J. = (J;)i=1,..a. We perform the change of variables v = Tt, use Fubini’s
theorem and obtain

t+h
/ Ji *x 0;ps(s, x)ds

t

T—h t+h 1 T—h
/ / / \Ji*aigo(;(s,xﬂdsdxdt:h/ / / |J; x Ojps(vh + t, )| dt dx dv.
0 Rd Jt 0o JrdJo
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Then we use the change of variables 7 = vh + t and obtain

1 T—h 1 T+h(v—1) h
h/ / / \J,»*@igo(;(vh—i-t,xﬂdtdwdv:h/ / / |J; x Oips(T, )| dr dedv < — || .||z -
o JreJo 0o JraJon 0 .

Using the L}’I bound on J. and taking § = h'/2 we conclude.
O

8.6.3 Uniqueness in L™

Let d > 3. We are interested in the uniqueness of these solutions in the class of functions such
that
o€ L NLFELLNCPLL (8.6.4)

t,x

where C{* L. denotes the space of weakly continuous in time functions with values in L. . In this
class, the definition of distributional solutions of Theorem 8.1.1 can be formulated as follows :
for every test function ¢ € C°([0,T) x R?) we have, with

T T T
7/ gocp((),x) dz f/ / 00ypdxdt = D/ / oApdx dtf/ / oVP(p) - Vedzdt,
R4 0 R4 0 R4 0 R

where ®(0) = —6A(w” xw” x p) and p € L°LL.
p
t,x?

By interpolation g belongs to every LY ., 1 < p < oo and so is V®(p). Therefore this formulation

implies

T T T
/ (Oro, ) = D/ / oA dx dt—/ / oV®(p) - Ve dz dt, (8.6.5)
0 0 Rd 0 Rd

for every p € LIWh1n L%Hg where (-,-) denotes the dual pairing between H~2 and H2.

Let 01, 02 be two solutions as above with same initial data which satisfy o1, 02 € L7%,. The goal
is to prove that g3 = g2. We substract Equation (8.6.5) for g2 and p;. Writing 0 = g2 — 01, we
obtain

T T T T
/ (Or0,0) = D/ / oApdx dt —/ / oV®(02) - Vpdadtdt — / / 01V®(0) - Vo dzdt.
0 0 JRd 0 JRrd 0 JRd
(8.6.6)

We want to test (8.6.6) with p(t) = —AN %o where N is the Newtonian potential so that —A¢ = p.
This is an admissible test function. Indeed, 0, ;¢ € L°L2 by the Calderon-Zygmund theory

cf. [102, Theorem 3.5, Chapter 3|. Moreover, as VN € L% (i.e. weak LP spaces) we can use
Young’s convolutional inequality to deduce

IVellipr: < CIVNI 2oy llell | e,

oLyt

Finally, ¢ € LS, cf. [34, Lemma 1]. Therefore, testing (8.6.6) with ¢ we obtain

1 T T T
5/ |V(p(T)\2dx+D/ / 92:—/ / QV@(gz)-w—/ / 01V®(p) - V.
Rd 0 Rd 0 Rd 0 Rd
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We denote by I; and Is the two terms of the right-hand side. Using —Ap = g and the formula
ApVep =V - (Vo @ Vo) — $V|Vyp|? we obtain

T T T
n:/ A@MW@wﬂSC/(/UyﬂmNWWSC/t/WMR
0 Rd 0 R4 0 R4

as |D?®(g2)| can be bounded as in Lemma 8.3.3 only in terms of |2[[ L=, - For I we recall that

01 is bounded in L$2,. Using the Cauchy-Schwarz inequality it remains to see that |[V®(g)|z> <
C||Vel|lrz which can be achieved by definition of ®(p) and ¢ and the fact that convolutions
commute with derivatives. Therefore

I < CIVgls .

Combining the previous results we obtain
T
VATl < C [ 190l
so that [|[Vel||2, = 0 and the proof is concluded.
8.6.4 Estimate on J.log"?log"? max(J., e)

From Lemma 8.2.5 we recall that for 0 < r <1

1 C
o) < Dty + C g (25

>95<s )2 D (s, x, )\|”2.

We can make further simplifications : applying a simple rescaling of r, ignoring e, estimating

~ < exp(+7) and changing r = L we can assume

C
-5 < SUDa(s, 2,y + Cexp (0) (s, ) 25,2 N (867)
To choose the best « in the inequality above, we let u = g., v = ||D.(s, z, )”Lé so that we can
estimate
1 U
< - Hal=1. 6.
| (s, z)| Cvlglllil [a+exp(a) v] (8.6.8)

Lemma 8.6.5. Letv >e, u >0, v > e2u. The minimum in (8.6.8) is attained for a > 1 which
is the unique solution of

203 2 2
a” exp(a®) "
For such o > 1 we have
o U 1 1 2v
= — - | <2z
arew @ i) =L <
Then,
v . 1/2
271) o 1/22\{(1:1/21) va > UIOng v, (869)
«

2u10g+ v ifv<u10gi_/2fu.
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Démonstration. The first statement is a consequence of simple calculus and we only have to
prove that the minimum is attained for o > 1. This follows from

1
\/Z =20’ exp(a?) < exp(20?) = 5 log (%) <a? (8.6.10)
As v > e?u, we deduce o > 1.

Suppose that v > ulogi/2 v. Then, we have

v

We proceed to the estimates on 5.

logv > logu + log logfr/2 v = logi/2 (%) > logfr/2 logfr/2 v

(we use here 2 > e? and v > e to write log, instead of log). In view of (8.6.10), this gives lower
bound on a which implies

2v 2v/20

— = 1/2, 1/2 °
o log /" log}/ " v

We are left with the case v < ulogi_/2 v. In this case we estimate directly using o > 1 :

2
i <20 < 2ulog3r/2v.
«

We proceed to estimating J; log'/? logl/2 max(Je,e) in L%,z. Let us observe that we can always
restrict the set of integration to the points (¢, z) where ||D.|| Ly s arbitrarily large. Indeed, given
M > e, we estimate

T
/ / J.log!?1og? max(J.,e) <
0o Jre

T T
< / Je logl/2 1ogl/2 max(Je,e)ly <ar + / Je logl/2 logl/2 max(Je, e) Ly, |1 <e?o.
0 R4 0 3

Rd
T
+/ / JE 10g1/2 10g1/2 maX(JE,e)]lHDE”L1>eng ]1-]5>M'
0 R4 €

/27 1/2

The first integral is bounded by [[Jc|[1 log™/“log’/“ M. For the second integral, we note that

(8.6.7) implies that J. < C g so this integral is finite because we can use Young’s inequality and
logz < x to get

1
0- log"/? log"/? max(o., €) < 0- + 50¢ logmax(ec, €).

In the third integral, by estimate (8.6.7) with o = 2, we have ||’D€\|Lé > X for some constant
C. Tt follows that | D¢|| L} can be assumed to be arbitrarily large by taking sufficiently large M.
This allows us to apply Lemma 8.6.5.

Splitting the domain of integration for two subsets as in Lemma 8.6.5, it is sufficient to prove
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that the following functions

Pl ) ||D ||L1 g1/2 10g1/2 ||D ||L1
€ 1/2 1/2 + 1/2 1/2
log/*log/ | .|| log/* log/ | D.]|
P2 = g. 1ogl/* D] log!/*1og'/* (0. Yog/? [P,y )

1/2 1/2 1 1/2

are bounded in L1 here, we use that lo lo v = log'/? max v,€)).
gy logy g

For P! (this is the limiting case!), we restrict to the values of || D, ||L1 so large that logl/2 logl/2 IDe ”Lé >
1. Then,
IDe |y

mwbﬁWuhg

g1/2 log1/2

lo +

log1/2 log1/2 (”Ds”Lé)
so that P} < IDell 2
For P2, we apply logz < z, \/T +y < Ve +./yand 2zy < 22 + 9% to get

P2 < 0. 10g/|ID- |y 0g!/? (02 tog}/* D21l ) <

1/2
< 0- log/* | D.|| 3 log¥/? - + o logy/* |[D-||1; log

1/2

log ”De”Lé

< 0c logy 0c + 0clog HDEHLé + 0:logy ||’D6HLé
so it is sufficient to prove that o. log, ||D.|| Ly s bounded in Lj . This follows from Fenchel-

Young’s inequality
Q¢ 10g+ HDEHLé < oclog o + 0- + ”IDEHLé
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Chapitre 9

On the limit problem arising in the
kinetic derivation of the
Cahn-Hilliard equation

Abstract

The non-local degenerate Cahn-Hilliard equation is derived from the Vlasov equation with long
range attraction. We study the local limit as the delocalization parameter converges to 0. The
difficulty arises from the degeneracy which requires compactness estimates, but all necessary a
priori estimates can be obtained only on the nonlocal quantities yielding almost no information
on the limiting solution itself. We introduce a novel condition on the nonlocal kernel which allows
us to exploit the available nonlocal a priori estimates. The condition, satisfied by most of the
kernels appearing in the applications, can be of independent interest. Our approach is flexible
and systems can be treated as well.

