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Abstract

Abstract

This master’s thesis addresses the mathematical and numerical modelling of collective move-
ment in thin biological tissues, epithelia. It is part of a long-standing project, initiated by a
team of biophysicists, whose aim is to improve knowledge of the biophysical mechanisms in-
volved in developmental biology. From our point of view, the behavior of epithelia is described
by a viscoelastic fluid model. The laws associated with it then lead to the formulation of the
problem as a coupled system of time-dependent partial differential equations. The transition to
a variational formulation is based on the discontinuous Galerkin method and allows to obtain
first results in the inelastic case. These results are compared with the experimental data avail-
able to the above-mentioned team of biophysicists, which gives us the opportunity to identify
the limits of our model and the perspectives to be considered.

Keywords: Collective cell migration in epithelial tissues; shallow viscoelastic fluids; asymp-
totic expansion; thin-layer approximation; variational formulation; discontinuous Galerkin method;
comparison with experimental data.

Résumé

Ce mémoire aborde la modélisation mathématique et numérique du mouvement collectif dans
des tissus biologiques minces, les épithéliums. Elle s’inscrit dans un projet de longue date,
initié par une équipe de biophysiciens, dont le but est d’améliorer les connaissances sur les
mécanismes biophysiques qui intervienent en biologie du développement. De notre point de
vue, le comportement des épithéliums est décrit par un modele de type fluide viscoélastique.
Les lois qui lui sont associées ameénent alors a formuler le probléme sous la forme d’un systeme
couplé d’équations aux dérivées partielles dépendantes du temps. Le passage a une formulation
variationnelle s’appuie sur la méthode de Galerkin discontinue et permet d’obtenir de premiers
résultats dans le cas non élastique. Ces résultats sont comparés avec les données expérimen-
tales dont dispose 1’équipe de biophysiciens déja mentionnée, ce qui nous offre la possibilité de
dégager les limites de notre modele et les perspectives a envisager.

Mots-clés: Migration cellulaire collective dans les épithéliums; fluides viscoélastiques minces;
analyse asymptotique; approximation en couche mince; formulation variationnelle; méthode de
Galerkin discontinue; comparaison avec des données expérimentales.
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Notations

Domain description

Notation Description

A(t) flow domain at time ¢

L(t) upper free surface at time ¢

Iy lower horizontal plane substrate in 3D

I' = T'opstacte U Iwan vertical obstacles and domain limits

Q lower horizontal plane substrate in 2D

Qu(t) = h(t,-)"Y([he, +00o]) tissue domain for the thin layer approximation
n outer unit normal vector in 3D

v outer unit normal vector in 2D

Material parameters

Notation Description Unit Num. exp.
u cell velocity field m-s

) fluid density kg - m~3

h cell height kg - m~3

o Cauchy stress tensor N-m~2

T elastic stress tensor N-m~2

P pressure Pa

Nm viscosity of the material Pa-s

s viscosity of the solvent Pa-s

n=nm+ns total viscosity Pa-s

! elasticity modulus of the material Pa

A=/l relaxation time S

¢ friction coefficient Pa-s-m™!

fa active force N-m™2

L characteristic length of the domain m 75 pm
H characteristic height of the domain  m

U characteristic planar velocity m-s! 10/9 pm - min~
e=H/L low aspect ratio of the geometry -

Re = pUL/n Reynolds number -

We=AU/L Weissenberg number -

a=¢e"1L(/n dimensionless friction parameter -

B =nm/n dimensionless viscosity parameter -

zs(t) position of the tissue front at time ¢ m

dpean mean cell surface density kg - m~?2

T'mean mean cell radius m

Nathan Shourick
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Notations

Mathematical notations

Notation

Description

D(u) = ;(Vu + VuT)
Dt = 0t + (U : V)

Y =0T+ (w- V)T — (Vu)r — 7(Vu)'

Uy =0 M
Vy =V — UM

Tan = (TH) M
Tnt = TN — TppM
1

[x] = [z + /2]
[a,b] = [a,b] NN
Py,

Vi

Qext

[[Q]] = ql_ Gext
{Q} = i(q + qext>

Numerical parameters

rate of deformation
Lagrange derivative

upper convected derivative

normal component of v

tangential component of v

normal component of 7n

tangential component of Tn

identity tensor

nearest integer to x

integer interval where a < b are two integers
set of polynomial functions of degree at most k
broken gradient

external trace of ¢

jump of ¢ across the associated face

average of ¢ on the associated face

Notation Description Num. exp.
ty final time 20/3
E=Inh log-height -
Nmax number of time iterations 5000
At (n + 1)*™ time step -
Atinit = tf/Nmax  canonical time step -

At ef reference time step -
Aty a possible initial time step 1077
n* number of adaptations of the time step -

K parameter used for the purpose of the aforementioned adaptation 1.1
Th finite element mesh -

N number of elements in the mesh 7}, 1000
Y,fi) set of internal faces of the mesh 7}, -

€n lower bound for A when computing the initial velocity 1072
Er regularization parameter of the boundary condition on the obstacle 1077
) error tolerance used as stopping criterion for the fixed-point loop 107°
Kmax number of iterations in the aforementioned loop 100

vi MSIAM - Ensimag & UGA
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Introduction

Epithelia are tissues, i.e. clusters of similar cells, made up of cells juxtaposed by so-called cell
junctions. For example, they cover the walls of the digestive tract or the pulmonary alveoli.
Generally speaking, epithelial tissues are involved in many biological processes, whether it is
embryonic development, tumor proliferation or wound healing. This intervention will result in a
flow of tissue, a phenomenon more commonly known as collective cell migration and illustrated
in Figure 0.1.

Figure 0.1: Epithelium is seen from above and cells are migrating from left to right. Extracted
from Tlili et al. [2018b, Supporting Movie S1].

Here we are faced with an active material that is at the origin of complex dynamics. The
tissue can undergo large deformations and the cells do not necessarily remain attached to their
neighbors. In particular, the following effects will be observed:

o friction: the cells slide against the substrate on which they evolve;
o clasticity: the cells are not rigid and can stretch;

o and viscosity: the cells slide against each other, slowing down any movement.

All these characteristics, present on a microscopic scale, make the epithelium a material that
can be described on a macroscopic scale as a viscoelastic fluid. A more complete description
would also take into account the ability of the cells to exert a force on the substrate on their
own in order to migrate, known as the active force. Finally, the cells are capable of adopting
a privileged direction, or polarity, which will condition their movements, the forces they exert,
the stresses they undergo, etc. The observed movement is then collective: the cells interact
with each other, they exchange various mechanical constraints and their polarities tend to align
with those of their neighbors. A summary is shown in Figure 0.2.

This coupling between viscoelastic fluid mechanics and polarity is very rich, especially from
the point of view that interests us here: continuous mathematical and numerical modelling.
Together with the work of biophysicists, the project in which this internship is part could lead
to a better understanding of the phenomenon presented here. Tlili et al. [2018b] and Tlili et al.
[2018a] have carried out experiments highlighting these phenomena of migration and polarity
and have designed them with a view to what this report intends to begin to lead to: the
mathematical modelling of collective epithelial migration and the numerical resolution of the
resulting problem.

We will start in section 1 by setting up a first model, formulated by a system of partial
differential equations, decoupled from any polarity, whose mathematical writing is still an

Nathan Shourick MSIAM - Ensimag & UGA 1



Introduction

Substrate

Cell velocity u 7]
Cell polarity 6

—
—
= Active force f, u
==p Cell-substrate friction

—

Cell-cell stress o

Figure 0.2: Forces and interactions of migrating cells. This figure was inspired by Alert and
Trepat [2020, Figure 2].

open question. The thin-layer structure of the considered medium will allow an asymptotic
expansion, a process that will transform the initial system into a simpler approximated system.
Bouchut and Boyaval [2013] were the first to apply this method for viscoelastic fluids. They did
it for turbulent flows where inertial forces are preponderant while we will do it for laminar flows
where viscous forces are more important. In section 2, we will propose a numerical resolution
algorithm for the very special case where elasticity is neglected and leave the other case for
perspective. In particular, we will use a discontinuous Galerkin method to handle transport
terms involving constant functions in pieces. The method developed in this report has been
implemented in C++ using the Rheolef (Saramito [2020]) C++ finite element library. Finally, in
section 3, we will present the results obtained and will then be able to compare them with the
database developed in the two papers cited in the previous paragraph. In particular, we will
try to highlight the limits of the model and the perspectives that are available to us.

2 MSIAM - Ensimag & UGA Nathan Shourick
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Asymptotic expansion and numerical simulation in viscoelastic fluids

1 Mathematical modelling of collective epithelial migra-
tion and asymptotic expansion

1.1 Introduction

As announced in the introduction, we choose to continuously model the collective behavior of
epithelia on a macroscopic scale. The aggregate of cells is then represented by a viscoelastic
fluid. This type of fluid is already well studied and we will therefore be able to use the tools of
continuum mechanics to describe its behavior mathematically.

Like any fluid, ours is governed by well-known principles such as the laws of conservation. We
are particularly interested in the conservation laws of mass and linear momentum®. That should
bring us to our first two equations. However, a viscoelastic fluid has its own characteristics
that must be exhibited by means of laws of mechanical behavior, called constitutive equations,
of which there will be two. Finally, the boundary and initial conditions will completely close
the system.

Before we begin, let us first introduce some notations that we will use throughout this
document. The tissue geometry, or flow domain, A(tf) C R3 is an open bounded subset of the
three-dimensional physical space, depending on time ¢ € R, ; the initial set A(0) is assumed to
be known. The domain has an evolving free surface I'f(t) over time on its upper part and an
horizontal plane substrate I'y on its lower part on which cells are moving. Eventually, vertical
obstacles and domain limits, represented by I', lead to very general and thus possibly complex
geometries. Figure 1.1 shows an example of such a domain.

To characterize the cell flow, we will use the Eulerian description. The framework that the
latter offers automatically places the velocity as unknown in the equations. The velocity field?,
namely a real vector with three components is denoted by w = (uy,u,, u,). The fluid density
p > 0 is supposed to be constant on A(t), at any time ¢t > 0. The last variable we will use to
fully set our model up is the height of the tissue, a real scalar field denoted by h. Both of them
are assumed to be sufficiently smooth so that each invoked calculus result can be applied.

1.2 Conservation laws

Let ¢ > 0 and w C A(¢) be an open connected elementary volume, strictly interior to the flow
domain. Let us introduce the characteristic curve X (¢, x; -) passing through position € A(¢)®.
Then, let w(t) = X (0,w;t) be the set of positions at time t of particles which were initially
in w*. In other words, we follow in its movement an elementary volume transported by the
velocity field w.

1See Germain and Muller [1995, First part, ITI], Saramito [2016, Chapter 1] and Maitre [2010, Section 3] for
more details.

2Here, a field is a function of (t,z) € Ry x A(t), which are the Eulerian variables.

3See appendix A.0.1 for a definition.

41 borrowed this notation in Maitre [2010, Section 2].

Nathan Shourick MSIAM - Ensimag & UGA 3



1 Mathematical modelling of collective epithelial migration and asymptotic expansion

Figure 1.1: Simplest possible geometry of the tissue domain.

1.2.1 Conservation of mass

The postulate is as follows: the mass [, pdx of the fluid is conserved in time inside w(t).
Mathematically, since p is constant, we have

d ]

) =0 (1.2.1)

d
VE>0, / dee —
dt Jw() P P
where |w(t)] is the Lebesgue measure of w(t). Thanks to Reynolds formula (B.0.2) and by argu-
ments of density, or by what is referred to as the fundamental lemma of continuum mechanics,
we can rewrite this law of conservation in local form:

divu =0 in Ry x A(t) (1.2.2)

Remark. Whenever p is constant, we say the flow is incompressible. Thus, the latter equation
only describes this property.

1.2.2 Conservation of linear momentum

The postulate is as follows: in any inertial frame of reference, the time derivative of the linear
momentum [,y pu(t, ) dz of w(t) is equal to the sum of the forces applied to it. Actually, it
is nothing but the Newton’s second law of motion applied to an elementary volume of a fluid.
On one side are the volume forces, on the other side are the surface forces. In our case, we
assume that only the latter apply to our elementary volume. The density of surface forces, of
the form on, where o is the (symmetric) Cauchy stress tensor and m is the outer unit normal
vector to the boundary dw(t) at position @, reflects local contact actions at the interface of
w(t). Mathematically, since p is constant, we have

d
Vi >0, 7/ t.x)d :/ t. @)n(t, @) d 1.2.3
Lt rdo= [ olzmito)d (123)

4 MSIAM - Ensimag & UGA Nathan Shourick
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Again, thanks to Reynolds transport formula (B.0.3) and by the fundamental lemma of con-
tinuum mechanics, we can rewrite this law of conservation in local form:

p(Ou+ (u-V)u) —dive =0 in R, x A(¢) (1.2.4)

Remark. This principle applies more generally to a screw, a pair formed by the linear and
angular momentum.

