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ABSTRACT. Motivated by experiments on cell segregation, we present a two-
species model of interacting particles, aiming at a quantitative description of
this phenomenon. Under precise scaling hypothesis, we derive from the micro-
scopic model a macroscopic one and we analyze it. In particular, we determine
the range of parameters for which segregation is expected. We compare our
analytical results and numerical simulations of the macroscopic model to direct
simulations of the particles, and comment on possible links with experiments.

1. Introduction. The organisation of biological tissues during development is ac-
companied by the formation of sharp borders between distinct cell populations. Dur-
ing the morphogenesis of numerous tissues/organs, cells of the same type regroup
into regions, creating niches with specific identities that drive the differentiation
of particular cell types. This spatial organization is ensured via cell-cell signalling
leading specific cells/tissues to form at the appropriate location. The maintenance
of this cell segregation is key in adult tissue homeostatis, and its disruption can lead
tumor cells to spread and form metastasis. This segregation is challenged during
tissue growth and morphogenesis due to the high mobility of many cells that can
lead to intermingling. Therefore, understanding the mechanisms involved in the
generation and maintenance of cell segregation is of tremendous importance in tis-
sue morphogenesis, homeostasis, and in the development of various invasive diseases
such as tumors.

Numerous experiments have been conducted to identify the mechanisms of cell
segregation. Experiments show that mixing cells from different tissues in vitro leads
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to their segregation, with initially fuzzy borders that sharpen in time [55]. This has
been observed for many systems for instance in the development of the wing imag-
inal disc in Drosophilia [34], in the developing nervous system [29] etc. So far,
three types of mechanisms have been identified to have a role in segregation and
border formation, namely (i) differential adhesion, (ii) contact cell repulsion and
(iii) cortical tension. Indeed, the segregation of cells derived from different tissues
in vitro was initially suggested to occur through a combination of directed cell mi-
gration and the selective adhesion of cells of the same type [50]. However, other
studies have shown that the contact inhibition of cell migration induced by contact
repulsion of cells by Eph receptor and ephrin signaling, and finally the induction of
cortical tension by actomyosin contraction are important mechanisms that can re-
strict intermingling between cell populations. However, it remains unclear whether
individually each of these mechanisms account for cell segregation or border sharp-
ening, and to what extent the interplay of these different mechanisms is required to
achieve cell segregation.

Several modelling efforts have been done to identify the main mechanisms in-
volved in cell segregation. The mathematical models for cell-cell interactions are
usually agent-based models, where each cell undergoes a random walk exclusion pro-
cess and interacts with its neighbours. For instance the cellular Potts model for seg-
regation between two cell populations [32] predicts cell rearrangements in epithelia
based on the minimization of a free energy and has been widely used to explore the
rate of cell sorting due to differential adhesion, but does not include cell migration as
a mechanism. The varying adhesive and repulsive forces between different cell pop-
ulations, which can result from Eph/ephrin interactions, have also been modelled
by representing cells as spheres which can attract or repel each other, giving rise to
empirically observed cell sorting pattern [55]. In [1], the authors develop a math-
ematical model for Eph/ephrin regulated cell-cell segregation and tissue boundary
formation, which features independent random cell motion, Eph/ephrin-dependent
attraction/repulsion interactions between neighbouring cells, and cell division. The
authors in [1] show that the dynamics of Eph/ephrin-mediated cell cluster formation
and cell segregation can be captured with these mechanisms. However, this model
do not use parameters from measurements of cell behaviour or examine whether
cell repulsion is sufficient for border sharpening. Another approach, which simu-
lates cell adhesion, de-adhesion and migration in greater detail [53, 54], was used to
model the time course of segregation of cells differing in cadherin expression. The
results from this model were acurate for describing cell segregation mediated by dif-
ferential expression of cadherins but less accurate when simulating the significantly
faster rate of Eph-ephrin mediated cell segregation. However when modified to ac-
count for repulsive behaviors [55], the model correctly reproduced the experiments
and showed that heterotypic repulsion can account for cell segregation and border
sharpening, and is more efficient than decreased heterotypic adhesion.

All these results suggest that cell segregation and border sharpening is the result
of a complex interplay between homotypic/heterotypic cell adhesion, de-adhesion
and repulsion. But how the balance of these phenomena is precisely linked to
the existence/size of the segregated zones remains unclear to this day. In this
paper, we aim to provide a mathematical framework which enables to quantitatively
link the segregation and border sharpening ability of the tissue to these cell-cell
interaction phenomena of interest. As agent-based models do not enable precise
mathematical analysis of their solutions due to the lack of theoretical results, we
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turn towards a continuous -macroscopic- model for which the theoretical study gives
precise criteria for phase transitions as functions of key model parameters. As a
drawback contrary to microscopic models, macroscopic models lose the information
at the individual level. In order to overcome this weakness, we aim to derive, as
rigorously as possible, the macroscopic model from an agent-based formulation to
ensure the good correspondence between the two formulations as it was done in
[7, 27, 23].

