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Abstract: This paper proposes a model for the growth of two interacting populations of cells that do
not mix. The dynamics is driven by pressure and cohesion forces on the one hand and proliferation
on the other hand. Contrasting with earlier works which assume that the two populations are initially
segregated, our model can deal with initially mixed populations as it explicitly incorporates a repul-
sion force that enforces segregation. To balance segregation instabilities potentially triggered by the
repulsion force, our model also incorporates a fourth order diffusion. In this paper, we study the influ-
ence of the model parameters thanks to one-dimensional simulations using a finite-volume method for
a relaxation approximation of the fourth order diffusion. Then, following earlier works on the single
population case, we provide formal arguments that the model approximates a free boundary Hele Shaw
type model that we characterise using both analytical and numerical arguments.
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1. Introduction

During development, tissues and organs grow while generating diverse cell types. Thus, different
cell populations co-exist during growth. For example, in a developing limb, prospective muscles, bone
and epidermis become distinct during development and as a result grow at different rates. As they
grow, these cell types contribute to mass gain for the whole structure. However, since the different cell
populations grow at different rates, stresses arise and must be relieved to ensure that they contribute
harmoniously to the final structure. How differential growth rates within a structure are accommodated
is therefore an important question in developmental biology. To approach this question from a theo-
retical point of view, we consider a model whereby an idealised tissue is composed of one contiguous
cell population located within a wider area occupied by another cell population.
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Our approach relies on a new continuum model for two populations of cells which includes the fol-
lowing biological features. First, we impose a constraint that cells do not overlap. This is ensured in the
model by an appropriate pressure-density relationship which becomes singular at the packing density.
Second, we model cell-cell contact inhibition by implementing cell motion in the direction opposite
to the cell density gradient. These features are believed to play important roles in the development of
mono-layered epithelial tissues such as pseudo-stratified epithelia. Third, the model incorporates fea-
tures that are specific to two non-mixing cell populations. The model favors segregation by penalizing
the mixing of cells of different populations. Such segregation is observed in various tissues, such as
developing tissues when there are two populations of cells which are genetically distinct, or cancerous
tissues composed of proliferative and healthy cells. Some aspects of the derivation of our model use
an optimal transport framework. Indeed, we describe the cell populations by means of continuum den-
sities satisfying gradient flow equations which decrease a free energy encompassing some important
biological properties of the system. Optimal transport has proved a fertile concept for many types
of Partial Differential Equation (PDE) such as the porous medium equation [1], convection-diffusion
equations [2], the Fokker Planck equation [3], etc. However, other aspects of the system such as the in-
clusion of reaction terms which model tissue growth depart from a strict optimal transport framework.
So, optimal transport will not be used in this paper beyond the derivation of the model.

After describing the model, we first present numerical simulations in order to analyse the roles of
the various parameters of the model. Then, we investigate its incompressible limit. In this limit, the
cell densities can only take two values: either zero or their respective maximal value corresponding to
the packing density. We show that the limit model is a free boundary Hele-Shaw model (HSM), which
allows us to focus on the geometric evolution of the boundaries of the domains occupied by the two
species.

Mathematical models have been widely used to study tissue development or tumour growth. Among
these, we distinguish two ways of representing cells. On the one hand, discrete models consider each
cell as an individual entity whose position and other attributes evolve in time [4, 5]. This provides
a high level of accuracy but also results in large computational costs. On the other hand, continuum
models consider local averages such as the cell number density, as functions of space and time, which
evolve according to suitable PDEs [6, 7]. This description is appropriate when the number of cells
is large as it dramatically reduces the computational cost. However it only gives access to the large
scale features of the system as the small scale features are averaged out. As the goal of this paper is
to study the evolution of the whole tissue, we have chosen a continuum model. Continuum models
roughly fall into two categories. The first category comprises models which describe the dynamics of
the cell density through convection and diffusion [8, 9, 10]. Models of the second category describe
the motion of the geometric boundary between the tissue or the tumour and its environment through
geometric evolution equations [11, 12, 13, 14]. The latter share similarities with Hele-Shaw models in
fluid mechanics and Stefan’s free boundary problem in solidification [15]. These two types of models
are related to one another through asymptotic limits. In particular, some tumour growth models of the
first type have been related to Hele-Shaw free boundary models in [16, 17, 18].

In this paper, we propose a two cell population model as an extension of earlier models for single
cell populations introduced in [19, 16] in the context of tumour growth. In these works, the authors
consider a single category of cells whose density is denoted by n(x,t) and depends on time ¢ > 0 and
position x € R?. The diffusion of the density is triggered by a mechanical pressure p = p(n) which
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is a given non linear function of the density n. Cell proliferation is modelled by a growth function
G = G(p) dependent on the pressure. The displacement of the cells occurs with a velocity u = u(x, t)
related to the pressure gradient through Darcy’s law. The model is written as follows,

om+V - (nu) = nG(p), onR*xRY, (1.1)
u=-vp, p = p(n). (1.2)

In [16, 17, 18] the pressure is expressed as

pn) = —L—w", (1.3)
y—1

where y > 0 is a model parameter. Inserting (1.3) into (1.1), (1.2) leads to the porous medium equa-

tion which has been widely studied [20]. This model can be expressed as the gradient flow (for the

Wasserstein metric) of the following energy,

&E(n) = f P(n(x)) dx, (1.4)
Rd

where P is a primitive of p, i.e. 2 = p.

The incompressible limit of this model corresponds to y — +oco. It has been shown in [21] that
this incompressible limit is a Hele-Shaw free boundary model which, classically, is used to describe
the pattern of tumor growth [12, 22]. In two dimensions, the classical Hele-Shaw problem models
an incompressible viscous fluid squeezed between two parallel flat plates. As more fluid is injected,
the region occupied by the fluid expands. It has been shown that the incompressible limits of many
PDEs converge towards Hele-Shaw type models [23, 24, 25, 22, 26]. This incompressible limit and
the corresponding Hele-Shaw model have been shown to be particularly relevant to tumor growth
modelling [16, 17].

In this paper, we present a new Segregation Pressure Model (SPM) for two cells populations which
is built upon the gradient flow framework presented above. We introduce a free energy &(n, n,) that
depends on the cell densities of each cell population n; and n,. The free energy encompasses a term
similar to (1.4) which depends on the total cell density n = n; + n, and models both cell contact inhibi-
tion and packing. In addition we introduce active repulsion between cells of different types in order to
enforce the segregation property, the latter being expressed as r = njn, = 0, i.e. the two cell densities
cannot be simultaneously non-zero. As this term induces repulsion forces and triggers instabilities,
we also include regularising terms depending on the gradients Vn,, Vn, inside the expression of the
free energy. We pursue two goals. The first one is the formal derivation of the incompressible limit
model which takes the form of a two species Hele-Shaw Model (HSM). The second goal is to develop
a numerical method for the SPM which enables us to illustrate the validity of the limit HSM.

The pressure law (1.3) previously used in the literature does not prevent cells from overlapping.
Indeed, with this expression, the cell density can take a value greater than n = 1, where the value n = 1
is supposed to be the maximal allowed cell density, corresponding to complete packing. In this paper
we rather use the expression (instead of (1.3))

Pe(n) =€ (1.5)

1-n
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where € > 0 is a modelling parameter which plays a similar role as the parameter 1/y in (1.3). With
this expression, the pressure has a singularity at n = 1 which prevents the density to take values greater
than n = 1. Similar pressure laws have been used in [21]. The limit y — oo is now replaced by € — 0.

Systems with multiple populations are studied in many different areas. In chemistry, reaction-
diffusion systems are used to model reacting chemical substances [27]. In population dynamics, these
model are generalised into cross-diffusion systems in which the movement of one species can be in-
duced by the gradient of the population of another species. In biology, Keller-Segel models [28] are
used to model bacterial chemotaxis. Another classical example of cross-diffusion in biology is the
Lotka-Volterra model [29], which describes the dynamics of a predator-prey system. These have been
extended to nonlinear diffusion Lotka-Volterra systems to model cell populations [30, 31]. In the con-
text of tumor growth, systems with different types of cells have been studied (such as healthy/tumor
cells, proliferative/quiescent cells [32, 33, 34]). Among these models [30, 31, 35], some preserve the
segregation of initially segregated populations. On the other hand, some models generate segregation
between initially non-segregated species. The ability of imposing segregation is a distinctive feature of
the present work. The Cahn-Hilliard equation gives an example of a model that promotes segregation.
It describes the process of phase separation [36] where, in the absence of growth terms and up to possi-
ble boundary effects, each phase tends to occupy a single connected domain from which it excludes the
other phase. Similarities between our model and the Cahn-Hilliard equation will be described below.