1.3 Constitutive equations

On a microscopic scale, a tissue is an aggregate of cells assumed to be an elastic material. On
a macroscopic scale, the cell-cell friction is described by a viscous mechanism and the tissue
could be represented as a continuum by a viscoelastic fluid model. The latter is characterized
by an elastic stress tensor 7 satisfying the following partial differential equation:

ADyT + 71 =21, D(u) in Ry x A(t) (1.3.1)

where D; = 0; + (u - V) is the so-called Lagrangian or particle derivative — it represents the
time derivative in the Eulerian description — and

D(u) = ;(V'u, +Vu') (1.3.2)

is the rate of deformation. It is a symmetric tensor. A\ = n,,/u is the relaxation time. It is
the time it takes for the material to return to its equilibrium configuration when it is no longer
under stress. 7, is the viscosity of the material. It quantifies the frictional forces between
polymers and solvent molecules. Finally, p is the elastic modulus of the material. It is a
quantity that reflects the elastic deformation of the material subjected to certain stresses.
Unfortunately, the Lagrangian derivative is not an objective tensor derivative’: it depends
on the frame of reference. Even though the latter is in translation or rotation, the intrinsic
properties of the material must not change. A widely used solution is to replace the particle

derivation D; with the upper convected or covariant derivative, denoted by YV and defined for
any sufficiently regular symmetric tensor 7 by

T =0T+ (u-V)T — (Vu)T — 7(Vu)" (1.3.3)
As a consequence, the constitutive (1.3.1) becomes
AT + 7 =29, D(u) in Ry x A(t) (1.3.4)

The Cauchy stress tensor o must depend on the rate of deformation; this is what mathe-
matically differentiates a fluid from any other continuum medium. In the case of viscoelastic
fluids, a possible relation is

oc=17+2n,D(u) —pI inR; x A(t) (1.3.5)

where p is the pressure, 7, is the viscosity of the solvent and I is the identity tensor.

5See [Saramito, 2016, Chapter 4] for more details.

Nathan Shourick MSIAM - Ensimag & UGA 5



1 Mathematical modelling of collective epithelial migration and asymptotic expansion

1.4 Boundary conditions
Let € be the plane on which the substrate rests, in such a way that, for every t € R, we have

A(t) =Q x{z€0,h(t,z,y)], (z,y) € Q}

[p(t) = Q x {h(t,z,y), (z,y) € Q}
=00 x1,
Fop=Qx {0}

where I, C Ry is a closed interval such that h(t,z,y) € I,, for any (¢, (x,y)) € Ry x Q.

1.4.1 On the free surface

The free surface is the interface between the tissue and the air. At any time ¢t > 0, a point
x = (z,y,2) € R is on the free surface I'y(¢) if

h(t,z,y) —2=0 (1.4.1)

The free surface condition states that a point on I'f(t) at a given time ¢ always remains on it
at any other time. By taking the Lagrangian derivative, we end up with the desired boundary
condition:

Oh + | _, Oh +uy| _ Oyh —u.| _, =0 onRy xQ (1.4.2)

In addition, there is no stress, or density of surface forces, at the air-cell interface:
on=0 onR; xT(t) (1.4.3)

where, in this particular case,

o (0uh. 9,k 1)
V(@:h)2 + (9,h)2 + 1 (144)

1.4.2 On the substrate

Since the substrate Iy is a stationary wall through which the fluid cannot flow, we must impose
a no-penetration condition. Mathematically, this consists of writing that the normal component
of velocity is zero:

up=u-n=0 onR; xTI (1.4.5)

where, in this particular case, n = (0,0, —1).
On the substrate, cells are subjected to three external forces, all tangential to I'y:

o the viscous frictional force, which in our case of laminar flow, i.e. low velocity flow, is
written —Cug, where ¢ > 0 is the friction coefficient;

« the tangential part of the density of surface forces, which is written o ,;

» the active force f,, mentioned in the introduction, for which a mathematical expression
has yet to be found.

6 MSIAM - Ensimag & UGA Nathan Shourick



Asymptotic expansion and numerical simulation in viscoelastic fluids

where u; and o, are the tangential components of u and on respectively, namely

U = U — UpN (1.4.6)

Opt = ON — OppTt (1.4.7)

Onn = (om) - n being the normal component of on. The state of equilibrium of the solid on
the substrate is then translated, by invoking Newton’s first law of motion, by the following
relation:

Ont —Cue+ f, =0 onRy xT (1.4.8)

In order to set up numerical experiments, we propose below a possible form of the active
force:

fo=—7h"" Vhigq (1.4.9)

The term h~! reflects the (assumed) inverse proportionality relation between the height and
the active force. This corresponds to the intuitive idea of active force: if a cell has a constant
volume, the smaller its height, the larger the contact surface of the cell with the substrate and,
therefore, the greater the force it can exert on the substrate. v > 0 is a supposed physical
coefficient. Then, Q.(t) = h(t,-) " ([he, +o0]) = {(z,y) € Q | h(t,z,y) = h.} C ) represents
the tissue domain. Actually, we assume that the cells cannot spread out indefinitely (the height
cannot tend towards 0), so there is a height, called critical height and noted h,., below which
the tissue cannot sink. Finally, the term —Vh gives the overall direction of the active force, it
is the outer (non-unitary) normal to the front in the plane. The reason we have not taken a
normalized version is that the current form allows the active force to be rewritten in a different
way, opening up the possibility of other proposals involving, in this case, tensors:

fo = =y div(in(h)I) Lo, (14.10)

We discuss this choice in subsubsection 3.3.4.

1.4.3 On obstacles and domain limits

For the same reasons as in subsubsection 1.4.2, the condition
Up=u-n=0 onRy xT (1.4.11)

has to be satisfied. When the domain exhibits a curved boundary, which is true in our case with
an obstacle, it is necessary to separate the boundary into two disjoint parts I'yan and ['gpstactes
so that their union is exactly I'. According to Saramito [2020, section 2.3], we regularize the
previous Dirichlet no-penetration condition on the curved boundary domain as follows:

O+ u-n=0 on Ry x opstacte (1.4.12)

where €, > 0 is the regularization parameter.
In all cases, a no-grip condition complements the previous one:

ont =0 onRy xT (1.4.13)

Note that we did not introduce any friction coefficient here, unlike what we had for the
substrate. In practice, there is no vertical material barrier, only a chemical process prevents
the cells from venturing outside the predefined area.

Nathan Shourick MSIAM - Ensimag & UGA 7



1 Mathematical modelling of collective epithelial migration and asymptotic expansion

1.5 Asymptotic expansion

By combining equations (1.2.2), (1.2.4), (1.3.4), (1.3.5), (1.4.2), (1.4.3), (1.4.5), (1.4.8), (1.4.11)
and (1.4.13), we end up with the following coupled system of evolutionary equations:

(P): Find 7 and w defined in |0,¢;[xA(t) and h defined in ]0,¢;[xI'y such that

p(Ou+ (u-V)u)—dive =0 in |0,¢;[xA )

—divue =0 in]0,t;[xA(?) )

o=1+2n,D(u) —pl in] )

AT+ 7 =20 D(u) =0 in ]0,t5[xA(t) )

Oth + uOph + uyOyh —u, =0and on =0  on ]0,t;[xT¢(t) (1.5.1e)
u-n=0and op —Cus+ f, =0 on|0,ts[xI ( )
u-n=0and o,y =0 on]0,t;xI ( )

h(0,-) = ho on T (1.5.1h)

u(0,-) =up and 7(0,-) =79 in A(0) (1.5.1i)

where ug, T and hg are the initial conditions and ¢; is the final time.

1.5.1 Thin-layer approximation

As it stands, the model cannot be expected to be solved numerically in a reasonable time.
The idea would therefore be to perform a thin-layer approximation (the height is very small
compared to the length of the substrate) to get back to a two-dimensional system in the
horizontal plane of the substrate, process known as asymptotic expansion. To this end, let us
introduce the following notations, before we state the thin-layer approximation as a theorem:

Definitions 1.1. Let & = (x,y, z) € R? be a point, ¢ be a smooth scalar field, v be a smooth
vector field and 7 be a smooth symmetric tensor field. We define

o divyvs = 0,v; + Oyv, the planar diver-
gence of v;

s = (g) the planar components of x;

o Vg = (Zw> the planar components of v; . div,r, = <8ﬂm + OyTay the planar di-
y O Tay + OyTyy

- vergence of T;

e T, = | " ™) the planar components
Tzy  Tyy

1
D,(vs) = 5(Vavs + (Vsvs) ") the pla-

T L]
of r,and 7., = | 7 ); .
Tyz nar rate of deformation of v;
0z . :
o Vo= 0.6 the planar gradient of ¢; e D;s = 0+ (us - V) the planar particle
Y derivative;
OpVy OyU, .
P Vet = (aﬂcvy ay”y) the planar gradi- . 7o = Dy sTs— (Vous)Ts—75(Vsus) ' the
ent of v; planar upper convected derivative of 7.

8 MSIAM - Ensimag & UGA Nathan Shourick



Asymptotic expansion and numerical simulation in viscoelastic fluids

Theorem 1.1 (Thin-layer approximation). Let L be the characteristic length, H the char-
acteristic height, U the characteristic planar velocity U, V' the characteristic vertical velocity
V, T = L/U = H/V the characteristic time and ¥ = nU/L the characteristic stress. Let
also n = nm + ns be the total viscosity, Re = pUL/n the Reynolds number, We = AU/L the
Weissenberg number, a = e 1CU/S, B = nn/n and ¢ = H/L < 1 the low aspect ratio of the
geometry.

Let us make the following changes of variable, called nondimensionalization:

. 8 _ z 7 t _ Ug _ U,
S = — = — = — uS —_ — uz —_ —
L H T U \%
71 h ~ Ts ~ Tsz ~ Tzz ~ p
= 77 Ts = S Tsz = < 2z T & ——
i > > T3 P=3
~ O ~ O, ~ 57@2 }nv fa
Os = S O, = 2z — & =
5 s =T % >

As a result, we shall note X the associated dimensionless set to X, which is any set involved in
the problem.
If we assume that

(i) w, T, o, p and f, are asymptotically expandable, with respect to €, up to order 1, i.e. we
assume there exist smooth fields u®, 70 @ p@ and f9 i e {0,1}, such that

w=u?+zu® + oE 1= 7O 4 er@ 4 O(e?)
og=0"+ecoW + 0 p=p94epV) 4 0(?)
fo=F0 +efV+0();

(i) d.a) =0 on ]0,t;[xA(t);

T
(iii) n = (I/ O) (i.e. ny, =0) on 0N, where v is the outer unit normal vector to £ on 0S);
(iv) the flow is laminar, i.e. Re < 1;

(v) and w, T and h are solution of the system (1.5.1a)—(1.5.1i)

then the 0™ order dimensionless terms satisfy the following coupled system of evolutionary
equations:

(P): Find 7, 70 al®)

zz 7

and h defined in ]0,t [ xS such that

—div,(h &) + au — £V =0 in]0,t;[xQ  (1.5.2a)
dh + divg(hal”) = 0 in]0,t;[xQ  (1.5.2b)
) = (70 = 701) + 2(1 = B)(D(al") + dive (@) in]0,;[xQ  (1.5.2c)
vy
We 7 + 70 — 25 D, (") = in ]0,tp[xQ  (1.5.2d)
We (D7 + 2dive (@)D ) + 7% + 28div, al” = in]0,t;[xQ  (1.5.2¢)
2% v =0 and & )t =0 on |0,t;[x0Q (1.5.2f)
h(0,) = in (1.5.2g)
70(0,) =7 and 79(0,-) = *g?o in Q) (1.5.2h)
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1 Mathematical modelling of collective epithelial migration and asymptotic expansion

where

DO =0+ (89 9.) nd 7O = DURO — (v,a0)E0 —70(v,a0)T

are ad hoc notations and

S

Ego) = }/h &go)dz, ?g()): }/ 70dz  and f(zg) = E/h %Z(S)dz
h Jo 0 h Jo

are depth averages.

Remarks.

. ( is assumed to be of the same order of magnitude as e~

1. This model is asymptotic because the smaller ¢ is, the more accurate it becomes.

2. The 0-th order dimensionless planar velocity is not averaged in depth because it does

not depend on z, as shown in the proof (appendix C). It suggests that the cells move
as a block, i.e. all the points on a given vertical move at the same velocity. Hypothesis
(77) reinforces this idea. We show that when 5 € {0,1}, the hypothesis is no longer
necessary. It is from this observation, and from the physical meaning behind it, that we
allow ourselves to assume it.

! otherwise o could no longer

be a physical constant independent of the geometry.

. It could seem surprising that (1.5.2a) depends on fa(l) and not on }va(o) — meaning that

the latter disappears from the equations. Actually, it is not. In the proof, we show that

(0

£ =0
which means that }’va = O(e). This here that the hypotheses we made on the friction
coefficient ( and on the characteristic stresses come into play. If we had rather decided
that ¢ is not of the same order of magnitude as ¢, then we would have a = (U /¥ and the
conservation law (1.5.2a) would have read

) a7 _
—d1vs<h o, ) +au,’ —f, =0

We would still have the first-order term of the active force but the friction force wouldn’t
have to do with the zero-order term of the velocity, but it would have to do with its
first-order term. The new coupled system of evolutionary equations would then contain
both &go) and ﬁgl), which are unknowns. Therefore, it would complicate the resolution of
the system too much. On the contrary, if we had wanted to make appear the zero-order
term of the active force, we would have make for instance the following hypothesis:

fo=Ff,

where the characteristic stress I is of the same order of magnitude as €, and we would
have to assume that f, = O(e), unlike the previous case where this fact is deduced from
the assumptions already in place and from the equations. It is difficult to affirm that one
hypothesis is better than the other, especially when the result is the same in all cases.