9.1 Introduction

We consider the nonlocal PDE
Otpe — Ape + div(pe VA(pe * we ¥ we)) =0 (9.1.1)

arising in the kinetic derivation of the degenerate Cahn-Hilliard equation via hydrodynamic
limit as in our recent paper [150] which makes the formal approach of Takata and Noguchi
[317] fully rigorous. Furthermore, PDEs of the form (9.1.1) appear in the numerical analysis of
the particle method as explained below. Concerning the notation, ¢ > 0 is a small parameter,
pe : R% % [0,T] — [0,00) is the solution while

1 T
we(z) = Sw | —
(@) gd (5)
is a usual mollification kernel (one can think of w being smooth, nonnegative and compactly sup-

ported function but more general assumption will be presented below). The remaining question

299
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is whether one can consider the limit ¢ — 0 in (9.1.1) and arrive at
Op — Ap + div(pVAp) = 0. (9.1.2)

A natural strategy for such problems are so-called commutator estimates, originally studied in
the context of renormalized solutions to transport equation [137] and conservation of energy for
weak solutions of Euler equation [110] or more general hyperbolic systems [205, 35]. The commu-
tator estimates control the error resulting from the fact that the mollification operator does not
commute with nonlinear functions. In our case, they cannot be applied directly, as we do not have
sufficient estimates on {p. }. Indeed, both energy and entropy identities for (9.1.1) yield estimates
on non-local quantities pe * we, Vpe * we and Ap. * w. (see Section 9.3). In particular, we do not
even know that {p.} is uniformly bounded in L _((0,7) x R?) (except in dimension d = 2). In
Appendix 9.6.1 we show that for a fairly arbitrary kernel (up to some weak growth assumptions
at infinity), the direct commutator estimates work in dimension d = 2. The same is true if one
knows a priori that {p.} is uniformly integrable in L?((0,7) x R?) (or even L _((0,T) x RY) if
w is compactly supported).

Being not satisfied as we cannot cover the physical dimension d = 3, our approach is to look
for an appropriate assumption on w so that we can exploit more the aforementioned nonlocal
quantities. We were inspired by the recent work on Landau equation [80, 75] where the authors

consider the kernel w(z) = e~(F121)"? which satisfies the crucial estimate
[Vw(z)| < Cw(z). (9.1.3)

Such inequalities allow to transform difficult-to-estimate terms by better understood ones, for
instance ¢ p. * |Vw,| can be estimated pointwisely by p. * w. due to nonnegativity of p. and w,.
Nevertheless, (9.1.3) is fairly restrictive - for instance, it excludes compactly supported kernels.
In our setting, the following assumption turns out to be successful :
Assumption 9.1.1. We assume that w : R? — [0, 00) is a smooth function such that [, w(z)dz =
1 and w(z) = w(—z). Moreover, there exists an integrable kernel f : R? — [0, 00) such that for
all z € R?

(|| + |2]?) [Vw(z)| < Cw * f(z). (9.1.4)

Furthermore, we assume that w has sufficient decay at +oo :

lim sup |z|?w(z) = 0. (9.1.5)
R—o00 lz|=R
This covers the case of Gaussian w(x) = We"mﬁ/ 2 and any nonnegative, compactly suppor-

ted kernel by choosing f = w, see Lemmas 9.2.1 and 9.2.2. Moreover, we can cover the kernel
w(x) = e~ (12l by choosing f more carefully, see Lemma 9.2.3.

For the initial condition we suppose that p(t = 0) = p" where p° satisfies
20, e L'RYNH'RY, ]logp’] € L'RY), [ofp € L}(RY). (9.1.6)
Our main result reads :

Theorem 9.1.2. Let {p.}. be a sequence of solutions to (9.1.1) with initial condition p° sa-
tisfying (9.1.6). Then, up to a subsequence not relabeled, p. — p in LP(0,T; L*(R%)) for all
p € [1,00) where p is a weak solution of the degenerate Cahn-Hilliard equation (9.1.2).



9.1. Introduction 301

Our methods are quite flexible and they allow to study the same question for systems of the type

N
Orpl — Apl —div [ piVAD KM xpl | =0,  i=1,..,N, (9.1.7)

J=1

under some additional structural assumptions. This is discussed in Section 9.5 (see Theorem 9.5.1).

To conclude the introduction, let us mention that similar problems have been studied in the
literature for the porous media equation. Up to our knowledgle, the first result of this type was
obtained by Lions and Mas-Gallic [257] for the PDE

Orpe = div(peVpe * we * wy)

Then, the cases of cross-diffusion systems and general nonlinear diffusion equations has been
considered in [93] and [65, 212], respectively. These problems are motivated by the numerical
algorithms called particle methods. More precisely, consider N particles moving according to the
system of ODEs

X/(t) = f% D OVW(Xi(t) — X;(1)).
J#i

Then, the empirical measure pV(t) = + Zf;l dx,(+) solves in the sense of distributions

oy — div(pN VN « W) =0

so in the limit N — oo
Ope — div(p Vi« W) = 0.

If W = &y, we recover the porous media equation. For numerical experiments based on this
method we refer to [257].

Let us also comment that (9.1.1) could be called the nonlocal Cahn-Hilliard equation but it
should not be confused with the nonlocal effect in the following PDE

O¢pe = div (pev(Bs[pe] + F/(pe>))a (9'1'8)

where F' is the potential and B.[u| is a nonlocal operator approximating —Au, i.e.

1 1
Bulul(e) = 5 (ula) —we = @) = 5 [ we)uta) — ule — 1) dy

The equation was obtained by Giacomin and Lebowitz [189] as a derivation of the degenerate
Cahn-Hilliard equation

Op = div (pV(=Ap+ F'(p))), (9.1.9)
proposed in [70] to model the dynamics of phase separation in binary mixtures. The question
of passing to the limit from (9.1.8) to (9.1.9) was addressed only recently in [155] for a single
equation and in [81] for a system. This problem is fairly different from (9.1.1) as energy and

entropy yields strong compactness of {p.} and {Vp.} rather than their mollifications {pe * w.}
and {Vp. *w.} as in the case of (9.1.1). We also remark that the same problem was studied in
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the context of the nondegenerate Cahn-Hilliard equation [273, , , ]

Orpe = div Ve, pe = Be[pe] + F/(ps)'

Here, one obtains immediately an estimate on {Vu.} (by multiplying by p.) which greatly sim-
plifies identification of the limits. Nevertheless, we point out that in [273, , , | the
difficulty is rather the low regularity of the potential and the kernel.

The structure is as follows. In Section 9.2 we show that Assumption 9.1.1 is satisfied by a wide
class of kernels. In Section 9.3 we gather the a priori estimates necessary for the proof of the
main result, Theorem 9.1.2, which is proved in Section 9.4. In the last Section 9.5, we show
how the result can be extended to systems. Finally, Appendix 9.6.1 is dedicated to the proof of
Theorem 9.1.2 in dimension 2 for a broader class of kernels.

9.2 Examples of kernels satisfying Assumption 9.1.1

Three particular classes of kernels are usually found in the literature and we show they satisfy
Assumption 9.1.1. In fact, in all of those examples, we only need to verify condition (9.1.4).

Lemma 9.2.1. Letw : R? — [0,00) be a smooth function such that Jpa w(x) da = 1. Suppose that
w is supported on the unit ball {x € RY : |x| < 1} and w > 0 on the interior {x € R%: |z| < 1}.
Then, w satisfies (9.1.4) with f = w.

Démonstration. To prove (9.1.4), we only need to consider |z| < 1. By smoothness and compact
support of w, there exists a constant such that (|z|+|z|?) [Vw(z)| < C and it remains to prove that

inf),j<q w*w(x) > 0. For any |z| < 1, we see from the formula w * w(x) = f\y\<1 w(z—y)w(y)dy

that ww(z) > 0. As any continuous function attains its infimum on a compact set, the conclusion
follows. m

Lemma 9.2.2. Let w(z) = WQ*IIF/? Then, w satisfies (9.1.4) with f = w.
Démonstration. For Gaussians, we know that

1 |2 _L_\/ﬁ22 1 _lzl?
w*w(x):(%_del/‘l/we‘ﬁ y/dy:(%r)d/QeM'

Therefore, since the function (|22 4 |z|3) e~1#I/4 is globally bounded, we find

(lz| + |2]2) [Vw(@)| < C (|z]? + [z*) e /2 < e 1214 = Cw 5 w(z).

Lemma 9.2.3. Let w(x) = e=(He™?  Then, w satisfies (9.1.4) with f(z) = e (IHlal?/3)1/2

Démonstration. We need to estimate the convolution w* f from below so we need to estimate the

expression /1 + |z — y[2+ /1 + [y[?/3 from above. Using \/z+ /y < 1/2(z + y) and \/z +y <
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Vv +/y, we have

1
\/1+x—y2+\/1+|y|2/3<\/5\/2+|x|2—2x.y+3|y|2

1 2

@ 2
2

7
V2 5 V3 2 7
TW‘F\& 57 7

G 2
V3| e Zy| +1

Note that the integral fRd e dy is a constant independent of = (by a change

of variables). Therefore,

e FV/ 1zl < Cuwx f(x).
—(1=2) /1= .
We conclude by observing that the function (|z| + |z|?)e <1 22) P g globally bounded
(J] + |2*) [Vw(@)] < O (Ja] + |of*) e V1T =
=C(|z| + |z e_(l_g) VIFRP =2 V1Fl < 0 o= 2 VIHRP < 0y« f(z).