The paper is divided into the following five sections. In Section 2 the two populations SPM model
is described and numerical simulations which study the influence of the modelling parameters are
shown. In Section 3, the main results are exposed: the formal incompressible limit theorem is stated;
a formal proof of the convergence to the HSM free boundary problem is given; numerical simulations
are shown in support and a discussion is provided. Then, Section 4 contains the description of the
numerical scheme. A short conclusion is given in Section 5. Finally, Appendix A is devoted to the the
derivation of the model from the free energy.

2. The Segregation Pressure model

2.1. Introduction of the continuum model

In this paper, we consider two densities of cells denoted by n; (¢, x) and n,(t, x) and the corresponding
pressures p;(t, x) and p,(t, x) that depend on time # > 0 and position x € R¢. We derive our model from
the single cell model exposed in the introduction and define the free energy &(ny,n;) expressed as
follows:

&, m) = f P(my + no)dx + f On(mm)dx + & f (V2 + Vo), @1
Rd Rd 2 Rd

where @ > 0 is a diffusion parameter and € > 0, m > 0 are parameters which set the strengths of the
congestion and segregation effects in the pressure laws. The functions P, and Q,, are primitives of the
functions p. and g,, defined respectively by (1.5) and

m

gu(r) = —— (L + "' =1). (2.2)
m-—1

From now, the total density will be denoted by n = n; + n, and the product of the densities will be
denoted by r = nyn,. The first term corresponds to the pressure building up from the volume exclusion
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constraint and the second term is a repulsion pressure between the two different categories of cells.
The last term represents cohesive energy penalising strong gradients of either cell densities. The effect
of these different terms are detailed below.

For the sake of simplicity, we omit the parameters €, m, @ in the notations of the unknown functions
ni, np, p; and p,. From the free energy (2.1), in Section A, we derive the following system of equations,

omy — Vi (mVp1) + aV(mV(Any)) = mGi(p), (2.3)
Oy — V. (maVpa) + aV,(nyV(Any)) = naGa(pa), (2.4)
P1 = pe(ny + nmy) + nagu(niny), (2.5)
P2 = pe(m + n2) + migu(niny), (2.6)

where G| and G, are growth functions depending of the pressures p; and p,. The pressures p; and p,
are obtain thanks to the formula

bi = 3n;[Pe(n1 +n3) + Qu(niny)] fori =1, 2.

We first comment on the first term of (2.1). We assume that the two categories of cells have identical
volume, so that the volume exclusion pressure resulting from either category of cells is similar and the
total volume exclusion pressure is just a function of the total cell density. The parameter € is supposed
to be small. So, this first term penalizes configurations where the total density 7 is close to the packing
density (here assumed to be equal to 1 according to (1.5)).

We now comment on the second term of (2.1). The segregation pressure is a novel aspect of the
model. To minimise the second term of the free energy, it is necessary to make n,7n, as small as possible.
In the particular case @ = 0, for a given density n = n; + n,, the minimiser of the free energy will be
(n},n3) such that njn; = 0 and n = nj + nj. This justifies why the repulsion term tends to increase
the segregation of the populations as time evolves. Moreover this term imposes segregation when m is
going to infinity. This can be seen thanks to the equality (1 + r)(%= qm(r) +1) = (& qm(r) =
Passing to the limit m — oo, we obtain

(I +r°)g” +1) = llm | (1 + r)( 1q,,,(r) +1)= hm (—lqm(r) + ) = g® + 1,

meaning that r°(¢g™ + 1) = 0. Since ¢* > 0, this implies that »* = 0, which expresses the segregation
property (the cell densities cannot be simultaneously non-zero).

The third term of the free energy is a cohesive energy. Indeed this term penalises the gradients of
either densities, meaning that it tends to regroup each species in a single cluster. This term also allows
the two populations to mix over a small width at their interface. The diffusion coeflicient « is related
to the width of the mixing region. To understand it, we make a rough order-of-magnitude calculation.
We assume that the densities vary linearly in the mixing region supposed to occupy the region [0, £].
The density n; varies from a value close to 1 to the value 0 and n, varies in the opposite way, so:
ny ~ (I =v)(1-7)and ny = (1 —v)7 with v < 1. We suppose that at the minimum of the free energy
(2.1), the two last terms have the same order of magnitude in the interface zone. The first term of the
free energy has been already taken into account by assuming thatn = n; + n, = 1 —v < 1. We have,

0 = - ! ((1+r) —mr) ~ 1((1+(1—§)§)m—m(1—§)%‘).
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So by integrating on [0, £] we get by a change of variables z = (1 — y)y:

fQ(r) =2 [T (1 A=y = m(1 - )y
1 dz
0 m-— ( ) V1 -4z
= C(m).
When m > 1, the leading order term is —= fo 1+ z)’" dz that we can estimate by neglecting \/7
We then get
C(m) oc A™ (2.7)

where A is a given constant. The fourth order term can be estimated by

4 2
a ) » o (d-v) a
§f0 Vil +[Vmf ~ a——t o 5

We deduce that
o (04

XX ——— X —
Cim) Am
At this stage it is interesting to see the analogy between our model and the Cahn-Hilliard equation.
We recall that the Cahn-Hilliard equation is a gradient flow (for the L? distance) of the free energy

Ecn(d) = f (}l(d2 1%+ %llez) dx, (2.8)

where d = d(x) is the unknown function and v > 0 is a modelling coefficient. In order to see the
similarity with our model, we rewrite (2.1) in terms of the total density n and the difference d = n; —n,
and let m = 2,

i+ % f (V1 + D + V(1 — d)P)dx

W2 — P
En, d) = f Po()dx + f 0.

:i6 f (d® - n®)?dx + % f \Vd|*dx + En), (2.9)

with E(n) = f (1+ Podx+ § f |Vn|*dx. Now, fixing n and considering d as the only variable, we can
ignore the term &(n). Then, the similarity of the first two terms of &(n, d) in (2.9) with (2.8) becomes
clear. The only difference is that the two stable states u = +1 of the Cahn-Hilliard energy are replaced
by the states d = +n, which depend on n. Hence, we can view our model as a coupling between the
Cahn-Hilliard equation for d, with a non linear parabolic equation for n. If we make @ = 0 in (2.1)
and write the resulting equations in the unknowns (n, d), we obtain an unstable diffusion system, the
repulsion pressure giving rise to negative diffusion. The role of the terms in factor of @ in (2.1) is to
counteract this instability by introducing a stable fourth order diffusion.

Note that the particular case ¢, = 0 and @ = 0 has been studied in [30, 31, 35]. There, it has been
shown that the system exhibits species segregation, provided that the initial conditions are segregated
[32, 33, 37, 38]. The present paper treats a different case, as initially the two species may be mixed and
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the model drives them to a segregated state after some time, except for a thin interface depending on
a and m. This is consistent with the biological observation that some mixing between the cell species
occurs across the interface.

The aim of this paper is to investigate the incompressible limit of this model (2.3)-(2.6), which
consists of letting € going to 0 and m going to infinity in the system.

2.2. Numerical simulations

In this section we present numerical simulation for both segregated and mixed initial populations.
This section aims to illustrate the dynamics of the system and the role of the parameters €, m, @ in
the volume exclusion pressure, the segregation pressure and the cohesive term. In order to facilitate
the visualisation of the results, the simulation are performed in one dimension. The scheme used is
described in Section 4.

2.2.1. Numerical simulation with initially segregated and mixed populations

We illustrate the evolution in time of the SPM on two initial configurations. For the first example,
we consider initial densities which are segregated and distant, given by

A0 = 05505 and i) = 0.5¢ 515 2.10)
In the second example, the initial densities are mixed and given by
n(x) = 0.7¢  and  Al(x) = 0.5 40,677, (2.11)

With these two examples, we investigate cases where the initial densities are either segregated or mixed.
For both examples, the growth functions are given by

Gi(p) =(20-p) and Gi(p)=(10-p), (2.12)

and the numerical parameters are € = 0.01, m = 10, @ = 0.01. The numerical simulation of the
SPM model will involve the use of an approximate model, the Relaxation Segregation Pressure Model
(RSPM), detailed in Section 4. This relaxation model is introduced to facilitate the numerical treatment
of the fourth order term in the SPM. The RSPM model involves a relaxation parameter v which is given
the value v = 0.001. The results of the simulations of Examples 1 and 2 are respectively plotted in
Figure 1 and Figure 2. On these Figures, the red line represents the species n; and the blue line, the
species n, on panels (a)-(d) while the orange and green lines respectively represent the pressures p and
g on panels (e)-(h). For both figures, the initial densities and pressures are plotted on panel (a) and (e).