10
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Asymptotic expansion and numerical simulation in viscoelastic fluids

5. With hypothesis (iv), we do not need the initial condition for the velocity anymore: it
should be possible to determine ﬁgo) entirely from the equations.

6. Whenever 8 = 1, we show that

70 — (0

zz p
Idea of proof, complete proof in appendiz C. The proof was made for the first time in Chakraborty
[2019]. We have added in our version the asymptotic expansion of the boundary conditions on
I'. The proof consists mainly in four steps. Since we would like to reduce our point of view
to the plane of the substrate, we will first distinguish the roles of the planar and vertical com-
ponents (subsection C.1). Then, we will nondimensionalize the obtained equations so that the
dependencies on physical parameters are simplified (subsection C.2). The core idea of asymp-
totic expansion is to approximate the variables of the problem with respect to ¢ in order to
only keep the more significant ones (typically the order 0 terms and the first-order terms).
This key step (subsection C.3) allows to make appear the new form of the system. Finally,
by combining the obtained equations together, we are able, in a sense, to project the result
onto the (0, z,y)-plane, by integrating in the depth (i.e. with respect to the variable z) of the
three-dimensional domain A(t) (subsection C.4). The complete proof is not presented here — it
is way too long! refer to appendix C if you are interested Rather, we prefer to give an idea of
the main steps by focusing on a specific equation: the conservation of linear momentum.

Splitting planar and vertical components By simple identification, we have in |0, ¢ ;[ x A(t)

p (Oyus + (us - Vy)us) — divg(os) — 0,05, =0 (1.5.3a)
p (O, + (us - Vy)u,) — divg(os,) — 0,0,, =0 (1.5.3b)

Dimensional Analysis By applying the changes of variable, the previous equations become

U_. . U? _ ~ VU _ . _ o X
p (Tatus + f('u,s V) + Huzazus> — Zdlvs(as) — Eazasz =0

2 > >
) @ataz n ULV(as V)i + Zazazaz> — Ty (8se) — 0522 =0

in ]0, [ xA(t).

By expressing everything in terms of U, L, € and n, we end up with

2 2 2
p (U(?tﬁs + U—(ﬁs -Vs)us + U&zﬁzﬂs> ﬂdivs(&s) — ZU(‘?Z&SZ =0

L L L E L?
p (652&172 + 552(118 - V)t + 5;]2&232@2) — nLgdivs(&sz) - :gaz&zz =0
By multiplying both sides in each equation by 5{;—2, we finally get
eRe (Oyus + (s - Vs)us + u,0,us) — edivs(os) — 0,05, =0 (1.5.4a)
e2Re (04, + (s - V), + 1U,0,7,) — £divs(Fs,) — 0.5, =0 (1.5.4b)

Nathan Shourick MSIAM - Ensimag & UGA 11



1 Mathematical modelling of collective epithelial migration and asymptotic expansion

Asymptotic expansion By using hypothesis (i) and the linearity of the differential operators,
by remarking that any differential operator in time or space applied on a O(g?) remains
a O(e?) and by considering the previous equality as a polynomial equality in &, we obtain
the following system of equations, valid in ]0,#[xA(#):

9.69 =0 (1.5.5a)

Re (atag()) + @ - vy)u + agmazag‘))) — div,(6?) — 0.6V =0 (1.5.5b)
0.6 =0 (1.5.5¢)

div, (& )+a“1_0 (1.5.5d)

Reduction In ]O,ff[xﬁ, by injecting the independence of @” from Z into the momentum
conservation law (1.5.5b), we get by integrating over [0, h]

h
Re/ (@ﬂgo) + (@ vs)agﬂ>) dz + Re/ Mz — / div,(e)dz — / 0.60dz =0
0

ERG (@ﬂgo) + (’&go) : VS) ) leS/ 0' dZ - 0 )‘ —sth - |:0.sz ]z:g
hRe (03 + @ - v,)a®) - mw/‘a<k+a@\ V- -+l

where to pass from the first line to the the second one we used the Leibniz’s Integral Rule
(B.0.9) from corollary B.2.3. In the complete proof, we show with the same three first
steps that the following boundary conditions hold:

—6O(Vh) +6V =0 on]0,i;[xTs(t)

0 —ou + £, =0 on 0, i;[xTy

Sz

Therefore, we obtain in 0, ;[xQ

hRe (0@l + (@) - Vo)al) - dive(h &) + W= - W=+ ol - £V =

hRe (0 + (@0 - V,)a@®) - divy(h o) + aa® — £ = 0

a

Finally, the very last equation combined with hypothesis (iv) gives us (1.5.2a).

]

In the rest of this document, we will drop orders (0) and (1), subscripts s and bars and
tildes, for notation convenience.

1.5.2 To sum up

Thin-layer approximation allowed us to transform our initial system of equations into a simpler
one, valid asymptotically, i.e. when the aspect ratio of the geometry e = H/L tends to 0.

12 MSTAM - Ensimag & UGA Nathan Shourick
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Asymptotic expansion and numerical simulation in viscoelastic fluids

(P): Find 7, 7., w and h defined in ]0, ¢;[x€2 such that

—div(h o) +au— f,=0 in |0, ¢;[xQ (1.5.7a)

Oth + div(hu) =0 in ]0,2,[xQ (1.5.7b)

o= (1—7.1)+2(1 - 5)(D(u) +div(w)I) in]0,t;[x (1.5.7¢)

We T +7—28D(u)=0 in 10, ¢[x (1.5.7d)

We(Dy,, + 2div(w)7,,) + 7., + 28div(u) =0 in |0, 27[xQ (1.5.7¢)
u-v=0and o, =0 on ]0,t[x 09 (1.5.7f)

h(0,-) = ho in Q (1.5.7g)

7(0,-) = 79 and 7..(0,-) = T, in Q2 (1.5.7h)

1.5.3 Slip boundary conditions for obstacles

The proposed regularization in subsubsection 1.4.3 for the obstacle condition is purely numeri-
cal. The same steps of proof cannot be applied to it in order to deduce an appropriate thin-layer
form. Instead, we propose to apply the same regularization analogously to the boundary con-
ditions obtained after asymptotic expansion. They read:

Ou + E;IU v=0 on R, X Qpstacte (1.5.8)

where g, > 0 is the regularization parameter and Q,pgstacte is the boundary part representing the
obstacle.
1.5.4 Re-scaled system

To allow a better physical interpretation, we redimensionalize the equations, with the same
characteristic quantities. At the end of the process, only the linear momentum conservation
law is going to change to become

p Diu —div(ho) +(u —cf, =0 (1.5.9)

We note that the low aspect ratio € appeared in front of the active force and this is the unique
and major difference compared to the equation we had before.

Nathan Shourick MSIAM - Ensimag & UGA 13



2 Numerical resolution in pure viscous case

2 Numerical resolution in pure viscous case

To start with, it is interesting to look at the case where the tissue is modeled as a Newtonian
fluid, namely when We =0 —ie. A =0, 8 =0, n,, = 0 and n = n,. This has the advantage
that we do not have to face all the intrinsic difficulties of the problem from the outset; in
particular, we will not have to deal with tensor transport terms; the case We > 0 is therefore
left for perspective, as said in introduction. It leads to the following Stokes problem for a thin
layer approximation:

(P): Find uw and h defined in |0, ¢[x 2 such that

—div(2h(D(u) + div(u)I)) + au + ydiv(In(h)I) 1o,y =0  in ]0,tf[xQ (2.0.1a)
Oth +div(hu) =0  in ]0,[x£2 (2.0.1b)

u-v=0and D(u),: =0 on |0,t[x00 (2.0.1c)

h(0,-) = ho in Q (2.0.1d)

We remark that the system does not explicitly depend on the viscosity n = n,. This fact comes

from the nondimensionalization we made in the proof of Theorem 1.1.

2.1 Reformulation of the problem
2.1.1 A log-height reformulation

During numerical computations, the approximate height do not necessarily remains positive,
even if its exact counterpart height h is always positive. Indeed, when the initial height A is
positive, then, the exact height h remains always positive at any time.

The proof is short and, moreover, suggests a possible remedy. Let us introduce the charac-
teristic curve passing through position « € Q at time ¢ € [0,t;].% Let (¢, ) € ]0,t;[x be fixed
and let us define Z(t,x;s) = h(s, X (t,x;s)), for every s €]0,t;[. Then for every s €0,t;[, we

have
Os(Z(t,x;-))(s) = Osh(s, X (t,x;s)) + 0 X (t,x;s) - Vh(s, X (t, x;s))

= Osh(s, X (t,x;s)) +u(s, X (t,2;s)) - Vh(s, X (t,x; s))
= —div(u)(s, X (t,x; s)) Z(t, z; s)

Using the relation Z(0,x;0) = ho(x), coming from the initial condition (2.0.1d), we find that
this ordinal differential equation has for solution

Z(t,x;s) = ho(x) eXp(— /8 div(w)(s', X (t, x; s")) ds’) (2.1.1)
0
In particular, for s = ¢, we end up with the relation
t
h(t, &) = ho() exp(— / div(u)(s,X(t,w;s))ds) (2.1.2)
0

Assuming hy > 0, we get h > 0 everywhere at any time. Moreover, the solution is explicit,
thanks to an integration along the the trajectories.

6See appendix A.0.1 for a definition.
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To ensure the positivity property, we consider the change of variable £ = Inh. The sys-
tem (2.0.1b) & (2.0.1d) writes equivalently:

0 + (u-V){+div(u) =0 in ]0,¢;[xQ (2.1.3a)

€(0,:) =Inhy in (2.1.3b)

With this change of variable, we are now sure that h = exp & > 0, even after discretization. In

conclusion, using a log-height formulation at the discrete level should solve the positivity issue.
2.1.2 Time discretization

The time interval [0, ¢] is discretized into sub-intervals of variable length At™ n € [0, nyay — 1]7,
where ny,,« > 0 is the number of time iterations, satisfying the following rules:

At = gAY if n e [1,n*] (2.1.4)
At™ = At if n € [n* + 1, nmayx — 1] (2.1.5)
At(o) == IIliIl(Ato, Atinit) (216)

where n* € [[1,npax — 2] is the number of adaptations of the time step, Aty is an initial
time step assumed to be sufficiently small (it should make the scheme converge), At =
(t; — to)/Nmax is the canonical time step, At is the reference time step that we will define
below, and x > 1 is a numerical parameter close to 1. The idea is to help the algorithm to
start with possible discontinuous initial conditions.

Let us introduce t,, the time at step n > 0. It is defined by the recursive relation

tn = ta1 + At"D 0 € 1, Nnax] (2.1.7)

with ¢, € Ry being given (here, ty = 0). By the definitions of At™ and t,, we find out that,
for any n € [0, nmax], we can express t,, as follows:
K" —1 .
At©) + o ifn<n*
- k-1 . (2.1.8)
(n — n*) Aty + At

|

+ty otherwise
,i JR—

In particular, when n* = 0, we have t,, = nAt,.s + g, as expected. We then consider two cases:

e when At < Atg, we take n* = 0 and then the time steps are constant, with respect to
n, equal to At..s, which is taken equal to Ati;

o when Aty > Aty, we take n* = | (log(Atinit) — log(Aty))/ log(k
and set Aty so that ¢, . = t;. We assume that (t; —t)(k — 1) > Ato(k™ — 1) and find
that

—~

Mmax

l

O 1 tr—t
Abyer = (tf — to — Aty™ ) : ~ L0 Aty (2.1.9)
k—1 Nmax n*

is suitable. Moreover, we have At™ > At™=1 for any n € [1, Numax]-

"The notation [a, b], where a < b are both integers, corresponds to an integer interval, i.e. [a,b] = [a,b] NN.
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2 Numerical resolution in pure viscous case

The time derivative is approximated by a first order finite difference scheme:
) _ ¢n=1)
At(n—1)
for any n € [1, nymay] and where £ = £(¢,,, ). In particular, £ = In hy € L>°(Q) is known by

the initial condition. We will also use the notation u™ = wu(t,,-).

When n > 1, assume by recurrence that both ™~ and £~ are known. Then, a possible
time-discretized problem at time ¢, we should now solve is the following:

(P): Find u™ and h™ defined in ]0,¢;[x such that

Dy (tn,+) = + O(At1) (2.1.10)

— div (25" (D(u™) + div(ul")T)) + aul
+4div(E™MI) 1. =0 in]0,¢,[xQ (2.1.11a)
g - (w - 9)emD 4 div(u®™) =0 i
D) U )5 +div(u'™) =0 in ]0,t[x (2.1.11b)
u™ v =0and D(u™),, =0 on]0,t;[x0 (2.1.11c)

2.2 Variational formulation
2.2.1 General variational formulation

Since it is difficult to deal with the term 1g,®, coming from the active force, we propose to
divide the algorithm in two parts. First, we will solve the previous problem by omitting this
term. Then we will post-process the solutions so that w(t,-) = u(®) and h(t,-) = hg in Q.(t)°,
at any time t €]0,¢y[.