The starting point is an individual-based model inspired from [7, 8] and which
bears similarities with the approach [55]. We consider two families of cells, each cell
being modelled as a point particle which interacts with its close neighbors via local
cross-links. The links are modeled by springs that are randomly created and de-
structed. This enables us to model cell-cell attraction and repulsion, with different
spring strengths according to the type of link (intraspecies or interspecies). We let
the particles move randomly in space to model random motion of cells. In the mean
field limit, assuming large numbers of particles and links as well as propagation of
chaos, the corresponding kinetic system consists of two equations for the individ-
ual particle distribution functions and two equations for the link densities. In the
large-scale limit and in the regime where the link creation/destruction frequency is
very large, it was shown in [23, 8, 7] that the link density distributions become local
functions of the particle distributions. The latter evolve through aggregation diffu-
sion equations. Similar macroscopic model, but with nonlinlinear porous medium
type of diffusion has been recently considered analytically and numerically in [19].
Let us comment on the validity of the high frequency limit. The authors of [55]
have measured the duration of contacts between cells in a cell segregation experi-
ment, and found an order of magnitude of one hour. In these experiments, the time
scale for macroscopic segregation appears to be of the order of 10 or 20 hours. If
the duration of contact is taken as a typical timescale for the interaction network
dynamics, we see that the high frequency limit is a reasonable first approximation
in this case. In a related context, [39] studies the growth and differentiation of
an embryonic cell population, for which interactions between cells depend on gene
expression. Gene expression may change on the scale of tens of minutes [58], while
the growth occurs on a scale of days.

Although the derivation of the macroscopic model in the hydrodynamic limit
follows closely the steps of [8], the originality of this work lies in the presence of two
coupled families of cells which introduce a new level of complexity and make the
stability analysis more involved than in previous works. Inspired from the results
of [55], we mainly consider repulsive springs and aim to quantify the influence of
heterotypic/homotypic repulsion on cell segregation and border sharpening. By
addressing the stability of a homogeneous distribution of particles for Hookean
repulsive potentials, we obtain a precise condition for the phase transition, which
links the system segregation ability to the model parameters and give further insight
into the cell segregation processes.

Our study shows that in a system composed of two-species repelling each other,
the interspecies forces must be large enough to compensate both for the diffusion
and for the intra-species repulsion, which both tend to homogeneize the system.
Aggregation will therefore be ensured if and only if interspecies repulsion wins over
diffusion and intraspecies repulsion. In the case where attractive interactions are
considered, we have noted that a necessary condition for the aggregation of the
species (or equivalently instability of the homogeneous steady-state) is that the
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interspecies forces are of the same sign. To observe aggregates, the two families
must therefore either repulse or attract each other, but must have the same effect
on each other. On the contrary, if one family is attracted by the other and the
other repulses it, we will always observe a homogeneous distribution at equilibrium
(intermingling of the two families). A third remark concerns the size of the clusters
when aggregation occurs. As the interspecies repulsion force increases, the particles
of a given family aggregate more together, leading to a decrease of the size of the
local aggregates of the compressed family. These conclusions were confirmed by
simulations performed for both the microscopic and macroscopic models and are
pictured in Fig. 1. Numerical simulations show that both the micro- and macro-
models are in excellent agreement with the predictions of the stability analysis
performed on the continuous model. Beyond this stability threshold, Section 4
introduces a range of indicators to quantitatively compare both models: we conclude
that the macroscopic model is a good approximation of the microscopic model as the
number of individuals goes to infinity, provided the interspecies repulsion forces are
not too large. Indeed for large interspecies repulsion forces, we find some structural
discrepancies between the two models, where the microscopic dynamics seems to
favor the formation of rounder aggregates compared to the elongated structures
obtained with the macroscopic model. We find that the microscopic dynamics is
comprised of two time phases: the first phase consists of a fast segregation between
the two families and is followed later by a reorganisation of the clusters which
get rounder at large times. The macroscopic dynamics does not seem to contain
the second phase (restructuring), suggesting that this phenomenon can be due to
finite size effects. We postulate that these discrepancies come from the microscopic
noise due to thermal fluctuations, which gives rise to instabilities and allows the
agent-based system to reach new states which are not available in the deterministic
description, or produce spatial correlations which in turn dominate the macroscopic
system behavior. Several works have reported these phenomena [43, 38, 4, 14],
particularly at onset for transitions from metastable or unstable phases, in which
microscopic noise can be amplified to macroscopic time and length scales. The
exploration of these effects will be the subject of future works. Finally, we remark
that the segregation process is seen in the numerical simulations to be efficient
even close to the instability threshold: as soon as the homogeneous state becomes
unstable, the system evolves towards a well segregated configuration. This suggests
the presence of a subcritical bifurcation [20, 7, 18], the study of which we also leave
for future work.

The paper is organized as follows. In Section 2, we first give the main ingredients
of the microscopic model, and then we sketch the main steps of the derivation of
the macroscopic dynamics. We present two approaches that involve taking limit of
large number of individuals and large scale/fast network remodelling limit of the
microscopic model in the different orders; the details of one of them are moved to
Appendixes A and B. Section 3 is devoted to the stability analysis around the homo-
geneous steady-states of the macroscopic model: in Section 3.1, we give the stability
results in the whole space, Section 3.2 explores the case of periodic boundary con-
ditions and Section 3.3 is devoted to the case of phase separated initial conditions.
Finally, Section 4 presents the numerical results, performed on the microscopic and
macroscopic models in different regime of parameters, with a particular focus on
the qualitative and quantitative comparison between the two models.
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Small interspecie repulsion Larger interspecie repulsion Large interspecie repulsion
s<s* s>s* s >>s*

Stable homogeneous state Unstable homogeneous state Unstable homogeneous state
Intermingling of the two families ~ Segregation of the two families Condensated aggregates

FIGURE 1. Scheme of the predictions of the linear stability analysis
by acting on the interspecies repulsion force.