In Figure 1 (a)-(b), we observe the dynamics of the two populations when they are not yet in
contact with each other. The dynamics is then similar to that of the one species model (1.1)-(1.2)
(since the density of one species is equal to zero on the support of the other species). When the
densities are smaller than 1, the pressure is small (cf Figure 1(e)) and the reaction terms control the
dynamics, resultizlg in the growth of the densities. When the densities n; reach the critical values

n=pl(p)= ef;,f , with p} = 20 and p; = 10 (p; is the value for which the growth functions vanish),

the pressure p become significant and creates a moving front encompassing the domain where n; ~ n}
(cf Figure 1(c)-(d)). In panel Figure 1(c) the two populations meet, which creates an interface between
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a) Plot of n, and n, att=0 b) Plot of n, and n, at t=0.06 c) Plot of n, and n, att=0.14 d) Plot of n, and n, att=0.18
1 —N 1 —M 1 —MN 1
—n, —n, —"

0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2

0 0 0 0

-5 0 5 -5 0 5 -5 0 5 -5 0 5

X X X X
e) Plot of p and q at t=0 f) Plot of p and q at t=0.06 g) Plot of p and q at t=0.14 h) Plot of p and q at t=0.18

14 14 14 14
12 12 12 12
10 10 10 10

8 8 8 8

6 6 6 6

4 4 4 4

2 2 2 2

0 0 0 0

-5 0 5 -5 0 5 -5 0 5 -5 0 5

X X X X

Figure 1. Densities n; (red), n, (blue) and pressures p (orange), g (green) as functions of
position x for the SPM at different times: (a), (e) r = 0; (b), (f) t = 0.06; (c), (g) t = 0.14; (d),
(h) t = 0.18. Initial conditions: densities from Eq. (2.10), growth function from Eq. (2.12).

them. In panel Figure 1(h), we observe a pressure ditch at the interface which is due to a small variation
in the total density. This phenomenon will be investigated later when we will study the influence of
the parameters m and . Omitting the pressure ditch, we can consider that the gradient of the pressure
is negative at the interface, which creates a movement of the interface toward the right. Indeed the red
species, which has reached its critical density, is expanding and pushes the blue species to have more
space to grow (cf Figure 1(d) and (h)).

In Figure 2, we observe the dynamics of two cell populations when they are initially mixed. When
the overlapping between the two species is strong the dynamics is driven by the segregation pressure
as g is nonnegative (cf Figure 2(i)). This creates domains where the density of one species is close to
its maximal value while the other species density is close to 0. Because the parameter m which is the
exponent of the segregation pressure is finite, some mixing is allowed between the two cell species. At
the interfaces between the domains occupied by either species, we observe ditches in the pressure p,
which are correlated with peaks in the segregation pressure g. In Figure 2(i-b)-(i-d), as the densities
are close to their maximal value, the interfaces are moving in the directions given by the signs of the
pressure gradients d,p (with p plotted in Figure 2(i-f)-(i-h)). In this case, the red species is growing
faster than the blue one, which explains why the inner species is pushing the outer one to have more
space to grow. In Figure 2 (ii), which corresponds to the same simulation as in Figure 2 (i) but for larger
times, we observe on the left side that the red species pushes the blue species outside the domain, until
only the red species remains (see Figure 2 (ii-d)). In addition, in Figure 2 (i1) we observe that a small
pouch of the blue species surrounded by the red one gradually disappears. Because 20 = p} > p; = 10,
the pressure at the location of the blue species pouch becomes larger than p; = 10 (as observed in
Figure 2 (ii-e) and (ii-f)) and this triggers the decay of the blue population as its growth term becomes
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a) Plot of n, and n, att=0

b) Plot of n, and n, at t=0.05

¢) Plot of n, and n, at t=0.1

d) Plotof n, and n, at t=0.15
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(a) Plot for small times: (a), (e) r = 0; (b), (f) # = 0.05; (c), (g) t = 0.10; (d), (h) t = 0.15

a) Plotof n and n, att=0.3

b) Plot of n, and n, at t=0.5

c) Plotof n, and n, att=0.7

d) Plot of n, and n, at t=1.15

1 1
08 08
06 06
— —
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0 0
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€) Plot of p and q at t=0.3

) Plot of p and q at t=0.5

Y

g) Plot of p and q at t=0.7

h) Plot of p and q at t=1.15

5 M_/ 5\\)L SL 5
0 0 L 0 0
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4

X

(b) Plot for large times: (a), (e) t = 0.3; (b), (f) = 0.5; (¢), (g) t = 0.7; (d), (h) r = 1.2

Figure 2. Densities n; (red), n, (blue) and pressures p (orange), g (green) as functions of
position x for the SPM at small times (i) and large time (ii). Initial conditions: densities from
Eq. (2.11), growth function from Eq. (2.12).

2.2.2. Influence of the parameters

negative. At large times, only the faster growing species remains.

In Figure 1 and Figure 2, we observe some mixing between the two populations: first, at the interface
between their respective domains the species mix in a small interval and create a ditch in the pressure

Mathematical Biosciences and Engineering

p; second, in the central domain occupied by the red species in Figure 2, the density of the blue species
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is not exactly zero. To understand these phenomena we study the influence of the parameters €, m,
and plot the simulation results respectively in Figure 3 (1), (ii), (iii) for a fixed time ¢ = 0.15. The initial
densities and growth functions are the same as in Example 2 of the previous subsection and are defined
by Egs. (2.11) -(2.12). We vary the parameters about pivot values given by € = 0.01, m = 10, @ = 0.01,
v = 0.001.

a) e=1 b) €=0.1 c) e=0.01
1 —MN 1 1
- a T

0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 /J 0.2 u M

0 0 0 R

5 ] 5 5 0 5 5 0 5

X X X

(a) Varying e: € = 1 (a), € = 0.1 (b), € = 0.01 (c). The other parameters are m = 10, @ = 0.01,v =

0.001.
a)m=2 b)m=10 ¢)m=50
1 " 1 1
= h Bl

0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 /J L\“q 0.2

o 0 L—J o L LA

5 0 5 -5 0 5 5 0 5

X X X

(b) Varying m: m = 5 (a), m = 10 (b), m = 50 (c). The other parameters are € = 0.01, @ = 0.01,v =

0.001.
a) a=0.1 and »=0.001 b) a=0.01 and »=0.001 €) @=0.001 and »=0.0001
1 —" 1 1
—n, m(—hﬂ N[\_T HN
038 08 p 0.8
06 06 06
0.4 0.4 04
02 02 U 02 L
0 0 -/J 0 ﬂ\/\J U .
-5 0 5 -5 0 5 -5 0 5
X X X

(c) Varying @ and v: @ = 0.1,v = 0.001 (a), @ = 0.01,v = 0.001 (b), @ = 0.001,v = 0.0001 (c). The
other parameters are € = 0.01, m = 10.

Figure 3. Densities n; (red), n, (blue) as functions of position x for the SPM at time ¢ = 0.15
for different values of the parameters € (i), m (ii) and « (iii). Initial conditions: densities from
Eq. (2.11), growth functions from Eq. (2.12).
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In Figure 3 (i-a), (i-b), (i-c) the densities are plotted for the cases € = 1, € = 0.1 and € = 0.01
respectively. We first remark that the parameter € does not influence the amount of mixing of the two
populations or the number of domains each species is divided in. Instead € influences the densities at
the boundaries of the domains occupied by each species. As e decreases, the gradients of the densi-
ties become sharper at the exterior boundaries and at the interfaces between the two populations. In
addition, the upper bound of the densities increases and becomes closer to 1.

In Figure 3 (ii), the influence of the exponent of the segregation pressure m is studied. The densities
are plotted for cases m = 5, m = 10 and m = 50 in Figure 3 (ii-a), (ii-b), (ii-c) respectively. In
Figure 3(ii-c), we can observe that there is less mixing than in Figures 3(ii-a) and (ii-b). In Figure 3(ii-
c) the central domain of the red species is smaller than in Figure 3(ii-b) because the blue species has
grown in the middle as a result of a larger segregation pressure. Then in Figure 3(ii-c), we do not
observe the small dimple in the blue cell density found in Figure 3(ii-a) and (ii-b). To summarise,
the parameter m controls the strength of the segregation between the two populations. However, even
when m is large, we still observe some mixing at the interfaces.

In Figure 3 (iii), we study the influence of the parameter « in factor of the fourth order diffusion
term. The densities are plotted for the cases @ = 0.1,v = 0.001; @ = 0.01,v = 0.001 and @ =
0.001,v = 0.0001 in panels Figure 3 (iii-a), (iii-b), (iii-c) respectively (we have observed that the
parameter v needs to be smaller than @). We can observe that as @ becomes smaller, the width of
the interface region between the two populations gets smaller. We can also observe in Figure 3(iii-c)
that on the right hand side, thin stripes with alternating populations appear. However, even when such
stripes appear, there is still some mixing between the two populations, by contrast with the simulations
where m was higher in Figure 3(ii-c). The same kind of features, namely the formation of many thin
strips alternating ny = 1, n, = 0 and n; = 0, n, = 1, were observed in simulations performed with
a = 0. This was observed both with the same numerical scheme as that used in this paper, and with
schemes using the gradient flow structure of the system. Without the fourth order term, a species
surrounded by an other one will prefer to split, with some proportion of the population jumping across
the other species instead of pushing it. For these reasons, the fourth order term is essential to produce
realistic dynamics. What this analysis shows is that the choice of the parameter « is critical to prevent
this jumping behaviour and maintain the connectivity of the domains occupied by the species.