O

9.3 Uniform estimates and compactness

The first immediate estimate is the conservation of mass. Integrating the equation in space we
obtain an L°°(0,T; L'(R%)) control on the solution. Moreover, the nonlocal equation (9.1.1)
comes with an energy/entropy structure. Defining

Vp * we|?
= [ Tl an e [ progo)an, (93.1)
R4 R4
we obtain the dissipation equalities :
dE
ﬂ+/ |Ap*w5\2dx+/p|VAp*w5*w5|2dz:O, (9.3.2)
dt R Q
do 2
) —I—/ Vol dz —|—/ |Ap % we|” dz = 0. (9.3.3)
dt R P Rd

Of course one has to be careful with the entropy equality, as plog(p) can be negative when p is
small and one needs to show that its negative part is integrable.

Proposition 9.3.1. Suppose the initial condition p° satisfies (9.1.6). Then, there exists a unique
nonnegative weak solution to (9.1.1) satisfying the following bounds, uniformly with respect to € :
(A) {pc}e € L>(0,T; L (Rd) N Llog L(Rd));
(B) {0ipe}e € L*(0,T; H-*(RY)) for some k,
(C) {\/p=VAp: *we xw:}e € L2((0,T) x RY),
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(D) {pe *w:}e € L>(0,T; H'(RY) N L?(0,T; H*(RY)),
(E) {|z?pe}e € L>(0,T; L' (RY)),

(F) {V/ps}e € L*(0,T; L*(RY)),

(G) {Vp:.}e € L?(0,T; L*(RY)).

Moreover, we can extract a subsequence such that

pe — p strongly in LP(0,T; L*(R%)), p < oo, (9.3.4)
pe ¥ we — p weakly in L>(0,T; H'(RY)) N L0, T; H*(R?)), (9.3.5)
pe ¥we — p a.e. and strongly in L*(0,T; H (R?)). (9.3.6)

Proof of Proposition 9.3.1. The existence and uniqueness of solutions is a classical matter as
(9.1.1) is an advection-diffusion equation with smooth advection (as w, is smooth).

The L' bound in (A) is a consequence of mass conservation. (C) follows directly from (9.3.2).
Estimate (B) is a consequence of (A), (C), Equation (9.1.1) and splitting

Pe VAPE * We * We = /Pe \/Pe VAPE * We * We.

To prove (D), we first deduce from (9.3.2) bounds on Vp*w. and Ap*w,.. Then, the L>(0, T; L?(R%))
bound on {p. * w.}. follows from bounds on {p. * w.}. in L>(0,T; L*(R?)), {Vp. * w.}. in
L>(0,T; L?(R%)) and from the Gagliardo-Nirenberg inequality). The estimate in L2(0, T; H2(R%))
is a consequence of the second-order regularizing property of the operator A on the whole space.

To see (E), we multiply Equation (9.1.1) by |z|* and obtain after integration by parts

d
%/d|x\gpgdx:2/dpedx+2/d Pe T+ /pe VAP, * we * we da.
R R R

Using (A), (C), the Cauchy-Schwarz inequality and the Gronwall lemma, we obtain (E).

It remains to prove the second part of estimate (A) namely the Llog(L) bound on p.. A small
difficulty is that the negative part of p. log(p.) might not be integrable on the whole space. Ne-
vertheless, as in [212], one can prove that p.|log p.|_ is uniformly bounded in L>(0,T; L*(R%))
by splitting R? for {z : [p.| < e*mz}, {z:|pe| > e*m?} and applying tail estimate (E). Hence,
we can use (9.3.3) and deduce Estimate (F). Estimate (G) follows from (A) and (F) by writing

Vpe = %\/ﬂe-

The convergences (9.3.4)—(9.3.6) are a consequence of the Lions-Aubin lemma and the Banach-
Alaoglu theorem where convergence (9.3.4) has been upgraded from a local to a global one by
the tail estimate (E). O

9.4 The proof of the main result

We only need to study the term fOT Jpa Vo pe VA(pe * we * we)dadt, for test functions ¢ €
C>([0,T] x R?). Using the properties of the mollifiers

T T
/ Vo pe VA(pe * we * w) dadt = —/ / (Vo pe) * Vw: Ape * w,) da dt.
0 Rd 0 Rd
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Thanks to the weak convergence (9.3.6), we only need to prove the following strong convergence
result

(Vo pe) * Vw. = Vo - Vp+ App = div(Ve p) strongly in L2((0,T) x R?). (9.4.1)
We write Vo(y) = Vo(y) — Vo(z) + V() which results in two terms :
(Ve pe) x Vwe (z) = /d V() pe(y) - Vwe(z —y) dy = Vo(z) - Ve * we +
R
+ [ (Volw) — Ve)pe) - Verlo — ) dy = 1+
R

According to (9.3.6), the term I converges strongly in L2((0,7T) x R?) (note that ¢ is compactly
supported). The rest of the proof is devoted to the analysis of the term .J.

By Taylor’s expansion

Vo(y) — Ve(z) = D*¢(x) (y — =) + R(x,y)

where the term R satisfies |R| < C|y — z|>. We split J = J; + Jo, where

Iy = / D2p(x) (y — 2)pe (4) Ve (2 — ) dy, Jo = / R(z,y) pe(y)Veor (& — ) dy.
Rd Rd

Term .J;. We prove that lim. ,o.J; = App in L?((0,T) x R9). Since ¢ is compactly supported,
it is sufficient to prove that

/Rd pe(y) (@i — yi)Ojwe(x — y)dy — —p(x) &;;  in Lo ((0,T) x RY). (9.4.2)

Assertion (9.4.2) will be obtained by proving convergence in L!((0,T) x R%) and uniform boun-
dedness in LP((0,T) x RY) for some p > 2. Concerning the convergence in L'((0,T) x R%), we
first change variables

pe(x —€2)z; Ojw(z) dz
d

/Rd pe(y) (@i — yi)Ojwe(x — y) dy = /

R

We can estimate in L*((0,7) x R?) the difference

[ L.

dedt <

[ el = 22) = pula)) 22 yz) s
Rd

T 1
= / / / / e|Vpe(x —e52)| |2]* [Vw(2)| dsdz dx dt < £||Vp5||L%I H|Z|2VW||L;,
o JraJraJo , ,

where integrability of |2|2Vw(z) is a consequence of assumption (9.1.4) :

[P 19e@lde < [ ws f@)de=C el Il < ©
Rd Rd
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Therefore, it is sufficient to study the term p.(z) [pa 2i0;w(2) dz which equals —p.(x) because
/ zi0jw(z)dz = —0;; | w(z)dz = —0;;,
R4 R4

where the boundary term vanishes thanks to (9.1.5). The conclusion follows because p. is stron-
gly convergent in L1((0,T) x RY), cf. (9.3.4).

Concerning the uniform boundedness in LP((0,7) x R?) with p > 2, by nonnegativity of p.,
definition of w.(z) = Zw (%) and assumption (9.1.4),

Ti — Y T —
[ ot = woseca = as| = | [ o) it o (22 ) ) <
R4 Rd g 9
(9.4.3)
1 T —y
<C/pe(y)€dw*f< )dy
A change of variables shows that
{iw*f(m_y> :id/ w(z)f(H—z)dZZ
€ € et Jpa €
(9.4.4)

- [+ f(x_‘g_z)dZZous*fe(iﬂ—y),

where fo(z) := & f (£). Due to (9.4.3),

/]Rd ps(y)(xz - yz)ajws(‘r - y) dy’ S Cps * We * fs(x)

Note that by the Gagliardo-Nirenberg inequality and uniform bound in L>(0,T; H'(R?)), {p. *

we te is bounded in LW(O,T;L%(Rd)) where f%‘g > 2. The same is true for {p * we * fc}c by

the Young convolutional inequality. The conclusion follows.

Term Jy. We prove that lim. .o J> = 0. By |R| < C |y — =|?, it is sufficient to prove
[ pwle =yl [Vela— )l dy 0 in L2(0,7) xR
R
Again, we want to use assumption (9.1.4). By definition of w, :
z—yl|? x—
€ €

SE/RGLPE(?» ;dw*f<x_y> = € pe * we * fe (1),

9

1
/ps(y)lx—yIQIVwa(x—y)Idyze/ pe(y) =
Rd Rd €

where in the last line we applied (9.4.4). By the Young convolutional inequality, p. * we * f. on
the (RHS) is bounded in L?((0,T) x R%) so the conclusion follows.
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9.5 Extension to systems

Motivated by [212], we consider the system of N equations
. . . N .. .
Oipl — ApL +div [ pLVAD K s« pl | =0, (9.5.1)
j=1

where 1 <i < N and the kernels K’/ are of the form
N
K} = Z abF odk wy *wl,
k=1

where the w' are kernels satisfying Assumption 9.1.1. The coefficients {a**} form a matrix A

and we assume it is invertible. Under these assumptions, for any set of functions 7y, ..., Ny :
N N /N 2
> [tnttei = [ 32 (Sat )
ij=17R? R \im1
so that
N N ) N N )
Claip [ S i)=Y [ ks zca P [ S eud)® ©52)
RE G5 ij—17Re R4 559

Theorem 9.5.1. Let {p.}. be a sequence of solutions to (9.5.1) with initial condition p®
satisfying (9.1.6). Then, for i = 1,..,N, and for a subsequence not relabeled, p. — p* in
LP(0,T; LY (RY)) for all p € [1,00) where p* is a weak solution of

N N
oip' — Ap' 4 div | p* VAZKM Pl =o, K¥ = Zo/’k alk,
k=1

j=1
We first extend the uniform bounds in Proposition 9.3.1 to the case of system (9.5.1).