2. Mathematical modelling.

2.1. Microscopic model. The model features two families of particles referred to
as type A and type B. Each particle can link /unlink with neighbors located in a ball
of radius R from its center. Each particle can link with a neighbor of its own family
as well as with a neighbor of the other family, with no restriction on the number
of links per particle and with the same detection radius R no matter the type of
link (intra- or inter- species). In order to model tissue plasticity, the links are not
permanent but supposed to be created and suppressed via random processes. In
this way, the model allows for constant remodelling of the link network. Each link
between two particles generates a spring-like interaction potential, which depends
on the link type (intra- or inter- species link). Finally, particle positions are subject
to random positional noise to model the movements of the tissue.

In this paper, we restrict ourselves to a two-dimensional model. We consider
a set of N4 particles of type A and Np particles of type B described by their
centers (X, XP) € R? x R, i € [1,Na],£ € [1,Np] respectively. The link
creation and suppression are supposed to follow Poisson processes of frequencies
vAR o vaR o vBE . and v A v B vPB | where the subscripts ¢ and d refer to ‘cre-
ation’ and ’deletion’ respectively, and the superscripts AA, BB and AB denote
intraspecies links (AA, BB) and interspecies links (AB); ¢ is a scaling parameter,
and the subscripts €, and N for the v.’s make the dependency of these rates on Ny,
Np and € explicit, as will be explained below. We suppose that the intraspecies
links generate pairwise symmetric potentials @44 (XA, XJA) and ®PB(XP XB) not
necessarily equal, and that the interspecies links generate non-symmetric potentials
PAB (XA XP) # oBA(XP, X), modelling the fact that the two particle families
act differently on each other. For the moment we do not specify interaction poten-
tials, trying to keep the derivation at maximal level of generality. Note that 45
refers to the action a type B particle exerts on a type A particle while ®54 is the
action a type A particle exerts on a particle of type B. We define the total “energy”
WA of the A-particles as the sum over all pairwise link potentials acting on particles
A, and W2 is the sum over all pairwise link potentials acting on particles B:

KAA KAB
A A B AA A A AB A B
WAXAXP) =3 oM (X, Xile) + D 0P (Xl Xiley) (D)
k1=1 ks3=1
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Kpp Kap
WB(XA’XB) = Z (I)BB(Xﬁkz)’XfL(kz)) + Z (bBA(Xf(’ks)’X{?ks))’ (2)
ko=1 ks=1

where K44, KBB KAPB denote the (time-dependent) total number of links between
particles of type A, particles of type B, and interspecies links respectively. In the
formulas above (i(k1),7(k1)) denote the indices of particles of type A connected
by the intraspecies link k1, and so k; = 1,..., K44, As the links are undirected
we always numerate the ends in such a way that (k1) < j(k1). Similarly, by
(£(k2),m(k2)) we denote the indices of particles of type B connected by link ks.
By a slight abuse of notation we denote by (i(ks), £(ks)) the indices of particles of
type A connected to particles of type B by link k3. Particle motion during a time
interval between two linking/unlinking events is supposed to occur in the so-called
overdamped regime. The resulting equations contain a drift term in the steepest
descent direction of the “energies” W4 and W2 and a noise term:

dXA = —puVyaWAXA XBYdt + V2DAdB;, Vie{l,...,Na}, (3)
dXP = —pVxsWP (XA, XP)dt + V2DPdB,, VL€ {l,...,Ng}, (4)

where p > 0 is the mobility coefficient considered to be given, and B; is a 2-
dimensional Brownian motion B; = (B}, B?) of intensity D* > 0 for species A and
DB > 0 for species B. Inserting (1)-(2) into (3)-(4), we obtain

Kaa Kap
dX? =V2DAdB; — Mdt{ DD Ve P (X gy Xifky))Gichs) (0) (5)
ki=1ks=1

+ (Vzl(bAA(X;?kl)?Xﬁkl))éi(kl)(i) + vmzq)AA(X;?kl)’Xﬁkl))éj(k1)(i)):|
Kpp Kag

dXF =V2DBdB, — udt[ S0V @PAXEL ) Xl (0) (6)

ko=1ks=1

+ (vﬂh(I)BB (Xzfgkz)a Xﬁ(kz))@(k?) (E) + vwzq)BB (Xéf(gkzy Xﬁ(kz)))(sm(kz)(@} )

where §;(j) stands for the Kronecker delta.

This model bears similarities with the works of [53, 54, 55]. The main difference
lies in the fact that cells are modelled as individual spheres here, while in [55]
each cell is supposed to be composed of a set of several spheres maintained in
a ring of a given radius. Therefore we do not take into account the role of cell
deformation in this paper. However, this simpler modelling choice enables us to
reduce the complexity of the system and to derive a macroscopic model as performed
in the next section. The influence of this modelling simplification on the result will
be the subject of future works. In the next section, we present the macroscopic
model obtained in the limit of a large number of individuals and in the fast linking-
unlinking process.