3. Incompressible limit ¢ — 0,m — +coand @ — 0

3.1. Formal limit

In this Section, we obtain formal convergence results of the model when € — 0, m — oo and @ — 0.
First we list some assumptions. As for the growth function, we assume:

4G, >0, |Gille £ Gmax, G2l < Gmax,
.Gy <0, anddApipi>0, Gy(p})=0and Gy(p3) =0, G.1)
Jy >0, min(min|G}|, min|G}|) =7y.
[0.07] 3]

These assumptions stem from biological considerations. As the pressure increases in the tissue, cell
division occurs less frequently, until eventually the pressure reaches a critical value, which either stops
the growth or starts to trigger cell death. In what follows, the growth functions will be chosen as

Mathematical Biosciences and Engineering Volume 16, Issue 5, 5804-5835



5815

G(p) = g(p* — p). As for the initial conditions, we assume that there exists ¢ > 0 such that, for all
€ € (0, &), N N N S
O0<n™, 0<mny, O0<n™:=n"+ny"<1,
n™ . .. (3.2)
1 _ nini S p = max(pl’ p2)

ini

De =€

Thanks to these assumptions, it is possible to establish a priori estimates on n; and n, such as positivity
and L' bounds. However, in order to pass to the limits € — 0, m — oo and @ — 0, we need more a
priori estimates. In the following theorem, we only provide a formal limit. Indeed, the appearance of
terms of the type Vn - Vr which we are not able to control prevent us from obtaining such theorem.
The fourth order term is also difficult to control, as it does not enable us to use maximal principle
arguments.

The main result is stated in the following theorem.

Theorem 1. (Formal limit) Let T > 0, Oy = (0,T) X R%. Let Gy, G, and n™, nil“i, ngi“i satisfy
assumptions (3.1) and (3.2). Suppose the limits of the densities ni(x,t), ny(x,t), of the pressure
Pe(x, 1) = pe(ny(x, 1), na(x, 1)) and of gu(x,t) = gu(ni(x,1),ny(x,t)) as € = 0, m — +oo and @ — 0 exist
and are denoted by n{°,n3’, p® and q*. If the convergence is strong enough then these limits satisfy

ony =V - (ny’Vp®) = n7Gi(py), (3.3)
oms =V - (n3Vp®) = n5’G(p3). (3.4)

As a consequence of (3.3) and (3.4) we have,

O™ — Ap™ = n7'Gi(pY) + n3 Ga(py), 3.5)
In addition, we have
(1-n")p* =0, (3.6)
with n® = n® + n3,
ni'ny =0, (3.7)

and the complementary relation

PHAPT + 0Gi(p™) + 1S Gy(p™)) = 0. (3.8)

ini,ini

Remark 1. The assumption n{"ny" = 0 is not needed in Theorem 1. Since in the limit, the segregation
is imposed by (3.7), the system reorganises instantaneously and the initial density of the limit model

must verify n?™n$™ = 0. The densities n3°™ and n3°™ could be determined through an initial-layer

analysis.

Firstly, it is important to notice that, in the limit, p* and g™ become independent of the densities n{’
and n3’. Indeed, looking at the expression of the pressures (1.5)-(2.2) in the limit, we obtain:

{0}if n € [0, 1),
pP(n)eq[0,+0)ifn=1, and ¢=(r)e€ {
{+oo}ifn > 1,

[0,4+00) ifr=0,

{+0c0} if r> 0. (3-9)
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The pressure p™ can be viewed as a volume exclusion pressure, while the pressures n°¢™ and n3’g™
are segregation pressures. Eq. (3.6) suggests to decompose the domain in two parts. We consider the
domain Q(#) = {x | p@(x,t) > 0} and the complementary domain, where the pressure is equal to O.
Notice that, because of Eq. (3.6), Q(7) C {x | n®(x, ) = 1}. Moreover, the two domains coincide almost
everywhere. Indeed, if n™ = 1 and p™ = 0, because of the reaction term in (3.5) the density would
grow following

o™ =n7G1(0) + n7G,(0) > 0, (3.10)

and the total density would become greater than the maximum density. If initially the pressure p® = 0
and the total density n™ is strictly smaller than 1, the total density will follow Eq. (3.10). It will
grow until the value 1 is reached, and then p® will become nonnegative. Thanks to the segregation
property (3.7) we can decompose (¢) in two subdomain, Q;(#) = Q(¢) N {x | n;"(x,1) = 1} and
(1) = Q1) N {x | n”(x,t) = 1}. Then thanks to (3.7), Q;(¢) and ,(¢) are disjoint and their union is
Q(1).

Remark 2. 1t is interesting to remark that

p in Q;(1), p=+ g%  in Q(2),
Py =4 P +q” in(2), and pS =1 p¥ in Q,(1), (3.11)
0 outside (1), 0 outside Q(1).

The pressure p{° is driving the movement of the density n{” which is equal to 0 on £,(7). So g™ does
not appear in the limit equation of n{°. The same reasoning can be applied to n5’. It shows that the
pressure ¢~ does not influence the limit model. Then at the limit the dynamics of the densities n{” and
ny’ are driven by Vp* even though p{* # p5’.

The equation for the pressure p* inside €(7) is deduced from the complementary relation (3.8) and
reads:

Ap® + ni’G(p™) + n5GL(p™) = 0 on Q).

Thanks to (3.6), the pressure p* is equal to zero on the boundary 9€(¢). However the normal derivative
of the pressure is non-zero and controls the movement of the domain boundary. The exterior boundary
is denoted by X and the interface between the two populations is called I'. Knowing that in the system
(2.3) - (2.6) the densities n; and n, diffuse with velocities Vp (see Remark 2) which in the limit, is
equal to Vp® respectively on Q; and Q,, we deduce that the boundaries ¥ and I" both move in the
normal direction with velocities

Vs ==-Vp® and Vp=-(Vp~ - v, (3.12)

where v is any of the two opposite unit normal vectors to I'. The velocity Vs is normal to X. Indeed,
p~ 1s constant equal to zero along X from (3.6), so, its gradient must be in the normal direction to X.
On the other hand, I" does not need to be a level surface of p™, so Vp™ must be projected along the
normal direction to I'.

To help understand the expression of the velocity (3.12) of the limit model, we now consider a
particular solution of the HSM. We consider the case where the initial densities are defined by ni" =

1 B, and nizni(t, x)=1 Byyni\B with By the ball of center O and radius R and 1 is the indicator function
2

ini

ini
1 Rl
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ini *

of the set S. We suppose that R{" < R, then n'™ = 1 .. We are looking for solutions of the HSM
2

of the form n{>(x,1) = Lg, ;v and nS(x, 1) = Lp, \Bg 0 With R1(0) = R and R,(0) = RA". Thus we
have n(x, 1) = 1, , and so, we get:
atn‘x’ = R’z(t)é{M:Rz(,)}. (313)

Using Eq. (3.5) and knowing that n{°, ny’ are constant equal to O or 1, we obtain that n* is solution in
the sense of the distribution of

om™ = Ap” + ny’G(p”) + n3’GL(p™).

Then for all ¢ € Cﬁ"(Rd)
f on™ odx = f PP Agdx + f (nToGl(Poo) + nZ"Gz(p""))sodX-
RY Bryr) Bry)

Since p™ verifies the complementary relation (3.8), applying the Green formula twice we get

f on” @dx = f p= (Vo - v)do - f (Vp™ - v)pdo
R OBR, 1) OBR, (1)

where do is the surface element and v is the normal directed outward the domain B(R,(¢)). Using radial
symmetry and knowing that the pressure p is equal to 0 at the interface, we obtain

on™ = -=Vp* -v. (3.14)

Since dB(R,(t)) is a level surface of the pressure p*, its gradient is normal to dB(R,(¢)). Then identify-
ing Egs. (3.13) and (3.14), we have

Ry (1) = [Vp™ (R2(0), D),

where, by abuse of notation, we have denoted p™(r,¢) the constant value of p®(.,#) on the surface
{Ix| = r}. Similarly, applying the same result on the species n{’, we obtain

Ri(t) = =Vp™(R(0),1) - v.

The limit HSM is graphically represented in Figure 4.

3.2. Formal proof of Theorem 1

This section is dedicated to the formal proof of Theorem 1. First, we prove Egs. (3.6) and (3.7)
that lead to the definition of the evolving domains of the HSM. Secondly, we compute the equations
for the densities n;, n, and n in the limit € — 0,m — +oo. Third, we prove Eq. (3.8), also named
complementary relation, which gives the evolution of the pressure inside the domain for the HSM.
Finally, we compute the speeds of the boundaries of the domains.