Proposition 9.5.2. Suppose that for all i = 1,..., N, the initial conditions p®* satisfy (9.1.6).
Then, the nonnegative solution to (9.5.1) satisfies the following bounds, uniformly with respect
toe :

(4) {pi}. € L=(0,T; L (R?) N Llog L(RY),

(B) {8upi}. € L2(0,T; H(RY) for some k,

(C) {VIEVAYY | K+ pl}. € L2((0,T) x RY),

(D) {pi +wi}. € L=(0,T; H(RY) 0 L2(0, T; H2(R4)),
(B) {lopi}. € L=(0,T; LL(RY)),

(F) {V\/pi}. € L2(0,T; L2(RY),

(G) {Vpl}. € L2(0,T; L (RY)),
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Moreover, we can extract a subsequence such that for alli=1,.... N

pL — p* strongly in LP(0,T; L*(RY)), p < oo (9.5.3)
pLxwt — pt weakly in L°°(0,T; H'(R?)) N L*(0, T; H*(R?)), (9.5.4)
plxw! — p' a.e. and strongly in L*(0,T; H (RY)). (9.5.5)

Démonstration. The proof is almost the same as the proof of Proposition 9.3.1. The only difficulty
is to obtain the energy and entropy identities corresponding to (9.3.2) and (9.3.3), respectively.

Concerning the energy, we multiply (9.5.1) with AZ;V:l K% x pJ integrating in space and
summing up for ¢ =1, ..., N yields

C||A 2 2 2 2
Z |Vp8>kw (t,2)*dz + C || A7 Z |Ap6*w| dzds+

2dx

N oot , N A2 & ,
+ E /0 /]Rd,ofE VA g K % pl dmdsST E /Rd|V,0”0
i=1 j=1 i=1

This identity implies (C) and (D). Estimate (B) follows from the PDE (9.5.1) and (C). Thanks
to (C), we also deduce (E).

Concerning the entropy, we multiply (9.5.1) with log pZ, integrate in space and sum up to obtain
IVPE\2 i
Z@t ps (log p — 1) dw+z dx +Z K’j*A;ﬂApE dx = 0.
1,7=1

Applying (9.5.2) with n; = Apt, we deduce

Zat/ i (log pl. — 1) dx+§j/ Vel 4y 4 o a 1||Z/ Aph w2 dz < 0.
R4

As in the proof of Proposition 9.3.1, one may check that pi|logpi|_ is uniformly bounded in
L>(0,T; L' (R%)) which implies (A), (F) and (G). The convergences (9.5.3)—(9.5.5) easily follow
from the estimates. O

Proof of Theorem 9.5.1. By linearity, we only need to explain how to pass to the limit in the
term

T T
/ Vo pl VAP xw? xw!l)dadt = —/ (Vo pl) * Vw! Alp! * w?) de dt.
0 R4 0 Rd
However, in the proof of Theorem 9.1.2, we proved that

(Vo pl) * Vwl — Vo - Vp' + Ap p® strongly in L2((0,T) x RY),

see (9.4.1). Thanks to the weak convergence A(pl x wl) — Ap? in (9.5.5), we conclude the
proof. L
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9.6 Appendix

9.6.1 Proof of the convergence for general kernels and d = 2

In dimension d = 2 another proof of the main result uses weaker assumptions, namely

d=2, yw(y)e L'RY),  yVw(y)e L*RY).

As in the main proof, we only need to study term fOT Jra Vo pe VA(pe * we * we) dz dt, where
¢ € C(]0,T] x R?). Integrating by parts

T T
/ Ve pe VA(pe * we * we) daedt = —/ / div(Vpe) * we A(pe * we) dzdt
0 Rd 0 Rd

According to the a priori estimate (D), we need to prove that div(Vpp.) * we converges strongly
in L2((0,T) x R?). We introduce the truncation operator

p itp<M,
T =
u(p) {M if p> M,

so that splitting p. = pe — Tar(pe) + Tar(pe) we have

div(Vepe) * we = div(VpTa (pe)) * we + div(Ve(pe — Tar(pe))) * we
= (ApTn(pe)) *we + (Vo - Vel <nr) * we + (Vo(pe — Tar(pe))) * Vwe
= Il + 12 + 13.

The parameter M will be chosen later in terms of € so that M — co as € — 0. Term I;. We write

B(to) = [ (Bpla =) = Apl@)Turlp) @ = 9)xlo) dy + AglTi (o) o
=+ 17
As |Ap(x —y) — Ap(x)| < C'y|, we can estimate

122, < VM IVPellz, Mlylws@lize < e VM IVpellz, lylw ()]

so that ”Ifx”L?T < Ce+/M. Furthermore, note that the term I is compact in L2((0,T) x R?)
whenever M — 'oo, e — 0. To see this, first note that it is sufficient to establish local compactness
as @ is compactly supported. The latter can be proved by the Vitali theorem : we have convergence
in measure (even in L{ ((0,T) x R?)) of Ths(pe) * we and uniform integrability thanks to the
pointwise estimate

0< T]\/[(pe) *We < Pe ¥ We

since p. * w. is compact in L2 ((0,T) x R%). We conclude that

IP = App in L?((0,T) x RY) when ¢ — 0, M — oo. (9.6.1)
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Term I,. We have

Bit.) = [ (Vola =) = Tol@) Voo = 1)1 omspcar e o) dy

+ Vo (Vpelp <) *we =: I+ 13

As (Vo(x —y) = Vo(x)) < Clyl and |Vpo(x —y) |1, z—y<m < \/M%/%Z))‘, we can estimate

the term I3 as follows

[ylw ()l

Ve < VAT HW
) L%,z

NS

Vpe
Ylwe (W) <evM H
lylwe ()l % N

2
Lt,m

so that |I5'| < C'e VM according to estimate (F).

Term I5. We write

Ba(t,) = [ (Tl 1) = Tpta) (ool ~ ) = Ta(pe(o — 1)) Vool
+ Vo (pe — Tar(pe)) * Ve = I3 + 12,

We observe that [Vp(z — y) — Vo(x)| < Cly| and |p. — Tar(pe)| < 2pe 1, >0 so the term I35
can be estimated as

12412, < C ll(pelpoznn) * ([yl[Vews (1))l 2, -

By the Gagliardo-Nirenberg-Sobolev inequality, we get that {p.} is uniformly bounded in L?((0,T") x
R?). Therefore,

11z, < CllpeLp>nllezrs Iy Ve @)lize < Clipellez, 1T >nllzgerz [1yIVwe ()l zz-
It remains to estimate [|1,,>n[zeorz and [||y|Vwe(y))|rz- We have
1/2
pelog pe C
Lo >mllrgerz < sup ( dI) S ——7
H PeZ H t Lz te(0,T) Rl MlOg(M) M1/2 logl/QM’

1 Yy 2 1 2 C
22 < 2 - = — 2 < —
Iy Vwe ()7 _/Rd vz Yl ‘Vw(g)‘ dy = /Rd lyI” [Vw ()" dy < =,

since d = 2 and using mass conservation (A). We conclude that

B S
e M/21og"? M

1l <

The conclusion. Note that the terms I2 and I combine to
I3 + 17 = VoV (pe * we)
which is compact in L2((0,T) x R%) and converges to Vi Vp. Therefore,

div(Vepe) * we = Ap(Tar(pe)) * we + VoV (pe * we) + R, (9.6.2)
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where the first two terms are compact in L2((0,T) x R?) (see also (9.6.1)) while

C
eV M log'/?*(M)

The conclusion follows by choosing M such that e2M log'/? M = 1.

IRl < Cev/M +

Remark 9.6.1. In arbitrary dimension d, if we knew that {p. }. is uniformly integrable in L*((0,7T")x
R%), i.e.
tim [lp21, -1z =0, (9.6.3)

we could conclude in an easier way. Indeed, assuming that y Vw(y) € L'(R%), one can estimate

”I§4HL$T < ||1/’p€]lp52M||L$7z Iy Vwe(y)l|zr < C ”d’ps]lpzZM”Lfyz-

Choosing M = %, we conclude. The condition (9.6.3) can be relaxed to be satisfied locally when
w is compactly supported. We stress that we do not have any a priori estimate implying (9.6.3).
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Annexe A

On the inviscid limit connecting
Brinkman’s and Darcy’s models of
tissue growth with nonlinear
pressure

Abstract

Several recent papers have addressed modelling of the tissue growth by the multi-phase models
where the velocity is related to the pressure by one of the physical laws (Stoke’s, Brinkman’s
or Darcy’s). While each of these models has been extensively studied, not so much is known
about the connection between them. In the recent paper (arXiv :2303.10620), assuming the
linear form of the pressure, the Authors connected two multi-phase models by an inviscid limit :
the viscoelastic one (of Brinkman’s type) and the inviscid one (of Darcy’s type). Here, we prove
that the same is true for a nonlinear, power-law pressure. The new ingredient is that we use
relation between the pressure p and the Brinkman potential W to deduce compactness in space
of p from the compactness in space of W.