When n > 1, assume by recurrence that ¢"~ € L>(Q) and u™ are known. Then, u(™
and £ € L>=(Q) are obtained from a variational formulation of the time-discretized problem
at time ¢,. By using the property’

Property 2.1. For any sufficiently reqular vector field v and symmetric tensor field T, defined
in ), we have

/QD('U):Tder/Q'U-diV(T) d:v:/m'v-(Tn) ds (2.2.1)

combined with the boundary conditions and by remarking that D(v) : I = div(v), for any
sufficiently regular vector field v, we come up with the following possible variational formulation
of this problem:

(VF): Find u™ € V and ¢™ € L>®(Q) such that

/Q<2 et {D(u(")) : D(v) + div(u("))div(v)} + au™ . v) dx
— [ div(v)é™dx =0 YoeV
Q
(n) (n—1)
_ . (2 (n) _ "¢ _ / S (n—1) eln—1) 0
/lev(u )¢ dz /Q S de = Q( Sy U Ve | cde W e L (Q)

8We discuss this point in subsubsection 3.3.4.
9See Saramito [2016, section 1.8] for a possible proof.
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where V = {v € H/(Q)? | v-v =0 on dQ}. Let us introduce the following forms

a(&;u,v) = /Q (2¢f [D(w) : D(v) + div(w)div(v)] + au - v) dz
bi(,0) = = [ ydiv(u)¢ da
balu,¢) = — [ div(u)(da
(6.0 =4, [ &

f(f,U;C)=/ﬂ<—§t+u-V£>de

defined for any w,v € V and any &, ¢ € L>*(Q2). The forms a(¢;+,+), b1, be and ¢ are bilinear
while the form ¢(£, u;-) is linear. The form a(&; -, -) is also symmetric. Note that b; and by are
conceptually very close: whenever v = 1, then b; = by, in which case the problem is symmetric.
Nevertheless, it seems very unlikely that we will be confronted with this case. The previous
variational formulation then writes equivalently:

(VF): Find u™ € V and ¢™ € L>*(Q) such that
(€D u™ v) + by (v,6M) =0 Yo eV

by (u(”),g’) _ C(f("),C) _ g(g(n—l)ju(n—l);c) Ve € L2 (Q) (2.2.2)

2.2.2 No-penetration boundary conditions for obstacles

The introduction of a curved obstacle modifies a little the variational formulation. We change
the associated space into V = {v € H{(Q)?® | v-v =0 on Q. }. From property 2.1, we have
for any v € V:

—/Qv-div(a')dwz/QD(v):a'd:v—/mv-(au)ds

where o = 2h(D(u) + div(w)I). Then we split the term on into its tangential and its normal
components and apply the Neumann no-grip boundary condition to get

_/Qv.div(d)de/QD(v):ada:—|—5;1/ (u-v)(v-v)ds

Qobstacle

As a consequence, the form a in the variational formulation (2.2.2) becomes
a(€; u,v) = / (26 [D(u) : D(w) + div(u)div(v)] +au-v ) de
Q

—I—s;l/ﬂ (u-v)(v-v)ds

obstacle

(2.2.3)

defined for any uw,v € V and any £ € L>().
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2 Numerical resolution in pure viscous case

2.2.3 A discretized variational formulation using the discontinuous Galerkin method

For discretization, we may combine continuous and piecewise Pj.1—approximation for the ve-
locity and discontinuous and piecewise Pr—approximation for the height, where k > 0 is the
discretization order. For instance, when k = 0, the velocity would be continuous and piecewise
affine while the height would be discontinuous and piecewise constant. However, the gradient
has no more sense for discontinuous functions. To counteract this complication, the discontin-
uous Galerkin method could be used to discretize the transport term w - V& involved in the
right-hand-side .

Let T, be a finite element mesh, with N > 0 elements, of the flow domain 2. We introduce
the following finite dimensional spaces

X, ={vec(Q)" | v € Py, VK € Ti} € H(Q)?
Vi=XpnV={veX, | v-vr=0ondQ}
Qn=1{q€L™Q) | ¢x € Pr, VK € T} C L™(2)

Vq has, indeed, no more sense when ¢ € ()5, but has one when ¢ is restricted to any element of
the mesh. For this purpose, we will use as a convenient notation the so-called broken gradient
V}, defined by

(Via)/x =Vigyx) VK ET, (2.2.4)

According to Saramito [2016, section 4.10], the discontinuous Galerkin method extends the
upwind scheme to the finite element context. It is typically used for problems which involve
transport term, as in our case. As a consequence, we will replace the exact linear form ¢(&, u; -)
by a discretized version expressed as a sum of integrals over each element of the mesh (by
splitting the initial integral over them). Formally, we will only need to substitute the gradient
by the broken one in the integral over €2, by definition. In addition, for each of them, we will
add an upwind term of the form

telhuzg) = S [ ('“”"“”)(h g ds 225)

SCOK 2

where h € @), is the trial function, ¢ € (), is the test function and hey is the external trace of
h in K, whose definition is given in appendix A.0.2. In other words, ¢(£, w; () will be replaced
by

ARTSEDY ( /. (—ﬁt +u- w)cdm + (€ s <>) (2.2.6)

KeTy

where &,( € @, and u € V},. Let us specifically take a look at the term inside the sum of (k.
When S is a boundary face, i.e. S C 0, then this term is zero because u € V},. On the other
hand, when S is an internal face between two neighbor elements K_ and K, it will be counted
twice. However, only one of the two possibly terms is non-zero, due to the change of sign of the
outer normal when changing of neighbor element. Let v_ (resp. v, ) be the outer unit normal
vector on 0K _ (resp. 0K ). We have v_ = —v . We arbitrarily choose v = v_ as the outer
unit normal vector of S. hy (resp. g+) will be the restriction of i (resp. ¢) to K. When the
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two terms which involve S are summed together, we get

[ () o hgas wo v S g g, ds
SNOK 2 SNOK 4 2

:/S(‘“""(h_—h+><q_—q+>—<u-u><h_—h+>(q*q*))ds

2 2

- [0 (" b - e ) as

and then

2 telhuig) = 2:/(““VW—U-V

) (h — hext)qds

KeT;, KeTy, SCoK 75 2
-z L0 ("2 - v 10 ) s (2.2

where [¢] = ¢_ — q. is the jump of ¢ across the face, {q} = (¢_ 4+ ¢.)/2 is its average and Yffi)
is the set of internal faces of the mesh 7.
Finally, the discretized version of ¢ reads

biewo) =[5 tuwie)eaes ¥ L1 (M- e ) as @2y

Ses?

where &, € @, and u € V},, and leads to the following discretized variational formulation of
the time-discretized problem:

(VE),: Find u™ € Vj, and €™ € @, such that

a(f(”_l); u(”),v) + by (5(”_1);1),5(")) =0 Vv eV,

bQ(f(nfl);u(”%C) _ 0(5("),C) _ gh(f(nfl),u(”*l);g) e € Qp (2.2.9)

2.2.4 Case of the initial velocity

When n = 0, u(? is defined as the solution of the following problem:

(P): Find u'® defined in ]0,#[x) such that

—div 2/ (D) + div(u®)T)| + au® = —div(inheD)lo,q in]0,t[xQ  (2.2.10a)
—div(hou) =0 in ]0,¢;[xQ  (2.2.10b)
u®.v=0and Du®),, =0 on ]0,,[x0Q (2.2.10c)

In the same way we derived the general variational formulation, we come up with the one
associated to the previous problem:
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2 Numerical resolution in pure viscous case

(VF): Find u® € V such that

/Q (25 [D(®) : D(v) + div(u®)div(v)] + au® - v) dz = /Q yInhodiv(v)de Yo eV
(2.2.11)

Since we might have some troubles when dealing with points where hg is zero, because,
among others, of the term In hy, we propose to add a kind of protection: hq is replaced by
max(hg,ep), where ¢, > 0 is small and we add the term Ipy,., yoo[{In[max(ho, )|} in the
right-hand side.

2.3 Fully implicit time scheme

The previous time discretization is a semi-implicit scheme; it is expected to be conditionally
stable: At should be small enough to make it converge. Unfortunately, we do not known any
explicit stability condition in order to choose this time step. Thus, we turn here to a more
robust scheme by introducing an inner fixed-point loop, i.e to a fully implicit variant. We
slightly modify the previous notations by introducing a new form for ¢:

*

é(ﬁ*,{,u;g):/Q<—N+U-V§>Cdm (2.3.1)

defined for any £*,&,( € L*>(Q2) and any u € V. Here, £* represents the value at the previous
time step while & corresponds to the current iterate in the inner fixed-point loop that we expect
to converge towards a good candidate for the value at the current time step. In addition to the
notations already introduced at then end of subsubsection 2.1.2, we will use (u(”’k), f(”’k)) to
denote the k-th iterate in the inner fixed-point loop at the n-th time step. In particular, the
fixed point iteration is initialized as follows:

(u(n,0)7§(n,0)> — (u(n—l)’g(n—l)) (2.3.2)
When the fixed-point converges, we set
(n) )Y — 7 (n.k) ¢(n.k)
(u™,¢ )—kEToo(“ R (2.3.3)

At time step n and iteration k of the inner fixed-point loop, assuming by recurrence that both
=1 and (u(”’kfl),f(”’k*”) are known, the variational formulation of the implicitly time-
discretized problem writes

(VF): Find u™* € V and £*) € L>°(Q) such that

a(€mM D umP) v) 4 by (0,60) =0 Vo eV

by (u(",kz)’ g) _ c(f(”’k), C) _ é(g(n—l)’g(n,k—l)’ 'u,(”vk_l); C) Ve € 1(Q) (2.3.4)

Discretization is then straightforward by applying the discontinuous Galerkin method on the

form ¢ as we did in subsubsection 2.2.3.
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Remarks.

e If the implicit time scheme had been done without an inner fixed-point loop, the problem
to be solved would have been nonlinear and then more difficult.

e In practice, the fixed-point inner loop with index k is stopped when

H (u(mk%f(n’k)) — (u(”v’ffl)?g(n,kﬂ))

where § > 0 represents an error tolerance, k.« > 0 is the maximal number of iterations
. . 2 2 2

in the inner loop and |[(w, §)|I2 ()21 = [Ulli2@2 + [1€llLe@) When kna = 1, we
recognize the previous semi-implicit time scheme.

1
At(n—l)

L2 XL=(@) <O or k2> kmax (2.3.5)
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3 Results

3 Results

3.1 Numerical settings and visualization

All the simulations we are going to show here were made with the following numerical settings:

e h.=0.3; e k =0 (discretization order);

* hg(ﬂ?) = H(-l‘), for any & = (x,y) € Q7 e &p = 10_2;
where H is the Heaviside function;

—10-5-
. Ato _ 1077; i (5 == 10 )
1 o kmax = 100 but the loop globally con-
o 1 =1.1; . : .
verged with less than 10 iterations, de-
¢ 5, =10"T; pending on the discretization accuracy.

To graphically represent the height profiles, we perform a L? orthogonal projection of the
piecewise constant height approximation onto the space Q,(ll) ={qeC’ (Q) | @k € P1, VK €
T} of continuous and piecewise affine functions. Formally, h* is defined as

1
h* = arg min o |h — q||i2(9) (3.1.1)
q€Q;,

A weak formulation of this problem would read

(VF): Find h* € Qg) such that

/Qh*qdm:/thdm Vg e QY (3.1.2)

3.2 Numerical convergence

We propose here to show the numerical convergence of our algorithm in 1D. We start from an
initial mesh with initial space and time steps. Then, iteratively, we refine the mesh by dividing
simultaneously the space and time steps by 2. Let us remark that, at the same time, dividing
the initial time step At(®) by 2 and doubling the number of time steps nmax is sufficient to
divide the time steps by 2 at each iteration, even with our time step adaptation. Likewise,
dividing the space step by 2 is equivalent to doubling the number of elements N.

We decide to make three iterations of the previous method and for each case, we choose
ty =5 and a = v = 1. The first simulation is done with N; = (N, nyax, Atg) = (2.50-103,2.50 -
103,1.00 - 107°), the second one with Ny = (N, nyax, Ato) = (5.00 - 103,5.00 - 103,5.00 - 1079),
the third one with N3 = (N, ngax, Ato) = (1.00-10%,1.00-10%,2.50- 107%) and the last one with
Ny = (N, pax, Atg) = (2.00 - 10%,2.00 - 10%,1.25 - 1079). To give an idea, we have in all cases
n* = 56 and successively, At,es ~ 2.04 - 1073, At,er = 1.01 - 1073, At,ef =~ 5.02 - 10~* and finally
Atyes = 2.51 - 107, The convergence is shown in figures 3.1 and 3.2 by presenting the resulting
log-heights ¢ at times ¢t = 1.5 and ¢t = 4 (not post-processed) and front profiles z, defined on
[0,tf] as the position in Q such that h(t,x(t)) = h., of each simulation.
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(a) At time t = 1.5. (b) At time ¢ = 4.

Figure 3.1: Log-height with the different levels of discretization (N;);ep1,4, both in space and
time. From left to right in each plot, the first curve is shifted 1/2 to the left, the second one
1/4 to the left, the third one !/4 to the right and the last one 1/2 to the right to allow their
distinction, otherwise they would completely overlap.
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Figure 3.2: Front profile with the different levels of discretization, both in space and time.
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3.3 Exploration
3.3.1 Experimental data

As mentioned in introduction, we based our simulations on the data in Tlili et al. [2018Db]
(oriented 1D) and in Tlili et al. [2018a] (oriented 2D with obstacle). We present here the
material we will work with along this section.