2.2. Macroscopic model. The derivation of a macroscopic model from the micro-
scopic model defined by Egs. (5)-(6) requires two limits: (i) limit of large number
of individuals and large number of links, denoted N, K — oo and (ii) a large scale
or fast network remodelling limit, denoted £ — 0.
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Performing the limit (i) first yields, after a mean-field assumption, a kinetic
system, from which the macroscopic dynamics can be derived in the & — 0 limit.
This approach will be referred to as the Approach 1.

Performing the limit (ii) first yields, after averaging over the network configu-
rations, an effective dynamics for the particles, from which the same macroscopic
dynamics can be derived, in the N, K — oo limit. This approach will be referred
to as the Approach II.

This structure is summarized in the diagram:

Microscopic {(XZ.A,XJB)} SEZ, Kinetic {(fsvgsTahST)S,Te{A,B}}

JVEHO J,E*)O

Averaged microscopic {(XZA, X’JB)} N Koo, Macroscopic {(fA, fB)}

~ 7)
The meaning of the %, g5, hST, X9 is explained below. Our final goal is a macro-
scopic model describing the evolution in time of the particle distributions f4(z,t)
and fB(z,t) of the type-A particles and type-B particles respectively. Let us
roughly discuss the two possible approaches mentioned above.

Sketch of Approach I. For finite N, N we define:

(e, t) Z5XA (@ N (@) Z5X3(t (8)

where dys(;)(2) denotes the Dirac delta located at X7 (t) for S being either A or
B. In the large Ng limit it gives the probability to find a particle of type S at point
T at time ¢.

To write the kinetic model, we need to define the (symmetric) empirical measures
937 (1, 2,t) of the intraspecies links (S being either A or B) by:

KAA
AA 1

gN" (T, 32, 1) = I, Z X xa (@) Foxa - xa(21,22),

ki=1
e (9)
BB _
IN (1.1, 2, t) _2NB kzl 5Xf(kz)’le;);(kz) (xl’ x2) B 5X1}i(k2)’Xf(k2) (xl’ $2)’
o=

with a similar definition of the Dirac deltas. Such a g3° (w1, 22,t) gives in the large
Ng limit the density of links connecting a particle of a given type and located within
a volume dx; about x; with a particle of the same type located within a volume dx»
about xs, normalized by Ng; note the integral of gf\’}s is not 1. As will become clear
below, we will be interested in a regime where Kgg and Ng have the same order of
magnitude; hence the chosen normalization ensures that g%s is of order 1. Now, we
define a non-symmetric empirical measures for the interspecies links g% (21, z2,t):

KAB
AB
gn~ (21, 32,1) = N Z x4, XE, (@1,22), (10)
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and analogously

KAB
1 N
BA _ _ YA AB
98" (@1 @2,t) = kzléxgks),xﬁks)ul,xg)— N, OV @) (1)
-

Note that g4P (z1,z2,t) gives in the large N4 limit the density of interspecies links
between a particle of type A located within a volume dz; about x; and a particle
of type B located within a volume dzs about xo, normalized by N 4.

Finally, the derivation of the kinetic model also involves the two-particle distri-
bution functions defined by:

Nagp Ny
1
ha t) = s 5 5
N (1, 22, ) ONA(Na — 1) le]:zl ( XA (1), XA (¢) (9617362) + X;‘(t),X;‘(t)(m,xz))
J#i
(12)
1 Np Np
BB —
h’N (x17ﬁr2,t) = m ; géxf(t))xﬁ(t) (x17x2) + 5X71,3L(t))XZB(t)(xlax2))
o m%f
(13)
1 Nas Np
hﬁB(xhl‘Q,t) = NANB ;;5)({4(0,)(5(”(56171‘2). (14)

Here, hﬁA and h&P give in the large N, Np limit the probabilities of finding pairs
of not necessarily linked particles of the same species around x; and xo, while
hﬁB (1, x2,t) gives the probability of finding a particle of type A around z; and a
particle of type B around x,.

The kinetic system provides evolution equations for f4, fB, g44, ¢B8, g4B the
large N-limits of the corresponding empirical densities defined above. Since this
derivation follows closely the works of [7, 23] adapted to a two species system, we
leave the details in Appendix A. The fast network remodelling limit taken on this
kinetic system then formally yields a macroscopic system of evolution equations
involving only f4 and £, i.e. the macroscopic evolution we are looking for, given
by (24), below.

Sketch of Approach II. We denote by A;;(t), B;;j(t), Ci;(t) the adjacency matrices
of particles A, B, and cross-links A — B respectively. In particular, for 7,5 €
{1,...,N4}, Ai;(t) = 1 (resp. = 0) if particles of type A i and j are connected
at time t (resp. not connected). The definition of matrix B is similar. For i €
{1,...,Na}, j € {1,...,Ng}, Ci;(t) = 1 (resp. = 0) if particle ¢ of type A and
particle j of type B are connected at time ¢ (resp. not connected). A and B are
square symmetric matrices, and C' is an N4 x Np rectangular matrix.