2010 Mathematics Subject Classification. 35K45, 35K65, 35J60, 35Q92, 92C10.
Keywords and phrases. tissue growth, nonlocal equation, inviscid limit, nonlocal-to-local limit,
Brinkman’s law, Darcy’s law.

A.1 Introduction

Last years brought deep understanding of mechanical models of tissue growth. These models are
based on the continuity equation for the density p

Op + div(pv) = 0,

where the velocity v is linked to the pressure p which is assumed to be a power-law function
of density p i.e. p(p) = p? for some v > 1. The most widely studied one, Darcy’s law, asserts
that the velocity v = —Vp. Such approach has been thoroughly studied [118, , , ,

313
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], also in the context of two populations |64, , , , , |, presence of a nutrient
[290, 119], more general Patlak-Keller-Segel equation [211] or additional advection effects [120,
]. Another approach is the Brinkman’s law [126, , , , |. Here, velocity equals
v = —VW where W solves an elliptic equation
—cAW + W =p,

for some small o > 0. In this approach, the velocity enjoys higher regularity due to elliptic regu-
larity theory. Last but not least, one can consider the Stoke’s law where the velocity is given by
the corresponding Navier-Stokes(-Korteweg) equation [322, 2541, 245] or with additional surface-
tension effects [154, , , | by including Cahn-Hilliard-type terms.

Most of the studies discussed above have been carried out to in the context of so-called incompres-
sible limit. This procedure links mechanistic models and free-boundary problems extensively used
in the context of tumor growth [66]. Mathematically, the limit corresponds to sending v — oo
in the pressure relation p(p) = p7. In the limit, p < 1 and the zone Q; := {x : p(¢,z) = 1} is
interpreted as a tumor resulting in the free boundary problem which has been extensively stu-
died, see for instance [228, , , |. In this context, it is worth mentioning another form of
the pressure p(p) = ¢ ﬁ which enforces the density to stay below 1 so it is useful for modeling
populations with congestion constraints, see [213, , 60, 61, |. For such pressure laws, one
can also study incompressible limit by sending ¢ — 0.

In the present work, we are interested in linking the two populations model of Brinkman’s type
with the one of Darcy’s type. Hence, we consider the system of PDEs posed on [0, T] x R?

Oy — div(ue VW, ) = uy F(ps ), Oy — div(v, VW,) = vs G(ps), (A.1.1)

where u,, v, are densities of two populations of interest, p = (uy + vy )? is the pressure, v > 1
and W, is the solution of the elliptic equation

—0 AW, + W, = p, (A.1.2)

corresponding to the so-called Brinkman’s law. Our target is to rigorously justify the limit ¢ — 0
where we expect the Darcy’s law W = p = (u + v)” and the densities u, v satisfy

Opu — div(uVp) = u F(p), Opv — div(vVp) = v G(p). (A.1.3)

In [117], the case of v = 1 was established. Here, we study the nonlinear case v > 1. As discussed
above, from the point of view of free boundary models, large v is more physically relevant and
this motivates our studies.

We first list the assumptions which are standard in the theory of (A.1.1).
Assumption A.1.1. We assume that :

(A) The nonlinearities F, G belong to C*(R) and they are strictly decreasing : F',G’ < —a < 0
for some a > 0. Moreover, there exists pg > 0 (the so-called homeostatic pressure) such
that F(py) = G(pg) = 0.

(B) The initial condition (u°,v?) is nonnegative and satisfies the following : the upper bound
(u® + v")Y < pg, the mass bound [5,(u® + v°)dz < C and the tail estimate [p,(u® +
)|z dz < C.

The weak solutions to the systems (A.1.1)-(A.1.2) and (A.1.3) are defined as follows :
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Definition A.1.2 (Weak solutions to the Brinkman system). We say that (u,,v,) is a weak
solution of (A.1.1)-(A.1.2) with initial condition (u°,v°) if uy,v, € L>(0,T; L*(R%) N L>°(R%))
and for all ¢ € C°([0,T) x R%) and ¢ € C°([0,T) x R?) :

T
/ / U 8tgodxdt+/ ©(0,2)u’(z) dz =
0 Jrd Rd
T T
:/ / uUVWU-Vgodxdt—/ / ue F(py)p da dt,
0 R4 0 Rd

/OT /Rd Vo Oppda dt + /Rd (0, 2)0° () dz =

T T
:/ / UUVWU-V¢dxdt—/ / Ve G(py )@ dx dt,
0 R4 0 Rd

with p, = (ug + v5)? and —AW, + W, = p, a.e. in (0,7) x R?,

We note that the terms u, VW,, v, VW, make sense. Indeed, one can write W, = K, *p, where
K, is a fundamental solution of —cAK, + K, = dp. It is well-known (see, for instance, [291, eq.
(2.6)]) that K, > 0, [pa Ko dz =1 and VK, € L'(R?) where the last estimate blows up when
o — 0. Therefore, for o fixed, VW, € L>(0,T; L4(R%)) for all g € [1, 00].

Definition A.1.3 (Weak solutions to the Darcy system). We say that (u,v) is a weak solution
of (A.1.3) with initial condition (u°,v°) and p = (u + v)? if u,v € L*(0, T; L*(R?) N L>(R?)),
Vp € L%((0,T) x RY) and for all p € C2°([0,T) x R?) and ¢ € C°([0,T) x R?) :

T
/ / u@tcpdxdt—l—/ ©(0, 2)u’(x) dx =
0o Jre R4

T T
:/ / uVp - Vodzdt —/ / uF (p)pdxdt,
0 Jre o Jre

/OT /Rdvatci)dxdt+/Rd (0, 2)0° () de —

:/OT/Rdep-ngdxdt—/OT/RdvG(p)gbdxdt.

The existence of weak solutions to the Brinkman system is given by the following result.

Theorem A.1.4. Under Assumption A.1.1, there exists a weak solution (u,,v,) to the sys-

tem (A.1.1)-(A.1.2) in the sense of Definition A.1.2. Moreover, the solution is uniformly bounded
0 < (ug +v5)" < pp. (A.14)

The existence result is fairly standard and it is based on suitable regularizations. Nevertheless,
it contains few interesting technical difficulties, therefore we present the proof in the Appendix
A.5.1. Let us point that the uniform bound (A.1.4) is the direct consequence of the maximum
principle in [318, Lemma 2.1].

Our main result is the rigorous justification the limit ¢ — 0.
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Theorem A.1.5 (Brinkman to Darcy). Let (uq,v,) be a weak solution of system (A.1.1)-(A.1.2)
as in Theorem A.1.4. Then, as o0 — 0, we can extract a subsequence (not relabeled) such that

Uug —u  weakly* in L°((0,T) x RY) and weakly in LI((0,T) x RY) for 1 < q < oo,
vy = v weakly* in L=((0,T) x R?) and weakly in LI((0,T) x RY) for 1 < q < oo,
pe — p  strongly in LY((0,T) x RY) for all 1 < q < 400,

W, —p  strongly in L*(0,T; HY(RY)) N LY((0,T) x RY) for all 1 < ¢ < +o0,

with p = (u 4+ v)Y. Moreover (u,v) is a weak solution of (A.1.3) as in Definition A.1.5.

Let us briefly outline the strategy. The main difficulty is to pass to the limit in the terms u, VW,
and v, VW, . It seems that there is no hope for the strong compactness of u, and v, because
this requires at least uniform bounds on {D?W,} (cf. |12]) which does not seem to be available
(see (A.2.2) for the energy identity). Therefore, we plan to prove strong compactness of {VIV,}
in L2((0,T) x R%) by proving weak compactness and convergences of norms :

VW, — Vp in L*((0,T) x RY), lim IVWollZ2 0.1y xray = VP12 0.1y x>

which was recently applied in several problems of similar nature [226, , , ]. This can be
achieved if one proves strong compactness of {p, }. Indeed, weak compactness of {VW,} is then
a consequence of the energy estimate (A.2.2) and the elliptic equation (A.1.2). The convergence
of norms follows from the energy : we compare energy (A.2.2) for 0 — 0 with the energy for

Or(u+v) — div((u +v) Vp) = u F(p) + v G(p),

which can be written because {p, } is strongly compact.

It remains to explain how we obtain strong compactness of the pressures {p,}. From a priori
estimates (Proposition A.2.1) we know that {p,} is compact in time while {W,} is compact
in space. Moreover, the term o AW, converges strongly to 0. Therefore, we can use the elliptic
equation (A.1.2) to translate information about compactness of {W,} into compactness of {p, }.
Details are given in Lemma A.3.2 and Lemma A.3.4.