Proof. Egs. (3.6) and (3.7) follow from the pressure laws (1.5) and (2.2). Indeed, since (1 —n)p. = en,
it follows in the limit € — O that
(1-=n>)p® =0.
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p* =0

......... Ap™ = anoG1(pc1>oapgo)

Ql TL<1>021
ng® =0

Qs ny® =1
ny =0

Ap™ = n3"Ga(p1°, p3°)

Vs

Figure 4. Graphical representation of the result exposed in Theorem 1. The grey dotted
region is () while the region filled with wavy lines is Q,(?).

Working out the repulsion pressure law (2.2) leads to the formula

m-—1

1 i
(1 +7r) gm(r) +1) = (_m Gm(r) + D)m .
m m

Taking the limit m — +oco, we have
A+r)gT7+1D)=q¢"+1
which implies that (¢ + 1) = 0. Since g,, > 0 for all m, we deduce g™ + 1 > 0 and
r® =n7ny =0.

Egs. (3.3) and (3.4) follow directly from taking the limit € — 0,m — +oc0 and @ — 0 in (2.3) and
(2.4). To recover (3.5), it is first interesting to remark that the solution of (2.3)-(2.6) satisfies

omn — A(He,,(n, 1)) + aV - (n|V(Any) + n,V(Any))

(3.15)
=nmG1(p1) + mGa(pa),
where
Hepn(n,r) = (pe(n) — €In(pe(n) + €) + €ln€) + (rq,(r) + (r + 1)" — gu(r)). (3.16)
Indeed, by adding (2.3) and (2.4), we obtain
omn—V-mVpc(n)+2rvq,(r) + ¢.(r)Vr) + aV - (n,V(An,) + n,V(An,))
(3.17)
=nmG(p1) + nGa(pa).
Then given formula (1.5),
nVpe(n) = n p.(n)Vn
n
“a-me"
(- | (3.18)
= (Pl ~ €00

= V(pe(n) — €In(pe(n) + €) + €lne),
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and given formula (2.2),
2rvq,(r) + qu(r)Vr = rVq,(r) + V(rq,(r))
= (L +nVqu(r) = Vgu(r) + V(rgu(r))
=m(l +r)""'Vr + V((r = 1)gu(r))
= V(rgu(r) + (r + 1)" = gu(r)),
and inserting (3.18), (3.19) into (3.17) gives (3.15), (3.16). Let us denote

(3.19)

he,m(-x’ t) = He,m(ne,m(-x’ t)a re,m(xa t))

and A% its limit when € —» 0,m — oo. Since (r + 1)” = (1 + r)(’"T_lqm(r) + 1) and r* = 0, passing to
the limit as € — 0, m — oo, we obtain
h” =p® +r°¢” + (@~ + D)1 +r7) - ¢~
poo q” + (g~ + 1) )—q (3.20)
=p~ +1
So at the limit, we have:
o™ — Ap™ =n7G(p7) +n5Go(ps).

To recover the complementary relation (3.8), we need to compute an evolution equation for the

pressure. To do so, we multiply the density equation (3.15) by p.(n) and obtain,

0ipe — Pe(MA(Hem(n, 1)) + ap (m)V - (nV(Any) + nyV(Any))
= pL(n)(mG1(p1) + m2Ga(p2)),

Multiplying Eq. (3.21) by € and taking into account that p.(n) = %(pe + €)? yields

(3.21)

€0:pe — (Pe + € AH (1, 7)) + a(pe + €)°V - (1, V(Any) + n,V(Any))
= (pe + ©°(G1(p1) + maGa(p)).

We now take the limit € — 0, m — oo and @ — 0, and using the expression (3.20) for the limit of H,,,
we get,
= p=PAp™ = p®i(mGi(py) + mGa(p2)). (3.22)

It leads to the complementary relation (3.8).This concludes the formal proof of the theorem. O

Now, we prove Formula (3.12). We first focus on the speed of the exterior boundary X. Thanks to
Eq. (3.5), for all ¢ € C2(R?) and using Green’s formula

th n”godx:f o™ ¢ dx
R4 R4
_ f D Apdix + f i G(pf) @ dx + f i Go(pS) @ d.
R4 R4 R4

Since p™ is equal to O outside €2(7) and because n{° and n7’ are both constant equal to 1 on Q,(7) and
Q, (1) respectively and equal to O outside, we have

Htf n” ¢ dx =f P Ap dx + f pZAp dx
RY Q1) ()

+f Gl(p‘l’°)<pdx+f Gy2(py) p dx
Qi) D (1)
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Therefore applying the Green formula twice, yields
op* 0
a,f n®edx= | (Ap® +Gi(p)p dx — f P do+ f 2 4o
R4 Qi(1) a9 (1)

ap® 0
+ (Ap™ + Go(p™))p dx — f Lgo do + f p“—go do
Q) o0, OV 90:(1)

o0 (o] [s+] (o8] o0 8 ®
=f (Ap™ +ny’Gi(p™) + ny Ga(p ))sodx—f 7y do
Q1)

Q1) v
op® 0 0

- Pﬁﬂuwahf p”£d0+f‘Mﬂw£da (3.23)
IR0 ov Q1) ov T() v

where v is the unit normal vector. For x € I', we denote

o0

0
[%%mZ:WUf@xm—vwﬁmeywm,

and
[P™ ]2 = (P71, (X) = (Pl )(x).
On 0Q(1), 0Q(1), 0Q,(¢) the unit normals v are directed outwards to the respective domains. On I'(¢),

the normal v is directed from €Q,(7) towards Q;(#). From Eq. (3.8), the first integral in (3.23) is equal
to 0. In addition, the pressure is equal to zero on the boundary 9€2(¢) so that

thn“godxza,f n” ¢ dx
R4 Q1)

op> - (3.24)

0 0
= —f el % do — [L]]z @ do + [poo]]z—(p do.
Q1) ov IR0 ov IN0) ov

Moreover since n® = 1 in the domain €2(¢), we have
i fwm:f<mmmﬂww, (3.25)
Q) aQ(t)

where Vo 1s the speed of the boundary 0Q(¢) and is directed along the normal v in the outwards
direction. Since Eqgs. (3.24) and (3.25) are verified for all ¢ € C:?"(Rd), we deduce that

a 0
Vaau = ——5 v=—(Vp~ vy, (3.26)
v
and at the interface I',
a o0
[Pl =0 and [ =0. (3.27)
v

Then, both p* and its normal derivative are continuous at the interface I'. Since p™ is equal to zero
along 0Q, its gradient is normal to dQ and the velocity on the outer domain given by (3.26) can be
rewritten

Vaau = —Vp~.
To find the velocity at the interface the same method needs to be applied on either n{° or n3” and it leads

to
Vi = —(Vp* - vy, (3.28)

where Vi, is the speed of the boundary I'(z). This gives (3.12).
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3.3. Numerical validation
3.3.1. Analytical solution of the Hele-Shaw model

The HSM is characterised by the complementary relation (3.8) and the velocity of the boundary
given by (3.12). In the one-dimensional case (1D), the solution of this problem can be computed
explicitely. We will consider G(p) = g(p* — p), with p* the maximum pressure and g the growth rate,
since it is one of the most common growth terms in the literature [16, 17, 18]. In the case of a single
population, the complementary relation (3.8) in 1D can be rewritten as

—p" (%) +gp = gp" on Q). (3.29)
The solutions of this problem are of the form
p(x) = Ae V8¥ 4 Bem VBY 4 r,

with constants A, B depending on the boundary conditions. We compute the exact solution in two
different cases which are going to be used for the numerical validation of the model.

Example 1 We first consider the case where the two species have the same growth term

Gi(p) = G2(p) = g(p" — p), (3.30)

with one species surrounded by the other one. The density n3" is defined as the indicator function of
[x2; x%] and the density n\" is defined as the indicator function of [x; xifi ]\ [xX; x% | where x, x
represents the interfaces between the two populations and xI, x" represent the exterior boundaries of

DI
the support of the total density. More specifically,
n () = Lpginiiniy (0 + Lpini iy (1) and - 25" (x) = i ini (1) (3.31)
=T T+ st =1+

Since the two populations have the same growth function, the complementary relation can be treated
as that of a single population of cells (3.29) with the boundary conditions p(xs-) = 0 and p(xs+) = 0 at
any time. A simple computation shows that

~ cosh(\/g(=5= — x))

cosh(y/g=5=)
where cosh and sinh stand for the hyperbolic cosine and sine. The velocities of the exterior boundaries
and of the interfaces can be easily computed:

sinh(/g=5=")
cosh(/g=5=)

px) = pi(1

sinh( /g =5=)
cosh( yg252)’

sz = —p* \/g and Vyr = p* \/g

and

. Xy—+Xyg+ . Xy— +Xyg+
sinh( 4/g( i - Xr-) and Vi = p' \/gsmh( Va( i - xr+).

cosh(v/g=5+) cosh(g=5=")

Then xs= and xp= evolve respectively according to 4xs: = Vi: and %xp- = Vr-. Since initially x <
Xt < xfi < xyy, the velocities Vs-,Vp- are nonpositive and the velocities Vs, Vr+ are nonnegative. It
means that the densities n; and n, spread. However |Vr-| < V- and |Vr+| < Vs- so the interface is
moving more slowly than the exterior boundary. This means that the density 7; is not only transported
but also spreads. The density n, spreads and simultaneously pushes n;.