The derivation of the reduced microscopic model relies on averaging. The dif-

fusions of particles positions XA, X jB (t) are slow processes, and the links A;;(¢),

7
B;;(t), C;i;(t) are fast processes: they quickly converge to stationary measures which
depend on X (t) and XP(t). We will then compute the evolution of X/*(¢) and
XB(t) by averaging the basic dynamical equations (3)-(4) over these stationary

measures of the link processes.
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The process for the links is written

dAi;(t) = —Ay®)dNIPUE) + 1 - Ay (t)]Xﬂle“(t)—Xf(t)|§R}dN£'A7c(t) (15)
dBi;(t) = —Bu(t)dN;; > (t) + [1 - By (t)]X{|XlB(t)fo(t)|§R}dN£ByC(t) (16)
dCi(t) = —Ci;()AN;P () +[1 - Cij(t)}X{\XiA(t)—XF(t)\gR}dNi?B’C(t) (17)

where the NA4d yAAe yBB.d NBB.c NABd NABc 16 independent Poisson pro-

cesses with rates ug’z for destruction of the link connecting particles of type S and
T,S,T e {A, B}, and Vﬁ%’a for creation of a link between particles of type S and
T. Equations (15-16) are always considered only for 1 <1i < j < N4-B as the par-
ticles are never linked to themselves, and for j > i we use the symmetry assumption
A;;j = Aji, Bij = Bjj, respectively. The matrix C' from (17) is a rectangular matrix,
as the numbers of particles of each type may be different, N4 # Np in general. We
will moreover consider the following scaling of these rates

AA _  AA AA AA AT— AA 1 72

Vie =Vq € % Ve Ne = Vee NA Ny'e
BB BB BB BB 1 BB 1 —2

Vde =Vq ’ VCNE: N = N ’ (18)
AB AB AB AB — AB 1 72

Vd e — Va € ) c N,e — N NB

The subscript € (resp. Na, Np) signals a dependency on ¢ (resp. Na, Np), and the
rates without N4, Np,e subscripts are assumed to be independent of N4, Np,e.
Relations (18) make the scaling with € and N4, Ng needed to perform the limit
procedures in (7) explicit. In particular, the scaling with N4, Np ensures that the
connectivity of any particle remains of order 1, and the scaling with & controls the
speed of the linking/unlinking process.

Conditionally on the positions X7 XJ , all the processes A;;, B;j, C;; are inde-
pendent. The stationary measures of (15)-(16)-(17), for fixed positions X;* , X B are
then simply product of Bernoulli measures (P denotes the probability):

v A
Py (1) = 1) = A TEODTOE () = 0) = 1 - BAy (1) = 1), (19)
P(Biy(t) = 1) = 2 XPOTXTOIER g4y — 0) = 1 - B(Biy(t) = 1), (20)
VAB
P(Cy(t) = 1) = 22 RODNPOISE () 2 0) = 1 - B(Cy () = 1). (21)

For N4, Np large, the above expressions simplify as the O(1/N4,1/Np) terms in the
denominators are negligible. One can write the equations for the positions, averaged
over the stationary measure for the links; calling XiA, X jB these new processes, we
obtain (neglecting terms of order 1/N4,1/Np)

oA iz ol AA(vA _ vA
AXT =\ N, aa ZX{\X{‘—Xf‘\gR}v(I) (X7 = X5)
d j=1
22
| ap N ) ) (22)
Eﬁzx{\Xf—Xf\gR}VQAB(Xf_XjB) dt + V2DAdB{,
d

Jj=1
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. Ny 1 p2B A
B VoBA(X A
dX; =—p Np Na I/AB E X{|XB XA|<R} ® ( X )

1 BB Np

BB /v B v B B
FBV%B ZX{IX?*X?KR}V@ (XP - XP) | dt + V2DBdBE.
j=1

(23)
Here we tacitly assumed the translation invariance of the potential ®7(X;, X;) =
®3T(X; — X;), which can be relaxed, see the Appendix. From Egs. (22)-(23), one

can deduce the following proposition, describing the the dynamics of the particles
density f4 and f? in the large N4, Np limit:

Proposition 1. Assume Egs. (22)-(23) and that the potentials are radially sym-
metric @57 (X; — X;) = ®5T(|X; — X;|; then in the limit Na, Ng — 00, Na/Np —
rap > 0, the one particle distribution functions f4 and fP are solution of the
system

Of4 = DANFA 4V, - (fA(wyt)Vm (&4« fA)(x’t)>

+V, - < V. (948 « fP) xt)
(24)
0 fP = DPALfP + V. - <fB Vo (288« £5)( xt)
+V,- (fB <I>BA*fA xt)
where the potentials 5T are given by:
B@) = L (@ @) gercm + PR (i) (25)
V(,iqA {lz|<R} {lz|>R}) »
BB (z) = v (2P8 (x)x + ®PB(R)x ) (26)
VBB {lz|<R} {lz|>R}) »
- VAB X{|z|<R} X{lz|>R})
- vAB
P (z) = TAB SR (@54 (@)X (jz1<ry + PP (R)X (10> 1)) - (28)
d

and * denotes the convolution.

An alternate proof of this proposition based on Approach I is presented in the
Appendix. The Hookean potential considered in this paper satisfies the radial sym-
metry assumption. However, for purposes of derivation of the macroscopic model,
this assumption can be relaxed at the expense of more complex formulas (see the
Appendix).

The macroscopic model consists of two aggregation-diffusion equations with non-
local terms, where each particle interacts with its close neighbors of the same family
(second term of the right hand side of Eq. (24)) as well as with the ones of the
other family (third term of the right hand side of Eq. (24)), and where the diffu-
sive term corresponds to the Brownian motion of individual particles. In the next
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section, we perform the linear stability analysis to identify phase transitions of the
homogeneous steady-state.