We also remark that our method covers the linear case v = 1 studied in [117]. The only difference
is that the energy identity used to obtain all the estimates and deduce strong compactness of
{VW,} is deduced by multiplying equation for the sum u, + v, with log(u, + v, ). Some care
is necessary as this function may not be admissible in the vacuum where u, + v, = 0 and the
details are discussed in [117].

Finally, let us remark that the problem of passing to the limit from (A.1.1) to (A.1.3) can be seen
in a much broader context of passing to the limit from the nonlocal equation to the local one.
More precisely, (A.1.2) can be written as W, = K, * p, where K, is a kernel approaching Dirac
mass &g so that W = p in the limit 0 — 0. Such problems are intesively studied for several PDEs,
including porous media equation [93, 65, , 212], Cahn-Hilliard equation (both nondegenerate
[123, 121] and degenerate [155, 81]) and hyperbolic conservation laws [109].

A.2 A priori estimates

Here, we prove the following :
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Proposition A.2.1. Let o > 0. Let (uq,v,) be a weak solution of (A.1.1)—(A.1.2). Then, the
following sequences are uniformly bounded with respect to o € (0,1) :

(A) {ps} and {W,} in L>=(0,T; L' (RY) N L>°(R%)),
(B) {VW,} in L*((0,T) x R%),

(C) {V/& AW, } in L2((0,T) x RY) |

(D) {0po} in L*(0,T; H, 5(RY)), for s large enough,

(E) {po |2} in L>(0,T; L' (R7)),

Démonstration. First, the L estimate for p, is a direct consequence of (A.1.4) and the same is
true for W, = K, *p, because [p, K, dz = 1. The estimates (A), (B) and (C) are a consequence
of energy considerations. The equation for the sum u, + v, reads :

Ot (g + v5) — div((uy + 15 )VW4) = us F(ps) + vo G(ps)- (A.2.1)

We multiply with v (u, 4+ v,)?~! and integrate in space so that

at/ podax + v (v — 1)/ (ug + v,)7 1 V(ug +v5) - VW, dz =
Rd Rd
= [t Fpe) + v Glpo)) s + ) i,
Rd

which, with (A.1.2), can be rewritten as

at/ po da + (y — 1)/ VW, |2 + o| AW, | da
e Re (A.2.2)

2’7/ (uo F(po) + vo G(po))(uU‘FUU)'Y_l dz < C Do d,
Rd Rd

because p, is uniformly bounded and F, G are continuous. Finally, we have ||[W, ;1 ge) =
1Ko * Doll L1 (re) = [P |1 (mey Which concludes the proof of (A), (B) and (C).

Next, we establish the bound (D) on 9;p,. We first write the equation on p which can be obtained
after multiplying (A.2.1) by v(ue + v5)7 71 :

0tpo = Vpo VWo + v pe AW, + 7 (Ue F(ps) + 05G(ps)) (U0 + Ua)771~

First note that the last term on the right-hand side is bounded in L>°((0, T') x R%) by assumptions
on F' and G. In order to obtain a bound on J;p, in a negative Sobolev spaces, we see that, up
to integration by parts, it remains to study the term p,AW,. Let ¢ be a smooth, compactly
supported test function. Then, by definition of W,

/degAWUcpdx: —U/Rd|AWU\290dx—/Rd|VWJ|2godx—/Rd W,VW, - Vpdz.

The proof of (D) is concluded using (A), (B) and (C). Now, we prove (E). Since p, is bounded in
L we only need to prove that u, and v, have uniformly bounded second moments. We compute
it for u, and the proof is similar for v,

at/ |x|2ugdﬂc+2/ ugVWU-xdm:/ |z|?uy F(py) da.
R R R4
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Integrating in time, using Cauchy-Schwartz inequality, estimate (B), assumptions on F' and
Gronwall’s inequality, we obtain the result. O

A.3 Strong compactness of the pressure

Proposition A.3.1. There exist functions u, v and p such that p = (u+v)" a.e. and such that

up to a subsequence (not relabelled) for all 1 < g < oo :
Uy — u  weakly* in L>((0,T) x RY) and weakly in LI((0,T) x R?), ( )
vy — v weakly* in L>°((0,T) x RY) and weakly in LI((0,T) x R?), ( )
cAW, — 0 strongly in L*((0,T) x R%), ( )
pe —p  strongly in L9((0,T) x R%), (A.34)
W, —p weakly in L*(0,T; H'(R?)), strongly in L1((0,T) x R?) for ¢ > 1, ( )
Uy + 0y = u+v strongly in LY((0,T) x R?), ( )
(g +v5)(T) = (u+v)(T) weakly in L7 (RY). ( )

The crucial step in the proof of Proposition A.3.1 is the strong compactness of the pressure p,
which will be achieved by the following lemma which in the spirit is a version of Lions-Aubin-
Simon’s argument [314].

Lemma A.3.2. Suppose that for each compact set K C R¢

T
lim / / |po(t, 4+ y) — po(t, )| dx dt = 0 uniformly in o € (0,1). (A.3.8)
y—0 0 K

Moreover, assume that {Oyp,} is bounded in L*(0,T; H,*(R?)) for some s > 0 and {p, |z|*} is
uniformly bounded in L*((0,T) xR9). Then, the sequence {p, } is strongly compact in L*((0,T) x
R%).

Remark A.3.3. Several variants of this result are possible. For instance, one can have more general
assumption on the time derivative or one can also formulate it in for the space LP((0,T) x R?)
space with p > 1. Another trivial generalization is that the tail estimate could be replaced with
more general tightness assumption.

Proof of Lemma A.3.2. In view of the Riesz-Kolmogorov-Frechet theorem, to establish local com-
pactness it is sufficient to prove

T—h
lim / |po(t + h, ) — po(t, )| dzdt = 0 uniformly in o € (0, 1)
h—0 Jo K

for each compact set K C R?. Using a family of smooth, compactly supported mollifiers {5}
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with é depending on h, we have
T—h
/ / |po(t + h,z) — po(t,z)|dedt <

0 K

T—h

S‘/ / |p0(t+hax)_pa(t+h,$)*(,0§|dl'dt
0 K
T—h
+/ / |po(t, ) — po(t,x) * ps| da dt
0 K

T—h
+/ / Do * 0s5(t + h, ) — Py * @s(t, )| da dt.
0 K

The first two terms converge to 0 when § — 0, independently of h, as a consequence of (A.3.8).
Hence, we only need to study the third term. We write

1
pg*go(;(t—!—h,x)—pg*gog(t,x):h/ Otpo * 0s(t + sh,x)ds.
0

Therefore, the term of interest can be estimated by

T—h
e
0 K

1 T—h
SCh/ / / |8tpg*(p5<t+8h,$(})|d$dtd8SCh”atpg*905||L1((07T)><K),
0 0 K

1
/ Otpo * ps(t + sh,x)ds|dedt <
0

where we applied Fubini’s theorem. It remains to estimate the convolution. We have

Orpo * ps(t, ) = /d Oepo(t,y) ps(x —y) dy < |0po (b )| y-: sl e,
-y -

Applying the L'((0,T) x K) norm we obtain

C(K)
10epo * @sllromyxr) < IK 0ol my:  Nesllas < 527

Choosing h = 6'+574/2 we obtain compactness of {p,} on (0,T) x K for each compact set K.

To obtain global compactness, we perform a usual argument which uses the decay estimate. Let
B,, be the sequence of balls B(0,n). By the diagonal method, we construct a subsequence such
that p, — p in L'((0,T) x B,,) for each n € N. Then,

o —p||L1((0,T)de) < |lpo — p||L1((O,T)><Bn) + [lpo — p||L1((0,T)><(le\Bn))

< lpo —pllr(0,1)xBn) + 2
where C' = sup,¢(o,1) [[Po |22[| 1 ((0,7) xRre) and we used, that by Fatou lemma,
Pl |l L1 (0,7 xra) < h}fn_jgf 9o 12121 L1 ((0,7) xRY) -

Hence, limsup,_,q [|Po — pll21((0,1)xRrd) < % for all n which concludes the proof. O
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By interpolation, we deduce :

Lemma A.3.4. The sequence of pressures {p,} is strongly compact in L1((0,T) x R%) for all
1< g < +o0.

It turns out that the sequence of pressures {p,} satisfies (A.3.8).
Proof of (A.3.8). We recall the definition of the Brinkman law

Py = —c AW, + W,.