The experiences in the first article were done on a 2D domain but the authors averaged in
width so that they came up with 1D data, along the z-axis. Indeed, according to Figure 3.3,
the velocity field u is globally independent of y. When there is no obstacle, it suggests that 1D
simulations are sufficient to describe the cell flow.

L7}

..‘—

[t il 7} Anaoges
(o) Msuep @

Figure 3.3: Cell migration without obstacle. (a) What is experimentally observed. (b) Corre-
sponding velocity and density. Extracted from Tlili et al. [2018b, Figure 1.].

Still in this article we can find figures 3.4a and 3.4b that show specifically the velocity
and the radius profiles against time and position. Here, height, density and radius are closely
related. Indeed, the density, or more precisely the mean surface density, denoted dcan is defined
by

dmean = ph, on [0,t;] x (3.3.1)

Then, by assuming that on average, the surface of a cell is nothing but a disc of radius rpean
and the mass of a cell m = 712 dmean is constant in time and space, we can express the mean
radius as a function of the height:

My
™

Tmean =

TP hT on [0,t] x Q (3.3.2)

More surprising, Figure 3.4c illustrates the linear relation that exists between the radius
and the velocity, on average. This is a very important point we will focus on a bit further in
this section.
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Figure 3.4: Experimental radius and velocity diagrams. Extracted from Tlili et al. [2018b]

We are also able to retrieve the position of the tissue front from the mean density, given in
the supplemental material. The front x; is time-dependent function. It is defined on [0, /] as
the position in Q such that h(t, z¢(t)) = h.. Figure 3.5 shows some corresponding experimental
curves. Assuming p is constant, the height h can be obtained by the measurement of dean,
according to equality (3.3.1).

4.5 T T T T T T T — ™
Exp.runl —— Exp.runl ——
Exp. run 2 Exp.run2 ——
4r Exp. run 3 z Exp.run 3 ——
y = 0.60t1:06 - --- y = 0.60t106 - - -~
35
3r . 4
I3 1 ]
25 i
) ’ <
x x
2 = -
. _
15|
1r ’ ‘
0, ’I
ra ,
0.5 i R4
'l
e .
0 " 1 L 1 1 L 0‘1 l'
[0} 1 2 3 4 5 6 0.1 1
t t
(a) (b) Log-log scale

Figure 3.5: Experimental front profiles, generated with data from Tlili et al. [2018b]

In Tlili et al. [2018a], the experiences were done on a 2D domain where there is an obstacle,
as illustrated in Figure 3.6. The authors performed ten similar experimental runs in order to
study the sensibility of the results. Arbitrarily, we choose to base our comparisons on the data
associated to the first experimental run.

By extracting the relevant information, we find that the strip length is 4000 pm, the strip
width 750 pum, the obstacle diameter 150 um. We choose the characteristic length to be the
obstacle radius, namely L = 75 ym. Following the nondimensionalization we made in the proof
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Figure 3.6: Cell migration with obstacle. (a) At ¢ =0 h. (b) At ¢ = 12 h. Extracted from Tlili
et al. [2018a, Figure 1.].

of Theorem 1.1 and by putting the origin at the center of the domain, the computation domain
is then © = [—80/3,80/3] x [0, 5], y = 0 being an axis of symmetry for both « and & in our model.
Still in this paper, we learn that “the typical time for cells to migrate over a distance equivalent
to the obstacle diameter of 200 pym is 3 h”. It means that the the typical time for cells to
migrate over a distance of 75 pum is 1.125 h. As a result, this is the value we choose for the
characteristic time, namely 7" = 67.5 min. To give an idea, the characteristic velocity is then
U=L/T =1/ um-min~!. Finally, the center of the obstacle coincides with the origin. We
choose ty = 20/3 as final dimensionless time. We shall discuss this value in subsubsection 3.3.4.
It corresponds to a time of 7.5 h. At the end of this allotted time, the cells should have migrated
over a distance of L/4 = 500 um. For the 1D case, we will keep those characteristic quantities
and will take as computation domain €2 = [—80/3, 80/3].

3.3.2 Objective and strategy

Through qualitative comparisons with experimental data, we will be able to refine and highlight
the limitations of the model in pure viscous case, as we focused on it in section 2. Ideally, the
numerical results will provide another perspective on the biophysical mechanisms involved.

For that purpose, we aim at finding the physical parameters « and  involved in the model
that best fit the experimental data. Our first point of entry for the comparison is in the model
solutions. Indeed, they directly give the velocity field and the height. Then, we will be able to
compare them with the figures presented previously. To go further in the comparison, we will
use two additional experimental measures:

« the position of the front with respect to time (Figure 3.5): given the final time we have
chosen, we should have z(t;) = L/4;

o the local relation between velocity and cell radius: all values gather on a master linear
curve (Figure 3.4c).

We will select each couple (o, ) that will fulfill both conditions. In particular, we will try to
highlight the values of a most representative of what can be observed among all the values that
this parameter can take. The final couple that will be described as the best will be the one
for which the asymptotic behavior of the position of the front or the master curve (which will
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not necessarily be linear) will be the closest to what is experimentally observed. Finally, we
will propose a 2D simulation and will compare it with what was obtained in Tlili et al. [2018a].
The numerical experiments then conducted in 1D should make it possible to consider only the
best case in 2D.

3.3.3 Raw results

Let us make the exploration of the possible couples (o, 7). We run our simulations with ¢; =
20/3° N = 1000 and np.x = 5000. Table 3.1 gives a brief summary of couples that fit the
condition z¢(tf) = L/4; they were found by trial and error. Let us take a look at the following
representative cases:

o « = 10 will represent the class of large «;
o « = 0 will represent the class of small «;

e a = 107! will represent the other ones.

al 0 1072 1071 1 10 102 10%
~ 3102 7-102[78-10 " | 1.17-10 | 1.175- 102 | 1.175 - 10° | 1.175 - 10"

Table 3.1: Some couples (a, ) for which xf(t;) ~ L/4.

Let us begin with a = 10. A summary of the obtained results is given by Figure 3.7. In
figures (a) and (b), we see that the velocity decreases in intensity at the front over time. More
precisely, we first have a ramp with strong growth, localized at the front (short times), which
then tends to sag and spread more and more evenly over the tissue domain €.(¢) (longer times).
As a result, in figure (c), values (Tmean(tn, i), u(tn, ;) )n; indeed gather on a master curve, that
seems to be a square root. The tissue height, in figures (d) and (e), on the other hand, sags,
i.e. reaches the critical height h., quite quickly. Finally, figure (f) shows the front position with
respect to time in log-log scale. What we observe in it is actually a square root curve times
a constant. It is possible to prove it formally. Indeed, for large «, the viscous effects can be
neglected in front of the friction and the active force. If we assume for the moment'’ that h
decreases just fast enough not to be affected by the no-penetration condition w - v = 0 then,
according to appendix D, since , w and h are explicit and there exists a constant C'y such that

5 (t) = cf(Z)l/z\/E (3.3.3)

A summary of the obtained results with o« = 0 is given by Figure 3.8. In figure (a), the
velocity seems to be an increasing linear function in the tissue domain, at any time. On
the other hand, there is no great variation in amplitude. As a result, in figure (c), values
(Tmean (tn, ), w(tn, ;) )n; does not gather on a master curve. On a the contrary, at a given
time, the effective cell radius is globally constant. Therefore, the tissue height, in figures (d)
and (e), is globally constant in space, it slightly sags only near the front. This last effect and
the loss of height over time show the presence of movement. In particular, the time it reaches
the critical height h, must be very large. Finally, figure (f) shows the front position with respect
to time in log-log scale. We observe a linear curve close to y = .

100More details in subsubsection 3.3.4.
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Figure 3.7: Summary of numerical results obtained with o = 10 and v = 1.175 - 10%. Figure
(c) represents the velocity against the mean radius (expressed as Tmean = h™/?, as we saw in
subsubsection 3.3.1) and a color corresponds to a specific time. Figure (f) shows the evolution
of the front position over time, in log-log scale.

14 - 1.4 7
t=0.10000 —— ult, x)
t=333333 —— 3
t = 666667 —— 6 12 P 6
(b)
25 1 + + 5
., .
2
3 % 08 4
= <
s x 15 5 o6 3
- 1 0.4 2
- 0.5 0.2 1
(a) (c)
L L Il - 0 0 = S 1 L 1 L L Il 0
10 20 30 1 2 3 4 5 6 1 111213141516171.8
x t r(t, x)
tr hit, b
t=0.10000 —— (£, x) b ,
09 - t+=333333 1 t P
t = 6.66667 —— L
08fF — 7T 3 .
(e) 0o p
07 F L .
o6 F 0.8 .
x fran C .
5 05 0.7 = [ x
£ . ¥ B
041 0.6 r L
03 - .
0.5 r .
02+ i | .
0.1 |- (d) 0.4
0 : . | - 03 0.1 L
30 -20 10 0 10 20 30 1 2 3 4 5 6 0.1 1
X t t

Figure 3.8: Summary of numerical results obtained with & = 0 and v = 0.03. Figure (c)
represents the velocity against the mean radius (expressed as Tyewn = h~7/2, as we saw in
subsubsection 3.3.1) and a color corresponds to a specific time. Figure (f) shows the evolution
of the front position over time, in log-log scale.
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A summary of the obtained results with a = 107! is given by Figure 3.9. In figures (a) and
(b), we see that the velocity decreases in intensity at the front over time. More precisely, we
first have a ramp with little growth (compared to what we had for a = 10), localized at the
front (short times), which then tends to sag and spread more and more evenly over the tissue
domain Q. () (longer times). As a result, in figure (c), values ("mean(tn, i), u(tn, ;) ), indeed
gather on a master curve, that seems to be a square root. The tissue height, in figures (d) and
(e), on the other hand, sags quickly, but not as much as for « = 10. Finally, figure (f) shows
the front position with respect to time in log-log scale. It can be seen as a juxtaposition of two
curves, a sign of the existence of two regimes for this specific case, as shown in Figure 3.10. In
particular, the second regime corresponds to an affine evolution of the front position.
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Figure 3.9: Summary of numerical results obtained with o = 107! and v = 7.8 - 107!, Figure
(c) represents the velocity against the mean radius (expressed as Tmean = h=7, as we saw in
subsubsection 3.3.1) and a color corresponds to a specific time. Figure (f) shows the evolution
of the front position over time, in log-log scale.

3.3.4 Discussion

Before discussing the solutions selected, we should return to the very validity of these solu-
tions. Indeed, Figure 3.11 shows that the non post-processed height is likely to reach the right
boundary of the domain before the end of the simulation. It also shows that if the solution
is valid for sufficiently large «, which corresponds to a borderline case for which the dynamics
do not change from one « to another, it will also be valid for the others, since the cells spread
all the faster the larger a. Even though the o = 10 solution sees the right boundary of the
domain, this is not very troublesome if we compare to what we obtain with the large o model,
presented in the appendix D.

The problem highlighted here is indeed a problem insofar as, as soon as the boundary is
reached, the behavior of the solutions changes to satisfy the no-penetration condition. From a
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Figure 3.10: Front position with respect to time, obtained with o = 107! and v = 7.8 - 1071,
The vertical dashed line separate the two identified regimes.
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Figure 3.11: Numerical log-height ¢ obtained with the three representative v at time ¢t = 5.
The curve reaches the right boundary of the domain before the end of the simulation and the
solution is then influenced by the no-penetration condition. Black curve corresponds to the
exact non post-processed height solution of the large o model, presented in appendix D.
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physical point of view, this is unsatisfactory: the mechanics of the phenomenon will not change
if the cells come critically close to the boundary. There are several possible causes for this
effect. First of all, we could think about the critical height. Indeed, if it was directly processed
by the numerical resolution, and not in post-processing, the cells would not reach the boundary
in the time interval we have chosen. But that would only partially solve the problem. We could
also think about the edge condition itself, which is obviously not suitable.

Let us come back to the simulations we made previously. They have highlighted three main
types of behavior:

o When « is large, case previously represented by a = 10, friction dominates over viscosity
and the solutions converge toward the large o model, presented in appendix D. We can
write the front position with respect to time as C’f\/z_f, where C} is a nonzero constant.
Moreover, points ("mean(tn, i), u(tn, ;) )n: gather on a master curve.

o Conversely, when « is small enough, the friction is negligible with respect to viscosity and
the solutions converge toward the limit case a = 0. The front has a linear profile over
time and no relation between the effective cell radius and the velocity can be deduced.

« Eventually, the hybrid case, previously represented by o = 107, highlights the existence
of two regimes: a relatively short transitional regime and a permanent regime, in which
the position of the front depends upon time in an affine way. Like the large « limit, points
(Tmean (tn, i), u(tn, T;))ns gather on a master curve.

However, the small « case is not satisfactory as the friction cannot be neglected. The large «
case can be ruled out as well. Indeed, Figure 3.12 (see also Figure 3.5) suggests us that, after
an initial flow regime, the front position behaves as z¢(t) = Cyt®, with Cy ~ 0.6 and @ > 1. As
a result, we consider the case o = 107! as the one that best fits the requirements we identified
as important in subsubsection 3.3.2.

However, this case is far from perfect. First of all, the requirements are not fully fulfilled.
Also, we notice that the velocity decreases in intensity at the front over time, unlike what we
observe in Figure 3.4a. Either the active force generates a dynamic forcing the cells to slow
down, or the absence of elasticity prevents an increase in this intensity, the two cases not being
mutually exclusive. We said in subsubsection 1.4.2 it was convenient not to normalize the
gradient of the height. On the other hand, the active force is sensitive to the gradient norm.
Thus, except when « is small, although its norm increases as one approaches the front, helping
to make speed an increasing function in space, at a fixed position close to the front it decreases
due to the spread of the solution. As suggested during an internal discussion, a possible remedy
would be to normalize the gradient in order to have a pure direction.