Vrf = p* \/§
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Example 2 We now consider two species having only one contact point, with different growth terms

Gi(p) =gi(p; —p) and Ga(p) = g(p; — p). (3.32)

The initial densities are defined as indicator functions of [xi; x"] and [x™'; xi% ] where xi, xI% define
the boundaries of the support of the total density and x;*' defines the interface between the supports of
the two densities. More specifically,

nilni(x) = ]l[xi“_i-xi“i](x) and nizni(x) = ﬂ[xini,x,-,,i](x). (333)
=T T Aes
The pressure follows the complementary relation (3.8), which can be rewritten as
—p"(X) + g1p = g1py in Q = [xz-; xr],
—p"(X) + g2p = g2p; in O = [xr; X5+,

with the additional conditions p(xs-) = 0, p(xs+) = 0, and p and p’ are continuous at xr. After some
computations we find,
2A1e V¥ ginh( /g1 (x — x5-)) + pi(1 — e V=) in [xs-; xr],
p(xX) =2 2A5e V82" sinh( /g2 (x — xg+)) + pi(1 — e” V&™) in [xp; xs+ ],

0 in (—OO, )Cz—] U [)C2+, +OO),

with
Ar=S55( pi(yEa(l — e VEern) - cosh( yegalar = xs))
— Vgre™ VRt sinh( g2 (xr - ¥5-))
+p2 VE(~(1 — & VEUr=5) - cosh( yEa(ar — xx-))
e VRO sinh( yEa(ar — x5)))),
and

Ay = €S2 by \Er((1 — e VBT cosh( yET(ar — Xs-))
—e” VEGT) ginh( /g1 (xr — X5)))
+p2(yE2(1 — e VET=5s0)) - cosh( yga(xr — Xs+))

— gre” Ve sinh( g1t — x5))))-

From this expressions we can compute the speeds of the exterior boundary and of the interface by

computing the derivative of the pressure and evaluating it at x{, x% and x;"".

3.3.2. Numerical validation

In this section we use the numerical scheme presented in Section 4 to illustrate that the solution
of the SPM converges to the corresponding solution of the HSM described in Section 3.1. In order
to facilitate the comparison with the analytical solutions of the HSM shown in the previous section,
the simulations are performed in one dimension. To compare the two models we initialize them with
the same initial configuration: the densities are taken as segregated indicator functions. We consider
the two different cases with different growth functions and different initial conditions, corresponding
to Examples 1 and 2 of Section 3.2. For Example 1, we plot the simulation for one set of parameters:
€ =0.1,m =10, « = 0.01 and v = 0.001 (where v is introduced for the RSPM in Section 4). For
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Example 2, we plot the simulation for a set of parameters: (e,m,a,v) = (1,2,0.1,0.01), (e,m,a,v) =
(0.1,10,0.01,0.001), (¢, m, a,v) = (0.02,50,0.001, 0.0001).

The first case defined as Example 1 in Section 3.2 is illustrated in Figure 5. We use the growth
function (3.30) with the parameters g = 1 and p* = 10. The boundary and interface are taken as
xt = +1.4 and x% = £0.6. Then the initial density of the HSM are defined by Eq. (3.31). As initial
conditions of the SPM, we take

7 (x) = 0.98 (L1-1.4:-0.6)(%) + Lios1.4(x)) and  n3'(x) = 0.98 1j_.6:0.6()- (3.34)

We take n; = n, = 0.98 initially as it is close to the singular value 1. We plot the numerical solutions
of the SPM (solid line) and of the HSM (dashed line) on the same figure. The species n; and n, are
plotted in red and blue, respectively. In this example the solution of the SPM is expected to be close to
the particular solution of the HSM given in Example 1.

a) t=0 b) t=0.001 c) t=0.01 d) t=0.15

10 nSPM SPM SPM SPM
1 1 1 1
nSPM nSPM nSPM

x pHsM — SPM —— SPM

]
HSM
x n,

0 0 0 0
-5 0 5 -5 0 5 -5 0 5 -5 0 5
X X X X

Figure 5. Snapshots of densities n; (red), n, (blue) and pressure p (black) for SPM (solid
line) and HSM (dashed line with marker) for Example 1 at different times: (a) t = 0, (b)
t =0.001, (c) t = 0.01, (d) £ = 0.15. Initial conditions: density of the SPM from Eq. (3.34),
density of the HSM from Eq. (3.31), growth functions from Eq. (3.30).

In Figures 5, panel (a) is for the initial configuration and panels (b), (c), (d) are for times ¢ = 0.001,
t = 0.01, t = 0.15 respectively. First of all, we notice that the approximation is excellent except for the
pressure at small times, and at the interface between the two cell population. While the pressure of the
HSM is smooth wherever the total density is positive, the pressure of the SPM exhibits sharp ditches
at the interfaces between the two populations. These ditches appear because of the fourth order term
in the model (2.3)-(2.6). Indeed, because of the fourth order term, n; and n, are continuous. Since n;
is zero in Q; and n, is zero in 4, both are zero at the interface and since they are continuous, they are
both very small in a small vicinity of the interface. Therefore the repulsion pressure p is also small at
the interface. Since the width of the the interface is of the order of alpha and is very small, this implies
that the region of small pressure is very narrow and generates a sharp ditch near the interface. Away
from the interface, the pressure does not feel the influence of the fourth order term because all densities
are smooth and therefore, it approximates very well the pressure given by the HSM model. Away from
the interfaces, the pressures given by the two models are similar except at small times. In Figure 5(b),
the pressure of the SPM is larger than that of the HSM. However, we do not observe any influence of
this difference on the densities. On Figures 5(c) and 5(d), the two pressures are almost the same for the
two models. Overall, the dynamics of the SPM and the HSM are quite similar. In Figure 5, we observe
that the blue (inner) species pushes the red (outer) species in order to be allowed to grow.

Mathematical Biosciences and Engineering Volume 16, Issue 5, 5804-5835



5824

The second case is illustrated in Figure 6. The growth functions are defined by (3.32) with the
parameters g; = g = 1, pj = 20 and p; = 10. As initial conditions of the SPM we take

n"(x) = 0.98 1 ni_iniy(¥)  and 73" (x) = 0.98 1 ini_ i) (), (3.35)

where xji = +1.4 and x = 0. The initial density of the HSM are defined with formula (3.33). In
this example, we plot the solution of the HSM (dashed line) in Figure 6 (i) and the solution of the
SPM (solid line) in Figure 6 (ii)-(iv) (respectively for the parameters (e, m,a,v) = (1,2,0.1,0.01),
(e,m,a,v) = (0.1,10,0.01,0.001), (¢, m, a,v) = (0.02,50,0.001,0.0001)). For each line, panels (a),
(b), (c) are for times ¢ = 0.001, t = 0.01, r = 0.15. Panel (d) is also a plot at time ¢ = 0.15, but only
of the densities. The species n; and n, are plotted in red and blue, respectively and the pressure p is
plotted in black.

In Figure 6 (i)-(iv), the red species (leftmost) which has the biggest growth rate pushes the blue
species (rightmost) toward the right. Therefore by growing more rapidly, the red species exerts a
bigger pressure on the blue species than the blue species exerts on the red species. This pressure
imbalance which is visible on Figure 6 (a)-(c), triggers the motion of the interface towards regions of
lower pressure.

In Figures 6, while going from line (ii) to (iv) (which corresponds to having € — 0 and m — o),
we observe three important phenomena. As seen previously in Figures 5, for small times the pressure
p of the SPM and the HSM are different. However this difference is much bigger in Figures 6 (ii-a)
when (e,m,a,v) = (1,2,0.1,0.01) than for the two other cases. So as the parameters €, m converge,
the time for the two models to provide similar solutions reduces. This corresponds to an initial layer
converging faster to the initial state of the HSM. The other main difference is the pressure ditch at the
interface as shown in Figures 6 (a), (b), (c). As € and m converge, the ditch becomes deeper. Indeed, as
€ and m converge, the variations of n; and n, near the interface become sharper. Since the pressure near
the interface is a function of the densities, its variations become sharper as well, which is consistent
with the observation that the pressure ditch becomes more pronounced as these parameters converge.
Except near the interface, the pressure p of the SPM and the HSM almost coincide in Figures 6 (b),
(c). The last phenomenon we observe is the convergence of the densities of the SPM to the Heaviside
functions which characterize the solutions of hte HSM in Figure 6 (d). Indeed as € gets smaller (and m
gets bigger), the fronts of the densities become steeper and the upper bounds of the densities get closer
to 1.