3. Analysis of the macroscopic system in the whole space.

3.1. Linear stability in the whole space. In this section, we perform a linear

stability analysis of the macroscopic model. We recall the macroscopic equations
for f4, fB:

Ouf* = DAN A+ Y, <fAVx(<i>AA x fA)> +V,- (fAVx(i)AB * fB)>

0uf% = DPALfP + Vs (vax (275 fB)> +Va (vaw (@74 fB)),

SsT ~
where the factors Zcﬁ and 74 p have been included in the potential functions 5T,
d

We first linearize around the homogeneous steady states, i.e fA = const., f5 =
const. Writing ~ ~
A=t A =12 TR
we have , at the first order:
6th:ffA|:fA*‘iAA+fB*(§AB] +DAA$fA (29)
ath _ f*BAI:fB *(iBB +fA*éBA] +DBA7-fB

For any integrable function F' and a vector y € R? we recall the definition of the
spatial Fourier transform

. 1 .
— —ia-y
F(y) 5 /]R2 exp F(z)dz.

Applying it to both sides of (29), we obtain the following system:

o (P2 _ [FFWEEret )+ ) pPeeett) (g
"\fB) _ ¢B|,120.-&BA _ ¢B|,12(0-&BB DP fB
Fllyl2m @B (y) FEyI? (2r@BP (y) + F7)
f'A
=310 ().
(30)
Therefore,

FA
(; B) (1) = c1(y) exp @i (y) + 2 (y) exp™> @ iy (y),
where A1(y), A2(y) are the eigenvalues of the matrix M (y) and ;1 (y), @2(y) are the
corresponding eigenvectors.

General case. In the general case, the homogeneous steady state will be unstable
if at least one of the eigenvalues of matrix M(y) is positive. By computing the
determinant of M:
AM) = |yl fArE] (2 (%AA_'_DiA 9 (i)BB+ D (2 )Q(i)AB(i)BA
= y|* ff. ™ A ™ 75 m ,
we can see that, for general interaction potentials, the constant steady states will
be unstable if one of the two conditions is met:

L A(M) < 0: (20944 4 22)(27985 4 D) < 4n2pABBA,

*
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2. A(M)>0and Tr(M ) > 0:
(27r<i>AA + 25 ) (2 dBB ¢ f %) > An?pABHBA
A (27T<I>AA + —) + fB (27T(I)BB + fB ) < 0.

Hookean interaction potentials. In order to explicit these conditions as functions of
the model parameters, we now suppose that the intra- and inter- species links act
as springs of rest length R between the particles. As the detection radius for the
interaction is also R, this amounts to consider that particles only repulse each other
up until distance R. To keep enough generality, we consider different interaction
intensities between the type A and type B intra- and inter- species springs:

AA K/BB

oM (21, a2) = (w1 =@ = R)?, PP (1, 22) = 5 (lz1 =22 = R)?,
I‘iAB K'/BA

oA (21, 29) = 5 (o1 = 2| = R)%, AP (21, 29) = 5 (o1 = 22| = R)?,

and not necessarily mutually equal. We have:

/f &)X {lo—ar|< iy Va @ (2, 2")d2’
z—x
ST/fT |z — fU/| - R)WX{M’f:v’\SR}dx/'

VST were included in the potential functions ST

and following derivation (69)- (72) from the Appendix B.2, we may introduce:

vST ST {(|x|R)2 for |z| < R

(I)ST c 31
(@) = 0 for [z| >R (81

;19 2
which ensures that the equations for f4, fZ are of the form (24) and the linearized

system is of the form (29). The form of the new potential is plotted in Fig. 2. We

(I)ST
N

ST

FIGURE 2. Form of the potential ®57 (z) for R = 2 and % STy =
1. The potential is repulsive on its support.
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can now compute the Fourier transform of ®57. Using the radial symmetry of ST

and denoting T = |y| we can show that

~ (ST ST R2 2R R2

5T (T) = % (JO(TR) (TR 5+ ;TTQ [J1(YR)Ho(YR)—Jo(YR)H, (TR)]) ,
d

where Jy, J1 are the Bessel functions of the first kind of order 0 and 1:

Ji(x) = mz::o m!F((n_iljz i) (g)zmH

and Hy, H; are the Struve functions defined by:

i (—1)™ (x)2m+i+1

Hi(x) = sz‘o T(m +3/2)T(m+3/2+14) \2

We refer the reader to [7] for the computation of these terms. Replacing the Fourier
transforms of the potentials by their expressions in M(y), we can write

(C“‘AH(y) + DAJy[? AP H(y) > ,

MO==0 i) )+ DR

with 87 = 2057 IR (oo S, T € {A, B) and

Va

Hy) = Jol(y1R) — 1 (9 R) — + T [ (19l R)Ho 1yl R) — Jo(ly|R)H (19| R)]

lylR 2
= g[Jl(IyIR)Ho(IyIR) — Jo(ly|R)H1(ly|R)] — J2(Rly|).

Writing z = |y|R, the determinant of M can now be written:

A(M) DA22 + C/AAH(Z))(DBZQ + C/BBH(Z)) . CIABC/BAI{I(Z)2,

:ﬁ(

ST _ p2.sT _ 2ms° fPvi TR

where ¢/ s and
d

H(z) = g[Jl(z)Ho(z) — Jo(2)Hy(2)] = Ja(2).