First note that —c AW, converges strongly to 0 in L?((0,7) x R?) as a consequence of (C). In
particular it is compact and by the converse of the Riesz-Kolmogorov-Frechet theorem we deduce

T
lim / / |cAW, (t,x +y) — c AW, (¢, x)| dz dt = 0 uniformly in o € (0, 1).
o JK

y—0

To conclude the proof of (A.3.8) in remains to prove that

y—0

T
lim / / W, (t,z +y) — W,(t,z)|de dt = 0 uniformly in o € (0, 1).
0 JK
This is a simple consequence of the formula
1
Walt,o+y) ~ Walt.o) = [ W, (ta+sy)-yds
0

and the uniform bound (B) (note that we work on the compact set K so that L?(K) embeds
into L'(K)).
O

Proof of Proposition A.3.1. Convergences (A.3.1), (A.3.2), (A.3.3) follow from Proposition A.2.1
and nonnegativity of us, v,. The strong convergence of the pressure (A.3.4) is a consequence
of Lemma A.3.4. Combining this convergence and (A.3.3) we deduce the strong convergence in
L? of W, and then in every L? (except ¢ = 1,00) by interpolation using (A). Using also the
estimate (B), we deduce the weak convergence of VW, and conclude the proof of (A.3.5). The
convergence (A.3.6) is a consequence of (A.3.4) : indeed we can extract a subsequence of pres-
sures that converge a.e. so that u, + v, converges a.e. Due to the uniform L bound (A) and
tail estimate (E), Vitali convergence theorem implies (A.3.6).

Finally, we prove (A.3.7). We adapt the argument from [54, Lemma I1.5.9]. First, we prove that
(us +v,)(T) makes sense as an element of LY(R?). Let ns = $+1[_s0 and f5(t, ) = (us +vs) %15
where the convolution is a convolution in time. As ug+v, € L>(0,T; LY(RY)), || f5(T, )| 1+ (ray <
C independently of § > 0. Hence, up to a subsequence, f5(T) — f in L?(R?) and it remains to
prove f = (u, + v, )(T). Let ¢ € C(R?). Since

fs(T,z)Y(x)da = [/]Rd (ug + Vo) () Y(x) da | xns(T) (A.3.9)

Rd
and the function ¢ — [p.(us + vs) 9 (x)dx is continuous (it can be easily seen that the se-
quence {0;(us + v,)} is uniformly bounded in L2(0,T; H;,}(R?%)) and such regularity implies
also continuity in C(0,T; H, ! (R%)), see [302, Lemma 7.1]), the (RHS) of (A.3.9) converges to

loc
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Jgi(uo(T) + vo(T)) 9(z) dz so that f = (u, + v,)(T) a.e. on R? Exactly the same argument
shows that (u + v)(T') makes sense because, thanks to convergences (A.3.1), (A.3.2), (A.3.5),
(A.3.6), we can pass to the limit o — 0 and deduce the same weak formulation

T T
/ / (u—!—v)@tnpdxdt—F/ (uo—l—vo)ga(O)dx—/ / (u+v)Vp-Vedrdt =
0 Jrd R 0o Jrd

T T
:/ / uF(p)dxdt—i—/ / vG(p)dz dt,
0 Jre 0 Jrd

which implies continuity of ¢ — [, (u+v) ¢ (x) dw.

(A.3.10)

The argument above shows that the sequence {(u, + v,)(T)} is bounded in L7(R?) so it has
a subsequence converging to some s € LY(R%) when o — 0. We claim that s = (u + v)(T). To
this end, we consider the weak formulation from Definition A.1.2 with test function of the form
P(x)ns(t) where ns = 1 on [0, — 28], ns = 0 on [T — 6,7] and it is linear interpolation on
[T — 26, T — 6] (such function is admissible by density as it has Sobolev derivative). By weak
continuity, as 6 — 0,

T 1 [T-6
/ / (U + vo)(t, ) P(x)Ons (t) dx dt = 5 / (U + vo)(t, z) Y(x) da dt
0 R4 Rd

T—26

20 (g 4+ 0,)(Ty2) (z) de 2= [ s(z) ¥() da-
R4 R4

We can apply the same limiting procedure § — 0 in the weak formulation (A.3.10). By comparing
the results, we deduce that s = (u+ v)(T) a.e. on R? and this concludes the proof. O

A.4 Strong convergence of VIW, and conclusion

Proof of Theorem A.1.5. Due to the weak convergence of u, and v,, cf. (A.3.1)—(A.3.2), to pass
to the limit in (A.1.1), it is sufficient to prove strong convergence of VW,. As VW, — Vp, it is
sufficient to prove convergence of L? norms, i.e.

||VW0||%2((0,T)de) - ||Vp||%2((O,T)><Rd)'
By the properties of the weak convergence
2 . 2
||Vp||L2((0,T)de) < llgljgf ||VWU||L2((07T)><]Rd) : (A1)
so we only need to estimate limsup,_,,. The idea is to pass to the limit in Equation (A.2.1).

First, due to the strong compactness of u + v and p in Proposition A.3.1, we can pass to the
limit in Equation (A.2.1) and obtain (in the weak sense)

O¢(u+v) —div((u +v)Vp) = u F(p) + v G(p). (A.4.2)

We can test this equation with v(u + v)?Y~! (see Remark A.4.1 below for the precise argument)
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and we obtain after integrating in time

T
/p(T,x)dx+('y—1)/ / Vp[2 da dt =
R4 0 Rd

- (A.4.3)
:/ () der’y/ / (WF(p) + v G{))(u+v) dedt.
R? 0o Jre
Note that (A.3.7) implies
/ p(T,z)dx < lim inf/ po (T, z) dx (A.4.4)
Rd o—0 Rd

by the weak lower semicontinuity of the norm. Integrating (A.2.2) in time from [0, 7] and applying
limsup,_,, we see that

(v—1) hmsup/ / VW, |2dxdt</ O(z) da +

o0 (A.4.5)
+fy/ / (uF(p) +vG(p))(u+v) tdedt — hminf/ po (T, z) dx.
0 Rd o—0 Rd
Combining (A.4.3), (A.4.4) and (A.4.5) we see that
hmjgp ||VW0||2L2((0,T)XRd) < ||VP||2L2((07T)><Rd) . (A.4.6)
which together with (A.4.1) concludes the proof. O

Remark A.4.1. To make integration by parts rigorous, we test equation with

Y(u+v)" " Yr(x)

where 1 is a smooth function such that ¢¥r(z) =1 for |z| < R, ¢¥r(x) =0 for || > R+ 1 and
|| < 1. Then, the integration by parts is justified and we obtain

T T
v—1) / / |Vp2 r(z)dzdt + v / / pVpr)' dx dt.
0 JR4 0 JR<|z|<R+1

The first term converges to (y — 1) [pa |[Vp|? Yr(2) dz by the dominated convergence theorem.
For the second term, we note that p Vp € L'((0,7) x R?) (in fact, we have even better) so this
term converges to 0 again by the dominated convergence theorem.

Remark A.4.2. Similarly, to make testing (A.4.2) with v (u+v)?~! rigorous, one mollifies (A.4.2)
both in time and space with 7(¢) %.(x). Then, one tests (A.4.2) with v ((u + v) * ns * )71
so that the usual chain rule in Sobolev spaces can be applied resulting in the term of the form
Jga((u+v) %05 %)Y (T, z) dz. Then, one sends § — 0 using weak continuity of the sum (u + v)
as in the proof of Proposition A.3.1 and then ¢ — 0 using the properties of the mollifiers.
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A.5 Appendix

A.5.1 Proof of Theorem A.1.4 (existence result)

Here, we prove existence of solutions to the system (A.1.1) by introducing an artificial diffusion.
We also recall the uniform (in terms of v and o) L° bounds from [318].

We rewrite (A.1.1) as follows

8tu—Vu-VW—lu(W—p)=uF(p), 8t’U—V’U~VW—lU(W—p)=UG(p),
1% 1%

where we skipped the lower index o as o is fixed. It is useful to write W = K, * p where K,
is a fundamental solution —cAK, + K, = d9 and p = (u + v)?. We regularize the problem
in three ways. First, we introduce diffusion. Second, we mollify K, with a usual mollifier ws
(i.e. ws(z) = s7w(x/d) where w is smooth, supported in the unit ball and of mass 1). Third,
we truncate all nonlinearities by the truncation operator Q(p) = ply<op, + 2pm Lp>2p, - The
resulting system reads

Ou — eAu — Vu - VWWs = %u (W5 = Q(p)) +u F(Q(p)),

Opv — eAv = Vo - VW; = éu (Ws — Q(p)) + v G(Q(p)), (A.5.1)

Ws = K, xws * Q(p),

where p = (u + v)?. By properties of convolutions, VIWWs = K, * Vws * Q(p) so that (A.5.1)
can be considered as a semilinear parabolic system with Lipschitz nonlinearities which are well-
understood [246, |. Hence, it has a nonnegative solution (u,v).

Now, following [318, Lemma 2.1], we claim that p < pg. To this end, we sum up equations for
u, v and multiply by v (u + v)Y~! to obtain

Op — ey A(u+v) (u+v)"" = Vp- VWs =

~ » (A.5.2)
= —p(Ws = Qp)) +7 (u+v)"" (wF(Q(p)) +v G(Qp)))-

Since at t = 0, p < py, if the estimate is not satisfied, by continuity there is time ¢ > 0 where
p(t,-) reaches its maximum with value in (pg,2pg). Let * be a point where this happens. At
this point, Vp = 0, A(u + v) < 0 (because the function u + v = p'/7 reaches its maximum).
Furthermore, the source term is strictly negative due to (A) in Assumption A.l1.1. Finally, we
note that by Young’s convolutional inequality

Wis(t,2") = p(t,27) < |p(t, ) lloo [ Ko 1 lws]lx = [[p(¢,)[loo =0
so that the term W5 — p at x* is nonpositive. We conclude that
Op(t,x™) <0

so that p cannot become greater than py. We conclude that Q(p) = p in (A.5.1).