More generally, the model is not robust as shown at the beginning of the discussion. We
suggested that we could have directly processed the height in the variational formulation. But
this not that simple. Actually, we tried to put the indicator function directly into the form
by (see 2.2). For that purpose, we used a regularized Heaviside function. Unfortunately, the
solution looked like a step function modeled on the mesh and was too sensitive to how to
regulate the Heaviside’s function, leading to convergence problems. This is why we have chosen
to add a post-processing stage. This solution is not perfect because it induces a loss of height
mass (understanding the area under the height curve) over time. For the final time chosen, the
losses are not too important, of the order of 10 %, but for longer times, it would be prohibitive.
That said, the model is not as bad as it could have been, given its simplicity.
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Figure 3.12: Front positions over time for the different couples («,y) we have chosen and from
the experimental data.

3.3.5 2D simulation

Since a 2D simulation is costly in computing time, we propose to run only one, with the best
couple (a,7) we identified, namely o = 107! and v = 0.78. The resulting height at final time
is presented in Figure 3.13 for the part of the domain where there are variations. It shows an
increase in height upwind the obstacle. Probably, this means that the cells compress and get
denser as they are slowed down by the obstacle. Finally, 3.14 illustrates the cell flow in 3D .
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I 1.2e+00
1

=08

Figure 3.13: Numerical velocity and height around the obstacle at t ~ t; = 20/3, with ny.x =
5000 and N = 5527. The height is represented by the color gradient and the velocity by the
vector field. There are also streamlines to show the low movement.
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(b) t =~ 1.24

(c) t ~2.59 (d) t ~ 3.95

(

(e) t = 5.31 (f)t=6.6T~t; =20/3

Figure 3.14: 3D view of the cell flow with the presence of an obstacle, where n,,, = 5000 and
N = 5527.
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Conclusion

In section 1, we set out the laws governing the viscoelastic behavior of epithelial tissues (1.2, 1.3
and 1.4). The resulting equations were then asymptotically approximated by a simpler model,
invoking the low aspect ratio of the geometry. The numerical resolution of the resulting system
was conducted in section 2 for the special case where elastic effects are neglected (i.e. We = 0).
We discretized the problem in time using a fully implicit upwind scheme with variable time
steps, to ensure stability of the latter if the initial condition is not sufficiently smooth (2.1.2
and 2.3). We also changed the variable for the height to ensure its positivity at any stage of
the discretization (2.1.1). The space variable was done through a variational formulation of the
problem discretized in time (2.2). In order to be able to approach the height by a discontinuous
function, we used in particular a discontinuous Galerkin method (2.2.3). We then showed
empirically in section 3 the convergence of our algorithm (3.2) before proposing a strategy
of 1D comparison of the numerical results with the experimental data (3.3.2). This strategy
consisted in using two experimental measurements: the position of the front with respect to
time and the local relation between cell radius and cell velocity suggesting an alignment of
the values on a master curve. We were then able to identify the set of parameters that best
corresponded to the aforementioned constraints, given the experimental curves available to us

These numerical experiments were able to highlight the limitations of the model and the
numerical problems encountered. We have endeavored to cover the entire modelling chain:
equation generation, transposition into algorithms and experimental validation. This overview
allowed us to identify new perspectives or to clarify existing ones. The developments envisaged
therefore affect both the mathematical model and its numerical resolution. As it stands, the
model has failed to faithfully reproduce the experimental data, particularly the two points of
interest to us. On the one hand, we can regret the lack of elasticity, an effect that requires
further development. Working with We > 0 would lead to consider a tensor transport term.
Numerically, we would come back to using the discontinuous Galerkin method but this is not
a foregone conclusion: we would then have the height/elastic stress tensor coupling and, as
suggested in Saramito [2020, subsection 5.3], we would surely have to consider a @-scheme
for discretization in time. On the other hand, the active force must greatly influence the
dynamics, and its writing cannot be left to intuition alone. It must be chosen and handled with
care. If possible, it must avoid the use of post-processing, among other things, so as not to
cause a loss of mass over time. But this allowed us to see (3.3.4) that the actual no-penetration
condition is unsatisfactory because the cells “see” the boundary coming, which tends to influence
the behavior of the solution. A possible remedy would be to consider absorbing boundary
conditions. That being said, it is clear that more complex effects must be taken into account in
its expression. As mentioned in the introduction, one could think of polarity. Its coupling with
the current viscoelastic model is in any case inevitable but remains an open question. Finally,
a more in-depth study of migration behavior in the presence of an obstacle or in the context
of a more exotic geometry would be beneficial. We have shown results in the particular case
of a circular obstacle in a rectangular domain (3.3.5), but the ideal would be to consider any
geometry and especially, if possible, complex geometries.
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A Definitions

A.0.1 Characteristic curve

Let © be an open set of R?, d € N*.

Definition A.1. The characteristic curve X (¢, x; -) passing through position € Q at time ¢t €
0,t] is the function satisfying the following ordinary differential equation:
0 X (t,x;s) =u(s, X(t,x;s)), Vs €]0,t
(t,35) = uls, X (t,255), Vs € 0,1 o
X(t,x;t) =
From the Cauchy-Lipschitz theorem, this problem is well-posed, assuming at least that w
is Lipschitzian, therefore the characteristic curve is uniquely defined.

A.0.2 External trace

We will use here the notations introduced in subsubsection 2.2.3.

Definition A.2. Let ¢ € @), and K € T, be an element of the mesh. The external trace of ¢
in K is the function ¢. defined on any face S C 0K by

y 5 leS qx(x) if S CoQ A
€5, (Qex =TT , 0.2
s et (®5) lim ¢/ (x) if S € fh(z) ( )

T—ITs
where K’ € T}, is the unique neighbor element of K such that S = 0K NIJK’.

This definition is actually an adaptation of the general one to our particular case. Saramito
[2016, Section 4.10] proposes another specific definition when the trace of function is imposed

by a Dirichlet boundary condition while you can find a more general one in Gérald [2013,
§ 1.2.3.4.1].

B Integral rules

Theorem B.1 (Reynolds transport formulas). Let Q be an open set of R?, d € N* and w be
an open, connected and bounded subset of Q. Let w(t) = X (0,w;t), where X(0,x;-) is the
characteristic curve passing through position x € w at time t = 0 and w be a vector field defined
in Ry x Q. For any differentiable scalar field, vector field or tensor field defined in Ry x €2, in
all cases denoted by f, we have

d
< da = / o,fd / ‘n)fd B.0.1
dt /w(t)f * w(t) of dz 8w(t)<u n)fdz ( )
In particular, by applying the Green formula, we have
d
f/ fdw:/ (Of + div(fu)) dz (B.0.2)
dt Ju(t) wl(t)

when f is a scalar field and

d .

when f is a vector field.
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B Integral rules

Theorem B.2 (Leibniz’s Integral Rule). Let I and ) be intervals of R. Let f: I x Q — R4
be a function such that

e O.f exists and is defined on I X €);
e both f and O, f are continuous on I x €);

e there exists an integrable function g : I — R such that for every (t,z) € I x €,

Hg(t,x) < g(t).

Leta : Q — I and b : Q@ — I be two differentiable functions on ). Then the following
parametrized integral function F', defined on € by

b(z
F(z) = (

a(x)

)f(t,:c)dt
is differentiable and
b(z) O
F'(z) = f(b(z),z)b (z) — f(a(x),x)d (x) + /a(x) a“;(t,x)dt (B.0.4)

Proof. Let G : R®> — R? be the function defined by

v

G(u,v,z) = L f(t,z)dt
We remark that
F(z) = G(a(x), b(z), x)

Since G is differentiable with respect to each of its variables (thanks to the first fundamental
theorem of calculus and the basic form of Leibniz’s Integral Rule), I is also differentiable as
function composed of differentiable functions. To compute the derivative of F', we thus have to
apply the chain rule on G:

oG , oG , oG
= %(a(x), b(l‘), x)a (l‘) + %(G(ZL’), b(:L'), x)b (l‘) + aj(a(x)v b(:L'), l‘)

Let us compute the partial derivatives of G. From the first fundamental theorem of calculus,
we have

F'(a)

oG

%(u,v,x) = —f(u, )
oG

%(u,v,x) = f(v,x)

and by the basic form of Leibniz’s Integral Rule

oG v of

- = —(t,x)dt
x(u,v,x) [J 81’(’@

By replacing those quantities in the relation linking F” and the partial derivatives of G, we end
up with the result. O
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Corollary B.2.1. Let I be an interval of R, Q be an interval of R and P be a rectangle of
R2. Let uw : P — R? be a vector field and ¢ : I x P — R be a scalar field which satisfies
all the hypotheses of Leibniz’s Integral Rule with respect to both x and y. Let a : P — I and
b: P — I be two differentiable functions on P. Then, for any (z,y) € P

b(z,y) b(z,y)
(u ’ v) /a(ar ) @(ta xz, y)dt = ~/a(x W) (’U, ’ V)Qﬁ(t, T, y)dt + [(’U, ’ V)b(ZL’, y)] gO(b(.I‘7 y)a xz, y) (BOS)
- [(’U; ’ V)G(ZIZ, y)] (p(CL(.I‘, y)7 z, y)
Proof. From Leibniz’s Integral Rule B.2 applied to ¢, we have

b(z,y) b(z,y)
a(x,y a\z,y

= plalz,y), 2, y)usdva(z, y)

We obtain the same kind of relation by differentiating with respect to y. Summing the two
relations in x and y yields the result. O

Corollary B.2.2. Let I be an interval of R, Q be an interval of R and P be a rectangle of
R2. Let u : P — R? be a vector field and v : I x P — R? be a vector field which satisfies
all the hypotheses of Leibniz’s Integral Rule with respect to both x and y. Let a : P — I and
b: P — I be two differentiable functions on P. Then, for any (z,y) € P

(u-V) /al;:j)v(t,x,y)dt:/al(’jj)(u-w (t, 2, y)dt + [(w - V)b(z, y)] v(b(z, ), ,y) (B.0.6)
—[(u-V)a(z,y)]v(a(z,y),,y)

b(z,y) b(z,y)
div /( l)/ v(t,x,y)dt = /( Z: div(v)(t,z,y)dt + v(b(z,y),z,y) - Vb(z,y) (B.0.7)
a(x,y alz,y
o ’U(CL(;E, y)> Z, y) ’ VCL(SE, y)
Proof.

o The first result is directly obtained from the corollary B.2.1 by using as ¢ any component
of v and then summing.

o The second result is directly obtained from the corollary B.2.1 by using first ¢ = v, and

T T
1 O) then ¢ = v, and u = (O 1) . Summing the two relations in x and y yields
the result.

]

Corollary B.2.3. Let I be an interval of R, Q be an interval of R and P be a rectangle of R2.
Letu : P — R? be a vector field and T be a second-order tensor defined on I x P which satisfies
all the hypotheses of Leibniz’s Integral Rule with respect to both x and y. Let a : P — I and
b: P — I be two differentiable functions on P. Then, for any (z,y) € P

(- V) /:(’Z’fr@,x,y)dt: /a?:j)(““ (1,2, 9)dt + [(w- V)b(a, )] 7 (bl y).2.y) (BO.S)
(- V)ale, )] (alz.y),2,9)
div /Otl():j)T(t,x,y)dt = Ajixyi) div(7)(t,z,y)dt + 7(b(z,y), z,y) - Vb(x,y) (B.0.9)

T(a(z,y),7,y) - Va(z,y)
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Proof.

o The first result is directly obtained from the relation (B.0.6) of the corollary B.2.2 by
using as v any line vector of 7 and then summing.

» The second result is obtained in exactly the same way from relation (B.0.6) of the corollary
B.2.2.

C Proof of Theorem 1.1 — Thin-layer approximation

In what follows, a will be a generic scalar field, a a generic vector field and a a generic tensor.

This proof leads to a lot of equations and it quickly becomes difficult to find their way
around. To help the reader, every step distinguishes four types of equation: conservation
laws, constitutive equations, boundary conditions and initial conditions. Moreover, there is a
pattern — that starts at subsection C.1 and stops at subsection C.4 —in the equation numbering.
Globally, an equation is numbered according to this pattern:

(C.<step>.<type_of equation>x)

where x is a letter used to distinguish equations inside a same category. Here is the correspon-
dence between the categories and the numbers:

Step ‘ Splitting planar and vertical components Dimensional analysis Asymptotic expansion

number ‘ 1 2 3

Type of eq. ‘ Conservation laws Constitutive eq. Boundary cond. Initial cond.
number ‘ 1; 2 3; 4 5; 6; 7 8

C.1 Splitting planar and vertical components

The idea here is to prepare the forthcoming projection'! of the three-dimensional A(t) domain
onto its two-dimensional counterpart 2. We would like to find new relations for our variables,
viewed as projections of those we have for the initial coupled system of evolutionary equations,
i.e. that do not depend on the vertical component z. This will essentially be achieved by first
splitting planar and vertical components then by integrating over [0, h] the different equations
we will obtain in the next subsections.