Now, lengthy but straightforward computations show that for z close to the origin
we have:

~ 1
H(z)= ﬂzz +0(2%), (32)
and so, close to the origin z = 0, we have
Z4 C/AA CIBB C/ABC/BA
AM) == (D*+ ——)(D? -
(M) R4<( + 24 X + 24 ) 242 )
(33)

= (DADB + i(DAC’BB + DBAY 4 AASEE — C/ABC’BA)

T RY 24 242
In order to simplify the analysis, we suppose the following hypothesis:
Hypothesis 1. The intraspecies links generate repulsive potentials, i.e k44, kBB >
0.

We first note that under Hypothesis 1, the trace of M

222

R2

C/AA + CIBB

Tr(M) = 51

[DA + DB + } + o(z%),
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is negative for small z. Therefore, the homogeneous steady states will be unstable
for small z only if A(M) < 0. Note also that the parameters ¢'48 and ¢’24 should
have the same sign to allow the determinant of M to be negative, otherwise the
homogeneous steady state will be a stable case. Now, we scale the interspecies link
potential intensities with a parameter s € R such that k48 = sg48 kBA = sigBA,
It corresponds to the relevant scaling of the parameters ¢4% and ¢/B4, to simplify
the notation we denote the corresponding reference values by the same symbols
4B and B4, then

T R4 2% 242

and we immediately note that s must be large enough to allow A(M) to be negative.
More precisely, the two eigenvalues of M are written:

A(M) Zi (DADB N i(DAC’BB N DBC/AA) N C/AAC/BB _ SZC/ABC/BA )7

A 1 Tr(M) ++/Tr(M)2 — 4A(M) —Z—Q -C +\/CZ+SQCIABC/BA
172 T 2R2 + - 144 )
Xo = 2 (Tr(M) — /Tr(M)? — 2A(M) _ 2 (_¢ —\/C2+ Sl
27\ " T 2R? + =TT )
(34)
where Cy :DA+DB+C/AA+C/BB and C_ = DA—DB—l—CIAA;f/BB We can

therefore plot their values as functions of s near z = 0 (see Fig. 3 for z = 0.1 and
parameter values DA = DB = 1,44 = @48 = ¢/BA =1 /BB = 10). As shown by

0.03

0.02

-0.01

-0.02 |

-0.03 ¢

-0.04 t| —A,(z=0)
——,(z=0)

-0.05r (A, (z=0)+,(z=0))12

-0.06 ' '
0 20 40 60 80 100

FIGURE 3. Values of A\; (blue curve), Ay (orange curve) and their
mean (yellow dotted line) near z = 0 (z=0.1), plotted as functions

of the scaling parameter s for R =1, DA = DB =1, ¢44 = A8 =
dBA =188 =10.

Fig. 3, there exists a critical value s* of s such that for s > s* the homogeneous
state will be unstable (i.e we will observe cell aggregates). From the definition of s,
this means that the interspecies repulsion force must be large enough to compensate
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the intraspecie repulsion and diffusion and enable the two species to separate into
clusters. These first results are in accordance with the observations of [55]. Note
that, by equating (33) to 0, we can directly compute the value of s* as a function
of the model parameters:

. 576 cAA ¢/'BB
i :\/cfABc'BA(DA+ ) (PP 5). ()

In Fig. 4, we aim to plot the values of A\1(z), A2(z) in the unstable regime s > s*,
s* being determined on Fig.3 (critical value of s such that A\;(z ~ 0) becomes
positive). We select four values of s > s* and for each of them we compute the
functions A;(z), A2(z) using matrix M (z) before Taylor expanding it near 0. The
Bessel and Struve functions are approximated numerically.

R=1,D"=1D8=1cM =18 =10,"B=cBA=1

(I °

-10

(II1) 35

3

N
o

-20

o

-40

z¥= argmax(As1 (2))
~

0 05

-60 20 40 60 80 100 120

FIGURE 4. (I): Values of \;(z) as functions of z for R =1, DA =
DB =1, ¢4 = AB = ¢BA =1, ¢PB = 10 and for different values
of s in the instability regime: s = 30 (blue curve), s = 50 (orange
curve), s = 70 (yellow curve), and s = 90 (red curve). (II): same
plots for A2(z). (III) Plot of z* defined in (36) as a function of
parameter s.

As one can see in Fig. 4 (I), A; is an increasing function of s at fixed z. Further-
more, the most unstable parameter z, i.e. the value z* for which A;(z) reaches its
maximal value, defined by:

z*(s) = argmax Aj(2),
~CR+ 1 (36)
increases with s (see Fig. 4 (III)). Hence, at small times, the instability should be
dominated by Fourier modes with parameter around z*(s). Assuming this remains
qualitatively true in the time asymptotic regime, one then expects that larger values
of s will lead to more aggregated (smaller) patterns.

3.2. Linear stability in the periodic box. For the sake of numerical simula-
tions, we now interpret the above results in the case of a space-periodic domain. In
practice, instead of the whole plane we consider the two-dimensional square peri-
odic domain [—L, L] x [-L, L], however, for L sufficiently large the results change
quantitatively but not qualitatively. Introducing the shorthand notation for the
Fourier modes

T
€k ks = EXD f (k’ll'1 + kg.%‘g) R (37)
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we may write for S = A, B:
f 1‘1,332 Z fk17k2ek1 ko

k1,k2€Z

where the Fourier coefficients f,fl &, are given by

R 1 L L
Ti = m/_L /_L fo (@1, w2) ek, ,—k, day das.