3.3.3. Discussion

The results of the simulations presented in Figures 5 and 6 show that the dynamics of the two models
are almost identical after some time. However, at the beginning of the simulation we observe some
differences between the pressure of the SPM and of the HSM. This is because the initial conditions of
the SPM are not well-prepared for the limit model, which generates an initial layer whose function is to
relax the initial conditions to well-prepared ones. Indeed, initially in the SPM, the densities are taken
as indicator functions, so at the start the pressure p. of the SPM is also an indicator function whereas
that of the HSM is continuous. It takes an initial transient for the model to smooth it out, and then the
two pressures coincide. In addition, the initial value of the SPM in these simulations is fixed to 98%
of the packing density 1. At the beginning of the simulation, the dynamics of the SPM is driven by the
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(c) Solution of the SPM with (e, m) = (0.1, 10, 0.01,0.001)
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(d) Solution of the SPM with (e, m) = (0.02, 50, 0.001, 0.0001)

Figure 6. Snapshots of densities n; (red), n, (blue) and pressure p (black) for SPM (solid
line) and HSM (dashed line) from Example 2 at different times: (a) ¢+ = 0.01, (b) t = 0.01,
(c) t = 0.15. On panels (d) close-ups of the densities of (c) at ¢t = 0.15 are plotted. Initial
conditions: density of the SPM from Eq. (3.35), density of the HSM from Eq. (3.33), growth
functions from Eq. (3.32).
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growth terms which increase the densities to their upper bound values ny, = pZ'(p*) = % < 1 with
p* = max(pj, p5) (see (3.2)). Until the densities reach their upper bound value, the SPM and the HSM
are not close to each other. After this short period, we observe that the pressures of the two models
fit well. It also seems that this time becomes smaller when the parameters are closer to convergence,
which is consistent with the fact that initial transients are faster when the perturbation parameters are
closer to their limit values.

The major difference between the two models is at the interfaces between the two populations. As a
result of the fourth order terms, the densities of the SPM are not perfectly segregated and overlap only
in a narrow spatial interval. As long € and m are finite, the densities n; and n,, which are continuous,
are small in the vicinity of the interface. This creates sharp ditches in the pressures (which in this
regime are function of the densities). In the limit € — 0, m — +oc0 and @ — 0, the densities become
discontinuous and the pressure ditches become narrower and narrower until they disappear completely.
For finite € and m close to the limit, despite the pressure ditches, the interface and boundary speeds are
very close in the two models. These are quite remarkable results, considering that the parameters used
in the tests were not yet in the asymptotic ranges where the two models should be identical.

However, it is important to remark that the comparisons between the SPM and the HSM can only
be made in the case of initially segregated populations. This is necessary to initialize the free boundary
model. In the case of mixed population, simulations of the SPM have been made and can be found in
Section 2. They confirm the convergence of the SPM towards a free boundary model since we observe
that the system self-organizes into separated domains containing the different populations. However
we cannot study the convergence towards the HSM since we do not know beforehand which initial
conditions for the HSM will correspond to the converged SPM.

4. Numerical method

This section is devoted to the derivation of the numerical scheme used to perform the simulations
of the SPM presented in Sections 2 and 3. Since the equations for the densities are of fourth order, we
first introduce a relaxation model, in which the fourth order terms are replaced by a coupled system of
second order equations. Then, we present the numerical scheme together with some of its properties
and derive a CFL stability condition.

4.1. Relaxation model

In order to simplify the computation of system (2.3) - (2.6), we lower its order through a suitable
relaxation approximation. The relaxation system, depending on the relaxation parameter v, is written
as follows

ol =V (TP + 5 - (Y = mD) = G (), @
Oy =V (LVPY + TV (R ) = mGap), @2)
alcy = %(CT —ny), 4.3)
aAch = %(cz —n). 4.4)
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with p; and p, given by the constitutive laws (2.5)-(2.6) and where ¢; and ¢, are two new variables.
The fourth order terms in (2.3) - (2.6) are now replaced by second order terms supplemented with Pois-
son equations which define ¢; and c,. This relaxation method has been introduced for the numerical
approximation of the Navier-Stokes-Korteweg equations [39, 40]. This system is referred to as Relax-
ation Segregation Pressure Model (RSPM). It formally converges toward the SPM when v — 0. Here
we give supporting elements for this statement. We suppose that (n}) and (n}) converge when v goes
to 0. Since the two species play the same role, we only consider n;. Inserting (4.3) in (4.1) we have,

om| =V - (n{Vp)) +aV - (n{VAc)) = n|G(p}).
Then to prove the convergence we need to show that ¢| — n; when v — 0. We can rewrite (4.3) as
vV v 1 4 v v
—aA(c] —n)) + =(c] — n}) = aAn].
v
So that )
c] —n) = a(—aA+ =)' An].
v
Using Fourier transform, we obtain:

2
RPN S Y
11
alé? + 5

VE.

1~ =
And then,
lir% (c; —n))=0.
With the same computation we can obtain that
lim (c; —ny) =0.
v—0
This formally shows the convergence of the RSPM toward the SPM.

4.2. The scheme

We aim to numerically solve the RSPM given by (4.1)-(4.4) with Neumann boundary conditions by
a finite-volume method. The choice of the boundary condition is arbitrary because we are interested
in the dynamics of the system whilst the densities have not reached the boundary. To facilitate the
comprehension, we omit the indices v. For the sake of simplicity, we only consider the 1D case on a
finite interval Q = (a, b).

We divide the computational domain into finite-volume cells C; = [x;_1/2, X;41/2] of uniform size
Ax with x; = jAx, j € {1,..., M.}, and x; = Z227242 g0 that

a=xX<x32<..<Xj_12 < Xjr12 < oo < Xp-12 < X122 = b

and define the cell average of functions n,(#, x) and n,(t, x) on the cell C; by
_ 1
fig j(t) = o fcj ng(t,x)dx, pe{l,2}.
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A semi-discrete finite-volume scheme is obtained by integrating system (4.1)-(4.4) over C; and is given
by
Fijvip(t) = Fyjo12(0)

0y (1) = — Ax +11,/(0G1(p1,;(D)),
_ Fajip(®) = Fojoip(t)
O (1) = = S 4 (DG (P ()
Cl’j+1(l) - 2C1,j(l) + Cl,j_l(l) 3 l(c O -7 (t)) o (45)
(Ax)? y b LA =5
C2,j1(t) = 200, j() + 2,1 (1) 1 _ 3
(Ax) - ;(Cz,j(f) —ip (1)) = 0.
Here, ¢ (t) ~ c5(t, x;), B € {1,2} and Fjg ;> are numerical fluxes approximating —ngug := —ngd,(pg —
%(cﬁ — ng)) and defined by the following upwind scheme:
Fg 1o = (Ug ji12) g + (g jr12) Tig s, B e{l,2}, (4.6)
where | 1
(Pp.je1 = 5(cpjr1 — Mg ) — (P — 5 (cpj — 7ig,j))
Ugjr1j2 = — Ax , “4.7)
and (ug j.12)" = max(ug j+1,2,0) and (ug jr12)” = min(ug 1,2, 0) are its positive and negative part,

respectively. The numerical pressure pg ;. for § = 1,2 are computed applying (2.5)-(2.6) to the iz ;.

It is easy to see that scheme (4.5)—(4.7) is first order in space and if one uses an explicit Euler
method for time evolution, then the scheme is also first order in time. Higher order approximations can
also be obtained, see e.g. [41].

4.3. CFL condition and properties of the scheme

In this section, we present some properties of the scheme. We prove that for all times ¢ > 0, it
preserves the non-negativity of the computed densities 71, and 71, and also ensures that the total density 7
stays below 1. The former property guarantees physically meaningful values of the computed densities
while the second one is needed to make sense of the pressure law which blows up when 7 — 1.

We consider the semi-discrete finite volume scheme (4.5)—(4.7) and evolve it in time by the forward
Euler method. We denote by 72} ;, 5 ;, p} ; and p} ; the computed densities and pressures obtained at
time t* = 1 + Al e, 7t =y (1), ﬁg’j 1= fip (1Y), Plf,j := p1 (") and pg’j := p,j(1*), and prove the

1Lj°
following two propositions.