C.1.1 Conservation laws

ou,

5. =0 (C.1.1)

divs(us) +

Hnot in a geometrical sense but in a topological sense
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Oug ) do,.
p ( 5+ (us - Vs)us) —divg(os) — 5, = 0 (C.1.2a)
ﬁuz . aazz o
p ( T + (us - Vs)uz> —divg(os,) — 5, = 0 (C.1.2b)
C.1.2 Constitutive equations
o5 =Ts+ 2ns Ds(us) — pl; (C.1.3a)
Os, Ts, + Ns <aa,l:l; + VSUZ> (Cl?)b)
O = Ton + 27]88(;: —p (C.1.3¢)
0T T
A 5 + (us - V)Ts — (Voug)Ts — 75(Vsus)
G’U,s a/u's
5 R T, — T ® P 1 + 75 = 21, Ds(uy) (C.1.4a)
0T,
A [ 5 + (us - V)T, — (Vsug)Ts, — T75(Vsu,)
aus auz uS
- Sz o _ sz m stz 1.4
5, T 82]+T n<82+VU> (C.1.4b)
OT,., ou, ou,
-2 . —2— 2 1.4
A [ at + (uS VS)TZZ vSuZ TSZ az TZZ ‘| _|— TZZ nm az (C C)
C.1.3 Boundary conditions
On |0, t[xT'f(¢):
ZLJr(us-Vs)h—uz:U (C.1.5a)
—05(Vsh)+0,,=0 (C.1.5Db)
—0,,-Vsh+o0,,=0 (C.1.5¢)
On }O, tf[XF()i
—u, =0 (C.1.6a)
On |0,t¢[xI(¢):
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(Usns)t,s + ((asz)t,s - (a'sz : ns)”s - Uzznzns)nz = 0

Os, Mg+ (Uzz - (Usns) ' ns)nz + (Uzznz - 2032 : ns)ni =0

If I'(¢) is regular enough, then m is collinear to (1/ O)T, where v is the outer unit normal
vector to 2 on 0. As a consequence, ng does not depend on z. Then, it exists a scalar field
C > 0 such that

n, = Cv

Actually, we can give an explicit form to C. Indeed, since ||n||2 = |||z = 1, we end up with
C?*+n? =1then C' = /1 —n2 €]0,1] since n, € [0, 1[. By replacing ns in the previous relations
and adding the boundary condition for the velocity, we obtain

us-v =0 (C.1.7a)
Co,v—C¥ (o) v)v + (a'sz —20%(o,. - V)V — CO’ZZTLZV>7”LZ =0 (C.1.7b)
Cos, v+ (0, —C*ow) -v)n, + (0.0, —2Co, -v)n> =0 (C.1.7¢)
C.1.4 Initial conditions
On Iy : In A(0) : In A(0) :

h(0,-) = hg (C.1.8a) us(0,-) =ups (C.1.8b) 750, =70, (C.1.8d)
u,(0,-) = up . (C.1.8¢) Ts:(0,-) = Tos: (C.1.8e)
Tzz((); ) = T0,22 (C].8f)

C.2 Dimensional Analysis

For notation convenience, we will drop the tilde in what follows. The following table shows
how we proceed the nondimensionalization of the equations in practice:

With dimension | Without dimension
a Aa
ora Alr Oy
0,a AlH 0.a
V.a YLV sa
divsa L1 divsa

where A is the characteristic quantity associated with the scalar field a. These relations can
be easily generalized for a vector field or a tensor.

C.2.1 Conservation laws

u: _, (C.2.1)

divg(us) + 5 =
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P\ or T\ s Vs T T ey ) T LY\ TY T e, T
Vou, UV V2 Ou, ¥ ¥ 00,
’ <T or T (e Velu H“Za) T Ty, =

By expressing everything in terms of U, L, € and n, we end up with

U?0u, U? U?  Ou, nU .. nU 0o,
g (L g T (e Velus ) ~pdiveled) = o5,
eU? Ou, eU? cU?  Ou, nU . nU 0o,
g ( Lo g e Veus ) — i) = o5,
By multiplying both sides in each equation by 55—;, we finally get
8us aus . aasz o
eRe ( 5 T (us - Vs)us + uzaz> —edivg(os) — 5, 0 (C.2.2a)
ou ou Jdo
2 z . Utz . _ 2z
e“Re ( T + (us - Vs)u, + u, P ) edivg(os,) P 0 (C.2.2b)
C.2.2 Constitutive equations
os =75+ 2(1 — ) Ds(us) — pl; (C.2.3a)
dug
con.=er+ (1-9) (52 + 20 (C231)
oo =121 — g2 _ (C.2.3¢)
zz — lzz 82{ p L.
0T
eWe [ 5 + (us - V)75
ou ou
— — - u = 2.4
(Vsug)Ts — T5(Vsusg) ] We ( P R Tey + Tez @ P ) (C.2.4a)
+eTs =2 Dg(uy)
sWe [agzz + (us : Vs)TsZ
ou ou
. e . welds 2.4
(Vsus + P S) Ts, — eTs(Vsuy) 1 We P Toz (C.2.4b)
teTe, =0 <8us + 62V3u2>
0z
OT,., ou, o ,0u;
We l 5t + (us - Vo)To, —2eVu, - Tg, — QETZZ ] + 7., =20 5, (C.2.4c)
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C.2.3 Boundary conditions
On ]O, tf[XFf(t)Z

oh

a + (us : Vs)h — Uy = 0 (0253)
—e0s(Vsh)+ 05, =0 (C.2.5b)
—e04,-Vsh+0,, =0 (C.2.5¢)
On ]O, tf[XFO:

—u, =0 (C.2.6a)
—0s, +eaus = f, (C.2.6b)

On 10, t[xI'(¢):
us-v =0 (C.2.7a)
Cozw — C*((o.w) -v)v+ (a‘sz —2C%(o, - V)V — CO‘ZZHZI/)RZ =0 (C.2.7b)
Cos. v+ (0. —C* o) -v)n, + (0..n. —2Co,, -v)n> =0 (C.2.7¢c)

C.2.4 Initial conditions
OnTy: In A(0) : In A(0) :

h(0,-) = hg (C.2.8a) us(0,-) =up, (C.2.8b) 75(0,-) =Tos  (C.2.8d)
u(0,-) =wup. (C28c) 7T4(0,-) =70s. (C.2.8¢)
Tzz(07 ) = T0,zz (C28f)

C.3 Asymptotic expansion

C.3.1 Conservation laws
8(@0) + eulM + 0(52))
0z

By using hypothesis (i) and the linearity of the differential operators, by remarking that any
differential operator in time or space applied on a O(g?) remains a O(¢?) and by considering
the previous equality as a polynomial equality whose variable is €, we obtain the system of
equations

=0

divs(ugo) + 5ugl) + 0(52)) +

divy(u®) + (9; =0 (C.3.1a)

ou)

5 =0 (C.3.1b)

divg(ulD) +

S
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ooV
2. =0 3.2
5 (C.3.2a)
ou® oul? oo
s (0) (0) 0)Y%s _ 0)y _ Z%sz _ 2
Re ( B¢ + (uy’ - Vs)uy’ + ul 9, ) ivy(oy”) py 0 (C.3.2b)
950
2. =0 C.3.2
5 (C.3.2¢)
9oV
. (0) 2z
divs (asz) + 5. = 0 (C.3.2d)
C.3.2 Constitutive equations
oV — 70 —2(1 - 8) Dy(ul’) +p¥1, = 0 (C.3.3a)
o — 70 21— B) Dy(uV) + pVI, =0 (C.3.3b)
ou"
1— =0 C.3.3
(-5 (€330
(1)
o0 _ 70 _q_ 5% _y (C.3.3d)
0z
(0)
o — 70 _9(1—p) (9;; +p® =9 (C.3.3e)
(1)
o) =7l —2(1 - 5)832 +pM =0 (C.3.3f)
z
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Hu 0 Hu0)
—We( g’ 70 +79 e ;;) =0 (C.3.4a)
or\¥ 0
We l 8; + (u Vs + uz 82) T — (Vsugo))‘l'go) - Tgo)(vsuéo))T ]
1 0 0 1
w2 0 O o O O
0z 0z 0z 0z
+70 - 28D,(u”)=0 (C.3.4b)
ou”) ou®)
We25_470) _3Z7s  _ .34
or) 0 ou®
sz ) . (0) 0) _ (0) z (0)
We l ot + ( Vs +u, 82) T, (Vs'u,s + 5, Is> T, 1
ou ou” ouV
_ Z%s (0) L T (1) (0) _ g27s _
We ( 5, Tz 5, Tz ) +7, — B 5 0 (C.3.4d)
orl0 ) 0 ul® ou®
0 _ (0) 0) _ z_
[ + (u Vs 4 ul® % )7’ 2—=— 82 ] + 71, — 208 o 0 (C.3.4e)
[ +<u Vs +ult ;)T(O)
8u(1 oulV) oult)
—92z L(0) o= (1) | _ (1) __9gpZlz _ 3.4f
C.3.3 Boundary conditions
On ]O,tf[fo(t):
h
(8% (w® -V h —ul® =0 (C.3.5a)
c¥ =0 (C.3.5D)
—ocO(v.n)+a) =0 (C.3.5¢)
o =0 (C.3.5d)
—o0 . V.h+o) =0 (C.3.5¢)
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On 10, t¢[xTy:

—ul” =0 (C.3.6a)
—ulY =0 (C.3.6b)
o + £ =0 (C.3.6¢)
o) —aul” + i =0 (C.3.6d)

On 0, t;[xT(¢):
u? v =0 (C.3.7a)
ull) v = (C.3.7b)
Cago)u — 03((020)1/) Vv + (agﬂz) _ 202(09 Vv — Cag)nz,/>nz -0 (C.3.7¢)
ColQ v+ (oW — C* o) v)n. + (0Wn. — 200 - v)n? =0 (C.3.7d)

C.3.4 Initial conditions

On Iy : In A(0) : In A(0) :
hO,) =ho  (C38a) 400, ) =uy) (C38b) +90,)=7" (C.3.8f)
u(0,) =ul)  (C38¢) U0, =78  (C.3.8g)
u00,) =uf)  (C38d) 700, =7y, (C.3.8n)
uM(0,) =ul) (€38 T, =7,  (C.3.8i)
00, =7 (C38)
0, =7 (C.3.8k)

C.4 Reduction

As said in subsection C.1, the idea is now to find new relations for our variables by combining
and integrating over [0, h] the different equations we obtained in the previous subsection.
From the constitutive equation (C.3.3c), whenever § # 1, we have

ou”
0z
0)

which means u(”) is independent on z. Whenever = 1, we retrieve this result from equation
(C.3.4¢) as We(r9 + B) # 0 whenever B # 0. Indeed, if we assume the opposite, equation
(C.3.4¢) tells us that 7(9 = —B/we = 0, which is absurd since we have assumed that 3 # 0.
Thus, by integrating over [0, h] the mass conservation law (C.3.1a) and by using the boundary
condition (C.3.6a), we obtain the relation

~0 (C.4.1)

4\

z ‘Z:h s

= —h div,(ulV) (C.4.2)

which is valid in the whole domain €.
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Remark. Equality (C.4.1) suggests that the cells move as a block, i.e. all the points on a given
vertical move at the same velocity.

From the momentum conservation laws (C.3.2a) and (C.3.2¢) and from the boundary con-

ditions (C.3.5b) and (C.3.5d), we deduce that in |0, [xA(?),

a¥ =0 (C.4.3)
oV =0 (C.4.4)

By plugging (C.4.3) in the momentum conservation law (C.3.2d) and in the boundary
condition (C.3.5¢), we deduce
o) =0 (C.4.5)

Remark. Equations (C.4.4) and (C.4.5) show that 0., = O(g?). Thus, approximately, the cell
monolayer is not subject to any tension or compression in the vertical direction. From the
equation (C.4.3), we could also say that the cells are subject to a vertical shear that is of the
same order as €. And indeed the boundary condition (C.3.6d) shows that the first-order term
is non-negligible.