Now, we send § — 0. We write us and v; for solutions to (A.5.1), ps = (us +vs)? for the pressure
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and Ws = K, *ws*ps. First, thanks to the presence of diffusion and VK, € L' (Rd), the sequences
{us} and {vs} are locally compact in L4((0,T) x R?) for all ¢ < oo by usual Lions-Aubin lemma
and interpolation in Lebesgue spaces. As a consequence, it is easy to pass to the limit in the
source terms. The nontrivial part is to pass to the limit in the advection term. To identify the
limit we write

T T
/ Vu5~VW5g0:—/ / us AWs o +us VWs - V.
0 JR4 0 Rd

Hence, it is sufficient to prove that AW;s and VWs converge at least weakly to the appropriate li-
mits. However, these sequences are bounded in L*°((0, 7') xR%) because AW = %(p(g —psx K )*ws
and VW5 = VK, * ps *xws. Therefore, up to a subsequence, they have weak™ limits which equals
AW and VW with W = K, % p due to the strong compactness of us and vs.

In the limit § — 0, we obtain the system
Oru — eAu — div(u VW) = u F(p), O —eAv — div(v VW) = v G(p), (A.5.3)

where W = K, *p and it remains to remove the diffusion, i.e. send € — 0. Again, we write u. and
v, for solutions to (A.5.3), p. = (ue + v.)" for the pressure and W, = K, * p.. Clearly, u. — u
and v. = v in L>((0,T) x R%). Moreover, standard computations show that {d;u.}, {9v-}
are uniformly bounded in L?(0,T; H~'(R?)). We prove that both sequences {u.} and {v.} are
strongly compact in space so that by Lemma A.3.2, we deduce strong compactness. The same
will follow for the pressure p. so that VW, = VK,  p. converges in L*((0,T) x R?) to VK, *p
and so, by interpolation, in LI((0,T) x R%) for all ¢ € [1,2). This is sufficient to pass to the limit
in (A.5.3).

The proof of compactness in space follows the method of Jabin and Belgacem [42] (the only
difference is that we deal with an additional source term). Let us recall that [12] deals with
compactness for the conservative equations

Orue — eAue — div(ue a:) =0,

where a. is the vector field satisfying the following :

L. sup.¢(o,1) [| div aEHLOO((O,T)de) < 0,

2. sup.¢(0,1) llaell =0, 7;wrp(may) < oo for some p > 1,

3. diva, = d. + r. where d. is compact in space while r. is such that |r.(z) — r-(y)] <

C lue () — ue(y)]-

In our case, a. = VW, satisfies (1) and (2). Indeed, divVW, = AW, = %(pg — K, *pe) is
uniformly bounded. Furthemore, it is easy to see, for instance from (A.5.2), that {p.} is uni-
formly bounded in L>(0,T; L'(R)) so that it is bounded in L>(0,T; L?(R?)). Hence, {AW.} is
bounded in L*°(0, T; L?*(R%)) which easily implies that {W.} is bounded in L>(0,T; W?2(R%))
so that (2) holds true with p = 2.

Concerning (3), it is satisfied in a weaker sense. We have d. = W, (it is compact in space by the
estimate on {VW,}) and r. = p. which satisfies (by the uniform boundedness of {u.} and {v.})

|re(t,z) — re(t,y)| < Cluc(t,x) — ue(t,y)| + C v (t, ) — ve(t,y)], (A.5.4)

so that the estimate depends on both species. Below, we briefly explain a simple modification of
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argument in [42] to cover the case of (A.5.4) as well as how to include the source terms.

The compactness in [42] is established by analysis of the quantity

Q0= [ [ Kula=plut.a) = u(t.g)|dr

where Kj is a smooth, nonnegative kernel, supported in the ball By(0) such that Kp(z) =

W on By (0). Similarly, we define Q,,_(t). It can be proved, cf. [12, Lemma 3.1], that the

sequence {u.} is locally compact in space in L'((0,T) x R?) if

hm lim sup —— |10gh| / Q.. (t)dt =0. (A.5.5)

e—0

Then, one computes %Que using the PDE on u.. Applying [42, proof of Theorem 1.2] with new
assumption (A.5.4) and additional source term we deduce

Q1000 +C [ (Qu()+Qu () s +0 5
0
+/0 / | K@ = )lde(t, @) = de(t, )| de dy ds (A.5.6)
+/0 /Rd » Kn(z —y)|ue(z)F(pe(2)) — ue(y)F (pe(y))| dz dy ds.

The last integral can be bounded by C fot (Qu.(8) + Qu.(5)) ds. Now, to deduce compactness,
we write the same expression as (A.5.6) for Q,_(¢) and we sum up to deduce

Q..+ 2.0 £, (0)+ 0. 0) +C | (09 + Q) ds+C 5

¢
+ / / Kn(x —y)|de(t,x) — de(t,y)| dz dy ds.
0 Jrd JRrd

Now, it is easy to see that since {Vd.} is uniformly bounded in L((0,7) x R%), the last term is
bounded by a constant. Hence, Gronwall’s inequality and (A.5.5) imply compactness in space of

{uc} and {v.}.
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ETUDE MATHEMATIQUE D’EQUATIONS
DE TYPE CAHN-HILLIARD DEGENEREES

Résumé

Nous étudions des équations de type Cahn-Hilliard, équation qui fut introduite pour décrire la séparation
de phases dans les systémes multi-composants. Les résultats obtenus dans ce travail ont été motivés par
des applications biologiques, notamment la formation de tissus et la croissance de tumeurs, ainsi que par
des applications physiques, tels que les écoulements de fluides impliquant des phénoménes de tension de
surface.

La premiére partie de cette thése est une analyse de la relation entre ’équation de Cahn-Hilliard et les
modéles Hele-Shaw, qui sont fréquemment utilisés pour modéliser ’écoulement des fluides ou I’évolution
de tumeurs cancéreuses dans des espaces confinés. Nous examinons en particulier comment obtenir les
modéles Hele-Shaw dans la limite dite incompressible de I’équation de Cahn-Hilliard. La deuxiéme partie
de la thése se concentre sur I'étude de I'équation de Cahn-Hilliard non-locale (et ses variations) et sa
convergence vers ’équation locale. Cette équation, qui peut étre dérivée rigoureusement & partir d'un
systéme de particules en interaction, est obtenue en remplacant le laplacien, qui est un terme local, par
une approximation non-locale prenant en compte les interactions a longue distance entre les composants.
Nous montrons que la solution de ’équation non-locale converge vers la solution de I’équation locale dans
la limite d’interaction & courte distance. La troisiéme partie de la thése se penche sur I’étude des modéles
de fluides plus classiques, tels que les équations d’Euler et de Navier-Stokes, qui intégrent des phénoménes
de tension de surface. Ces modéles sont utilisés pour décrire les écoulements de fluides ou les mouvements
de cellules dans lesquels les forces interfaciales jouent un roéle important. La quatriéme partie juxtapose
la théorie cinétique, traditionnellement employée pour la représentation de phénoménes physiques & une
échelle mésoscopique, avec ’équation de Cahn-Hilliard. Notre étude se concentre spécifiquement sur
I’équation de Vlasov-Cahn-Hilliard, qui décrit les processus de transition de phase.

Mots clés : Cahn-Hilliard, limite incompressible, tension de surface, analyse asymptotique, flow gra-
dient

Abstract

We study Cahn-Hilliard type equations, an equation that was introduced to describe phase separation
in multi-component systems. The results obtained in this work have been motivated by biological
applications, such as tissue formation and tumor growth, as well as physical applications, such as fluid
flows involving surface tension phenomena.

The first part of this thesis is an analysis of the relationship between the Cahn-Hilliard equation and
the Hele-Shaw models, which are frequently used to model fluid flow or the evolution of cancerous
tumors in confined spaces. In particular, we examine how to obtain Hele-Shaw models in the so-called
incompressible limit of the Cahn-Hilliard equation. The second part of the thesis focuses on the study of
the non-local Cahn-Hilliard equation (and its variations) and its convergence to the local equation. This
equation, which can be derived rigorously from a system of interacting particles, is obtained by replacing
the Laplacian, which is a local term, by a non-local approximation taking into account the long range
interactions between the components. We show that the solution of the non-local equation converges
to the solution of the local equation in the short range interaction limit. The third part of the thesis
focuses on the study of more classical fluid models, such as the Euler and Navier-Stokes equations, which
incorporate surface tension phenomena. These models are used to describe fluid flows or cell motions in
which interfacial forces play an important role. The fourth part juxtaposes kinetic theory, traditionally
used to represent physical phenomena on a mesoscopic scale, with the Cahn-Hilliard equation. Our study
focuses specifically on the Vlasov-Cahn-Hilliard equation, which describes phase transition processes.

Keywords: Cahn-Hilliard, incompressible limit, surface tension, asymptotic analysis, gradient flows
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