Proposition 1. (Positivity of the density) Consider the semi-discrete finite volume scheme (4.5)—(4.7)
that is evolved in time by the forward Euler method. Provided that the initial densities ﬁ?,j > 0 and
ﬁg’j > 0forall je{l,...,M,}, and that the growth terms Gg are nonnegative for 5 = {1,2}, a sufficient

CFL condition for the cell averages r‘z’{i and r‘z’éi, with k € [0, N;], to be positive is

Ax
k+1
AT s 2 max {@ . )=k )Y Yk € [0, Ny], (4.8)
el My, B.j+1/27 > B,j+1/2
Bl

where (Mf;,jﬂ/z))r = (ug j+1/2)* () and (MZ,]-H/Z)_ = (ug jr172)” (1Y)
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Proof. Assume that at a given time £, ’_711{,]' > 0 and ﬁ’ij > 0 for all j € {1,..., M,}. Then, the new
densities are given by the general formula

_ tk+1 )
f;}l = 21 ( Boj+1/2 ~ Fé,j—l/z) + A g Ng i 1(P,3]) 4.9)

where FX bie12 = Fpjn 1»(#%). Taking into account formula (4.6) for fluxes F g’j .1,» and the fact that the

growth terms Gy are nonnegative for § = 1,2, we obtain

k+1
—k+1 =k k - ok
Mg, ZM5.j = AL [(”,8,/+1/2) g+ U o) R = 1 0) gy = (U o 2) ”ﬁj]
k+1 k+1
t I At +\ ok
(”ﬁ/ ) 1+(2 (”ﬂm/z) )”ﬁj

+1 ' ' tk+1 .
+ (5 + i Us o) ) Mg~ (”ﬁm/z) g, j1-

By definition, (“f;,j +2)” < 0and (”fs,j )t = 0forall j e {l,.., M. Then, provided that the CFL
condition (4.8) is satisfied,

1 Az"“ 1 Atk+1
Since (ﬁ]f,j) el M) (fzg’j) jel1...m,) are non-negative, we conclude that n"Jrl > 0 and ﬁ’;jl > 0 for all
jE{l,...,Mx}. O

Proposition 2. (Maximum total density) Consider the semi-discrete finite volume scheme (4.5)—(4.7)

that is evolved in time by the forward Euler method. Provided that the initial total density ﬁ? = ﬁ?,j +

flg’j < 1 forall je{l,..., M.}, a sufficient CFL condition for the average total densities fl];. = ’_1]1(,1' + ﬁ'ij,
to be below 1 for all k € [0, N;] is
1 1
Alk+l < ( — - ) - -
max 7 = max {(u —(u + max G
el M) Bi Ax el M}{( B 1/2) ( ﬁj+1/2) } el ﬁ(pﬂ ) (410)
Be(1,2} Be(1,2) ,86{1,2}

Vk € [0, Ny].

Proof. Assume that at a given time #, ﬁ’f’ ; < land ﬁ’i ; < 1forall j €({l,..,M,]). The densities

ﬁg}l, B ={1,2}, at the following time step are given by

k 1 k Atk+l k+1

+1 _ = +1 =

Ngj =Ngj— ( B.j+1/2 ~ ﬂ] 12) + At nﬂ]Gl(pﬁ])
+1

=k k
ST AL [l o )" 7 2™

k+1 -
(”ﬁ, 1) ”,6] 1 (uﬁ, 12) n,gj] + Ar nﬁle(pﬁj)
k+1

< (1 +4 {(uﬁ 1) (”Z 1) A max Gﬂ(pﬁ J)

Ax j€{1 ..... ’ jell,...,
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Adding the last inequality for the two densities we get that

k+1
—k+1 k + k -
it < (1+4 o jemhax Qg jiay2) s =g o))
Be{l,2}
+ A max  Gg(pt)) max 7.
e, M.}, 'B(pﬁ’f)) jetloby), P
Be{l,2} Be{l.2}
Then a sufficient condition for the total density to stay below 1 is (4.10). O

Remark 3. Eqgs. (4.8) and (4.10) give conditions enabling us to choose the time step in the numerical
simulations. However, in some computations we need to reduce the time step in order to avoid oscilla-
tions in the pressure when the density is close to the singular density n = 1. These oscillations originate
from small oscillation in the densities. However despite these varations the total density still verifies
the condition 0 < n < 1. To enforce stability in the simulations, Ax is replaced by Ax? in (4.8)-(4.10)
which give rise to more stringent stability constraints. This kind of condition is in fact expected for a
standard parabolic CFL.

Remark 4. Similar theorems can also be proven if the second-order upwind spatial scheme from [41] is
used and the forward Euler method is replaced by a higher-order SSP ODE solver since a time step in
such solvers can be written as a convex combination of several forward Euler steps, see, e.g., [42, 43].

5. Conclusion

In this paper, we have presented a continuum model for two populations which avoid mixing. In
addition we have introduced a numerical scheme and used it to study the behaviour of the system with
different parameters. This model is a generalisation of a single population case which has been studied
in the literature previously.

Through a combination of analytical and numerical arguments, this paper demonstrates that the
continuum model converges to a Hele-Shaw free interface/boundary model, when an appropriate set
of parameters is sent to zero (or infinity). The analytical proof is only formal and is supported by
numerical simulations. In particular, we observe that the speed of the boundaries and interfaces of the
continuum model for parameters taken in the asymptotic regime is the same as those computed by the
Hele-Shaw model. This is verified with values of the parameters fairly far from the asymptotic regime
which means that the convergence is quite fast.

Perspectives for this work are both on the analytical and numerical sides. On the analytical side, a
rigorous proof of the convergence of the continuum model to the Hele-Shaw one seems within reach
in the case @ = 0 and ¢ = 0. On the numerical side, simulations of two-dimensional cases will be
developed and applied to the modelling of tissue growth and growth termination.
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Appendix
A. Derivation of the continuum model

Egs. (2.3) and (2.4) can be derived from the gradient flow associated with the free energy (2.1).
Indeed the functional derivatives % and % of & with respect to n; and n,, acting on a density increment
f1(x) and 71,(x) are given by

o0&

5. = pe(m + mp) + nogu(niny) — alny = py,(n1, ny) — alny, (A.1)
1

o0&

5 pe(ny +ny) + niq(niny) — aAny = p,_,(ny,ny) — aln,. (A.2)
2

Indeed, the computation for the first derivative is given by

086 08
< —, 0 > = f —(l’ll,nz) ﬁldx
R

5”1 d 51’11
1 g
= lim o (80u + i, ) = 8y, ny))
1
= lim— | (Pe(ns +hity +mo)(x) = Pe(ny + my)(x)) dx
h—0 Rd
1 _
+lim - fR (@l + hit)m)(x) = Qu(mimy)(x) dx
. ~ N2 2
+lim fRd (IV(r + hiay)* = [V ) dx
P
= f (8 E(I’l1 + I’lz) + %(flli’lz) + Q’VI’thll) mdx
R (9111 6”]
= fd (Pe(nl +n2) +ny gu(ning) — OzAn]) nydx.
R

The expression of % follows from a similar computation. Therefore the gradient flow associated to
the free energy (2.1) according to the Wasserstein metric can be written as follows [1],

o0&

omn; = V- (nlv(s_(n],nz)) =0, (A.3)
ni
o0&

(9,112 - V . (n2V5—(n1, I’lz)) = O (A4)
nj

The metric used here is not the traditional distance on L?*(R¢), but the Wasserstein distance. This
distance is defined on the set of probability distributions on R¢. It is used in a wide variety of physically
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meaningful equations like the porous medium equation or degenerate parabolic equations [2, 3, 1]. We
recover Egs. (2.3) and (2.4) of the SPM by adding growth terms G, and G, to (A.3) and (A.4).

It is worth noting that the free energy decreases along the trajectories of the equation in the absence
of growth terms. Indeed, using the Green formula and the Egs. (A.3) and (A.4), we have

o0&
ata(nb n2) = f (6_(n1(x’ t)’ nZ(-x7 t)) atnl(xa t)
Rd OM
28 (1 1), mo(x, 1)) BumaCx, 1)) dlx
(57’12
_ f (5—80@1 G, 1, 12 DV - (16 DV 22 1 G, 1), e, 1))
rd 0N ony

(A.5)

o0& o0&

+ 6—(’11(9@ D), n2(x, 1))V - (na(x, OV —(n1(x, 1), n2(x, 1)))) dx
ny ony

S
=- f ni(x, t)IVé—S(m(x, 0, na(x, ))* dx
R4 nl
— | ma(x DIV—(ni(x, 1), na(x, )" dx < 0.
R4 6”2

Therefore, when the growth rates are set to 0, the model evolves in a way that minimize the free energy.
This free energy depends on three terms, representing the levels of volume exclusion, segregation and
cohesion. Therefore the model seeks to minimize the pressures, which means moving away from
situations where the volume exclusion or the segregation constraints are violated.
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