C.4.1 Conservation laws

From equation (C.4.2) and from the free surface kinematic condition (C.3.5a) we deduce that
in ]0, t f[X Q

oh
8t+( -Vo)h+ h divy(ul®) =0
g?#-u - Vh + h divg(u®) =0
(?9? + divy(hul®) =0 (C.4.6)

By injecting the relation (C.4.1) into the momentum conservation law (C.3.2b), we get by
integrating over [0, h|

0
h (0) h ( h h g
Re /0 (a}jj +(ug0>-vs)ug0>) dz + Re /0 ugm%dz— /O div,(c®)dz — i ag;z =0

ou" . h z=h
( ot Vs)ugo)> — dlvs/0 Ugﬂ)dz + ago)‘Z:thh — [USZ)L:O =0
h
e < (U ) (0)> B div3 /O o-gO)dZ + a-gO) ‘z:hvsh o a-glz)‘z:h + O-SZ) ‘2:0 =0

where to pass from the first line to the the second one we used the Leibniz’s Integral Rule
(B.0.9) from corollary B.2.3. Now, by using the boundary conditions (C.3.5¢) and (C.3.6d), we
obtain

ou® . _
hRe ( 5t + (@ V)ul? | - div, (h ag‘))) +%—%+ aul® — f =0

(0)
hRe (agi + (u® - Vs)ug0)> — div;, (h Ego)) +aul® — fV =0
(C.4.7)
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It could seem surprising that this relation depends on f((ll) and not on féo) — meaning that the
latter disappears from the equations. Actually, it is not. From the equation (C.4.3) and from
the boundary condition (C.3.6¢), we remark that

fO—o (C.4.8)

which means that f, = O(e): the active force is of the same order as the aspect ratio of the
geometry. This is at this stage that the hypotheses we made on the friction coefficient ( and on
the characteristic stresses come into play. If we had rather decided that ( is of the same order
of magnitude as €°, then we would have o = (U/Y and the conservation law (C.4.7) would
have read

ou'®
hRe ( g; + (ugO) . Vs)ugo) — div, (h EgO)) 4 augl) B fgl) _0

We would still have the first-order term of the active force but the friction force wouldn’t have
to do with the zero-order term of the velocity, but it would have to do with its first-order term.
The new coupled system of evolutionary equations would then contain both u(”) and u{", which
are unknowns. Therefore, it would complicate the resolution of the system too much. On the
contrary, if we had wanted to make appear the zero-order term of the active force, we would
have make for instance the following hypothesis:

fo=FF,
where F' is of the same order of magnitude as ¢, and we would have the following boundary
condition on 0,¢¢[xy:
o =0
o) —oul) + £ =0
In this case, we therefore assume that f, = O(e), unlike the previous case where this fact is

deduced from the assumptions already in place and from the equations. It is difficult to affirm
that one hypothesis is better than the other, especially when the result is the same in all cases.

C.4.2 Constitutive equations

By plugging the relations (C.4.4) and (C.4.5) in the constitutive equations (C.3.3¢) and (C.3.3f),
we can express the pressure in terms of the elastic stress tensor and the velocity field:

ou0)
p® =70 £ 2(1 - p) gz (C.4.9)
z
ouM)
pV =7 4 91— g) gz (C.4.10)
z
Combining the constitutive equation (C.3.3a) and the above first relation, we get
ou0)
o0 =7+ 2(1 = 5) Dul?) - (0 4201 - %
and finally thanks to (C.4.1) and (C.4.2)
0 = (FO —FOL,) + 2(1 - B) (D4 (ul?) + divy(u)T C.4.11
S s zz —S 5 S s s s S
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Remark. Whenever = 1, we get from the pressure relation (C.4.9) the following equality:

79 = p© (C.4.12)
Looking first at the constitutive equation (C.3.4b), we remark for instance the coupled
terms O,ul) @ 7. It will make us struggle when we will average on height the constitutive
equation because a priori we do not know any handful information (specifically to this case)
about those terms'?, except the constitutive equation (C.3.3d). When 8 = 0, i.e. when 7, = 0,
it automatically results in We = 0 since it is proportional to A which is itself proportional to M-
Then we conclude from the constitutive equations that 7(’)’ =0, 79 = 0 and 79 = 7{) = 0.
Thus, the computations we are doing here do not concern the specific case g # 0.
By using the equality (C.4.3), we deduce from (C.3.3d)

ouM

T(

Let us take a look at the case § = 1. From the above equation, we have automatically ng) =0.
Thus from equation (C.4.1) and from the constitutive equation (C.3.4d), we have

au( )

0) _
(WeT —i—l) 5, =0
#£0
hence
HuM)
uy _ 0
0z

Now, let us come back to the case 8 ¢ {0,1}. By hypothesis (ii), that we can justify either
by mimicry or to make the computations more convenient, we have

duM)
5. -0 C.4.13
5 ( )
then we get
¥ =0 (C.4.14)

By plugging those relations and the relation (C.4.1) in the constitutive equation (C.3.4b),
we come up with (even in the case 5 =1 so)

o ©) (0)2 (0) _ )70 — 7O(7 )T
We + [ w©. v, +uf 7)) — (Vsug )1y — 170 (Vuy’)

ot
ouV u()
(0) 1) (1)
€ ( Z TSZ sZ + T 82

251) (u”) =0

2Even if we had considered higher order terms.
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Then, by integrating over [0, k], we have

u® 0dz+/ 09y, /(vu NrOdz
0z

—/ O(v,u) sz] / T0dz — 25/ D,(u)dz=0
0

we| [

8t

But since u(?) is independent on z (C.4.1), we get after having integrated by part the third
term

2= h Ou0)
0 0 0)(0]*" z_ (0)
Wel 81& )z + [ T, L:O 9. s dz

h h
—(Vsugo))/ Tgo)dz—/ TO0dz (V)"
0 0
h
—|—/ T0dz — 28h D, (u?) = 0
0

Now, by using Leibniz’s Integral Rule B.2, the boundary condition (C.3.6a), the relation (C.4.2)
and once again (C.4.1), we come up with

0 h oh
el (0) (") o
We [ 5 (/0 T, dz) T, ‘Z:h 5

h
@) [ r0d: - @l v,

0 h
— h dive(ul?)T (0)‘ — (u® +div5(u(so))/ T0dz

z=h 5 Jli=o 0

h h
—(Vsugo))/ Tgo)dz—/ TVdz (V,ul®)T ]
0

0

h
+ / 70dz — 28R D(u®) =0
0

then after rearrangement

h h h
We [ < gt + (9. v,) ) (/ Tgo)dz) — (Vsugo))/ 70dz —/ 70dz (Vsugo))T]
0 0 0
N e Oh o (© +O
+ We div, (ul )/0 r0dz — [ S5+ hdive (@) + (- Vo) ) 0|,
h
+ [ 70dz — 280 Dy(u) = 0
0
From the density conservation law (C.4.6), we get
)
0. 0\ _ (T O (17O _ (370 0T
we [ ( O, ) (1) — (V) (570) — (170 (V,u) ]
+We h divy(u®)7O + 7O — 284 D, (u®) =0
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then

)
9. 0) _ O (70 _ (70 (0T
We [h ( TRE vs)>73 (Vaul) (7)) = (hF0) (Vul) 1

ot
+h70 —28h D, (u”) =0

h
+W%[a-+m9'VJh+hﬁ%04%179

1
where 7(0) = —

0
simplification by h # 0:

h
7®dz. We conclude thanks to the density conservation law (C.4.6) and by

Vs
We 70 + 70 _ 25D, (u”) =0 (C.4.15)
With a similar reasoning, the constitutive equation (C.3.4e) becomes
o7\
Wel == + (ul - V)7 + 2div, (w70 | + 72 + 28div,(ul’) = 0
D70
Wel =5+ 2div, (w79 | + 79 + 28div,(u”) = 0 (C.4.16)

C.4.3 Boundary conditions
By using the equations (C.4.3) and (C.4.4), we have
u” v =0

cOv — C*(ePv) - v)Ir=0

s

because C' # 0. By integrating over [0, h] then simplified by h # 0, we obtain the boundary
conditions on |0, ¢ [ xS

Ego)u — ((CQUgO)V> . 1/>1/ =0
(chﬁa@u.u:o

The simple case C' = 1, imposed by hypothesis (i), gives the following simplified boundary
conditions:

ul? v =0 (CA4.17a)
@), =0 (C.4.17b)
C.4.4 Initial conditions
h(O, ) = ho in FO (C418a)
u”(0,-) = uf) inT (C.4.18b)
70(0,-) =7y in T (C.4.18¢)
79(0,-) =7,). inT, (C.4.18d)
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C.4.5 Conclusion

By combining the conservation laws (C.4.6) and (C.4.7), the constitutive equations (C.4.11),
(C.4.15) and (C.4.16), the boundary conditions (C.4.17a) and (C.4.17b) and the initial condi-
tions (C.4.18a), (C.4.18b), (C.4.18¢) and (C.4.18d) and by invoking hypothesis (iv), we obtain
the final system of partial differential equations valid for any g € [0, 1]:

(P): Find 7, 7., w and h defined in |0, ¢[x2 such that

—div(ho)+au—f,=0 in |0, ¢,[xQ (C.4.19a)

?)il + div(hu) =0 in |0, ¢7[xQ (C.4.19Db)

o= (t—7.1)+2(1-03)(D(u )—l—dlv( )I) in J0,tf[xQ (C.4.19¢)
WeT—i—T—ZﬁD(u) = in |0, ¢,[xQ (C.4.19d)

We(Dl;;z + 2div('u,)7'zz> + 7., + 26div(u) =0 in |0, ¢7[xQ (C.4.19¢)
u-v=0and (ov), =0 on ]0, t[x 08 (C.4.191)

h(0,-) = ho in Q (C.4.19g)

7(0,-) = 79 and 7,,(0,-) = T, in (C.4.19h)

where we dropped the orders (0) and (1), the subscripts s and the bars for notation convenience.

The problem amounts to solving a closed system: we have 4 unknowns h, w, 7 and p for 4
equations, boundary conditions on the whole boundary 0f2 of the system domain €2 and initial
conditions for all the unknowns.

D Resolution of the problem in a very specific case

We place ourselves in the case under consideration at the beginning of section 2. When « is
sufficiently large, the viscous term in (2.0.1a) is negligible with respect to the friction and the
active force. Then w and h must satisfy the following system:

au=—yh™ ' Vhilg. ) in]0,t;[x0 (D.0.1a)
Oih = —div(hu) in 10, ;[xQ (D.0.1b)
u-v=>0 on ]0,t[x 00 (D.0.1c)
1(0,-) = ho in O (D.0.1d)
Le.
Oih = /o A in 10, £[xQ(t)
h(t, ) = ho in [O,tf[XQc(t)c
8,,h:0 on ]O,tf[xE)Q
h(0,-) = hy in Q.(0)

We recognize a heat-like equation with diffusivity parameter v/a. By making the change of
variable s = 7/at (thus s; = 7/ats) and by abusing the notation, we end up with the following

equation:
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(P): Find h defined in |0, s¢[x €2 such that

Osh = Ah in ]0, s7[x (s (
h(s,-) =ho in [0, sf[x8(s)" (D.0.2b
Oyh =0 on|0,sr[x0Q (D.0.2¢
h(0,+) = ho in Q.(0) (D.0.2d

~—

It is possible to explicitly write the solution of this problem when €2 = R. Indeed, one can

check that

T

X .
h(s,z) = ] — Ca erf<m> if s>0and ¢ — ¢y erf(z\/g> > h, (D.0.3)

ho(z) otherwise

where ¢; € R and ¢y € R* are constant and

2 z 2
erf(z) = —/ e " dt D.04
@ = (D.0.9)
is the error function, is solution of the previous problem, as

1 x?
li Lh(s,z) = lim — —— | =
mgﬂooa (5,7) e 00 N eXp( 43) 0

for any s > 0, and if lim hy(z) = 0. The latter is a kind of compatibility condition. In

|z| =400
practice, we need not explicitly take R as domain, as long as the solution h decreases fast
enough not to be affected by the Neumann’s condition. Eventually, to ensure the positivity of
h, assuming hg > 0 in R, a necessary and sufficient condition is

&1

>1 (D.0.5)
C2

as for any x € R, erf(x) €] — 1,1].
Let us try to explicit constants ¢; and cy. For instance, for any z € R, h(-,z) will be
continuous if

lim h(s,z) = ho(zx)

s—0t
ie. if
cg—cy x>0
ho(x) = ¢ ifx=0 (D.0.6)
cp+ec ifx<O
Here, we clearly have | ‘lim hiy(x) = 0. For example, to have EIJP ho(x) = 0, we should take
x| —400 x oo

€1 = Co, in which case the initial condition should be equal to

0 ifx>0
ho(z) =43 ¢ ifx=0 (D.0.7)
2¢; ifz <O
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Case ¢; = 1/2 is the one we have chosen in section 3.
Coming back to the general resolution, we reverse the change of scale in time we made to
get

[ =z [ x
— - . 1 — — e >
Wt ) = 1 cgerf< 5 2\/%> if t >0 and ¢ @erf( 5 2\/£> > h, (D.0.8)

ho(z) otherwise

From this relation, we deduce an explicit form for the front position at any time ¢ €]0, ¢

Co «Q

— h,
zp(t) = 2erf™! (Cl ) 74 (D.0.9)
in which case, the tissue domain can also be defined by

)] =oo,xp(t)] if e >0
(t) = {[xf(t), +oo[ ifep <0 (D-0.10)

for any ¢t > 0, since erf is an increasing function. Besides, to ensure the continuity of the front

in ¢t = 0, we should take hg > h. in R_ if ¢ > 0 (R, if ¢ < 0) and 0 elsewhere. Notice the

agreement between the continuity of A in time (equation (D.0.7)) and that of the front.
Finally, we can also give an explicit form to the velocity by using relation (D.0.1a):

2
12 o
’)/ exp < 4’)/16 )

u(t,z) = L olx
a'2| e — cyerf vVt
( L (271/2\/5

0 otherwise

T
if £ >0 and ¢; — f c——=| = he
1 and c; CQGI'( 2\/¥>

SiE

(D.0.11)
Figure D.1 shows the curves (z, h(t,x)) and (z,u(t,x)) for t € {1,3,5,7}, ¢; = co = /2, hg as
in (D.0.7) and v/a = 11.75.
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D Resolution of the problem in a very specific case

_ t=1 —
— e
- t=5 ——
o, t=7 ——
x 3
£ )
K e}
10 20 10 20
X X
(a) (b)

Figure D.1: Exact solutions of the large o model at different times when ¢; = ¢o = 1/2, hy is
like in (D.0.7) and v/« = 11.75.
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