The periodic analog of the macroscopic system after Fourier transform is (see (30)

for comparison):
FA
O ji’E’kz = My ko f’“”” 7 (38)
fkl,kg fk?l;k2

where
u ;477 (k3 +k )(4L2¢?1Ak2 + ?:) A’T (k7 +k2)4L2¢£1Bk2
ki,ka = - - B
- *B (kL;—k )4L2(I)E;74k2 B (k +k )(4L2(I)ElBk2 + ?B)

Since f4, fB are both probability measures, we take

1
A
$A=1P =
which means that the matrix M from (38) has now the form
w2 (K +k3) (GAA + DA *(k3+k3) $AB
Misre = ( g _ (k] J(rkzk)lAk;A ) m? (k] +k3 ]—52 BBli€2 By |’ (39)
L2 (I)kl,k2 - L? ((bkl ko + D )

This form of the system can be again studied for general potentials. Here we
immediately focus on the Hookean case (31), for which the Fourier transform equals
VST 2iST R4

ST 2 2
vyt 2L Ziy ko

égf:kz = (g [Jl (zkl,k’.))Ho(Zklka) - J0(2k17k2)H1 (Zklka)] - JQ(Zkhkz)) P

(40)

TR/
Zki,ky = T k% + k% (41)

As explained in [7], due to specific shape of the potential, we only need to check
the stability of the first mode (k1,k2) = £(1,0) or (ki,k2) = £(0,1) in order to
find whether the whole system is stable. This is the point where the analysis in the
space-periodic domain differs from the whole space case. Note that in (32) we took
z — 0, which cannnot be assumed for the discrete values (41). Exactly as before,
we compute:

R? AA BB - (TR
Tr(Mio) =~ 13 (DA + DY+ o (V;A KAt KBB> H <L>) ,
d d

where we denoted

R? pAa BB - (TR
A(My ) = 71 {DADB + 5o (DB ui“A kA4 + DA—CBB HBB> H ()

T 4 vy L
4 AA , BB yAB ,BA
+ R Ve Ve AA BB _ 52 e Ve WABBA\ [T TR
472 1/(‘14‘4 Z/dBB (‘?B VU?A L

(42)
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Recall however, that assuming Hypothesis 1 we still have that Tr(M o) is always
negative. Based on numerical simulations close to z = 0 for the whole space case
(see Fig. 4 I) we observe that the constant steady state is unstable again only
for sufficiently small 27,9 and iff A(M7 o) < 0. This leads to two eigenvalues Ay,
Az of different signs, that can be computed using the formulas (34). The value of
parameter s that corresponds to the phase transition can be computed by equating
(42) to 0 and therefore

s* =

) (DA+R2 s RAAF (B )(DB+R2 ZBB BBH(%))
A

2 z/
= H (%)

. (43)

;;‘B ve A AB . BA
3.3. On phase separated initial conditions. The authors of [55] report segre-
gation experiments between two types of cells. In particular, in some experiments
(see Fig.11)-k) in [55]) the initial condition is perfectly segregated: at ¢ = 0 there is
a sharp interface between a subdomain with only cells of type A and a subdomain
with only cells of type B. Depending on various parameters, the experiments show
different possible evolutions of the interface (see Fig.1 i)-k) in [55]):

e the interface remains sharp and does not move;
e the interface remains sharp, does not deform, and moves in one direction;
e the interface becomes blurred: the two species start to mix.

Our goal here is to try to relate these different outcomes to different parameter
ranges in our model. The heuristic remarks of this paragraph will be backed by
numerical simulations in Section 4. We consider here a bounded domain £ C R?,
and make some further hypotheses in order to simplify the system:
i) the inter-species interaction is symmetric ®48 = @54,
ii) the interaction radius R is much smaller than the scale of the experiments;
iii) the diffusion is neglected.

From the biological perspective assumptions i)-iii) certainly do not cover all in-
teresting cases. However, given the very little knowledge that we have about the
nature of the interactions, it is interesting to consider the consequences of these
simplifications applicable in specific situations. For example, hypothesis i) could
be valid when the friction forces between the two cell types and the medium is the
same; hypothesis ii) amounts to consider that the size of the cell’s sensing zone,
comparable with its size, is much smaller than the size of the system, and finally
hypothesis iii) could be valid when the tissue is very stiff (e.g. in bones) and the
spacial diffusion of cells is negligible.

Furthermore, numerical simulations in Section 4 will show that the phenomena
identified in this paragraph under the restrictive hypotheses i)-iii) qualitatively per-
sist for more general parameters.

Under hypothesis i), the macroscopic system of equation admits a free energy, or
Lyapunov functional

FUA AP = [ (DA @) A (e) + DP £ a) n 2() do
+ [ (330 @) + 5875 - 0P @) ) dedy
+ [ (Banle =054 @) ) dody
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The macroscopic dynamics is a gradient flow of the functional F, with respect to the
Wasserstein distance Wy [36]. Owing to hypothesis ii), we will replace the potentials
®*# by Dirac delta functions with weights equal to their integrals, which we call
728 respectively. Owing to hypothesis iii), we neglect diffusion, which all together
leads to the simplified functional &:

el 171 = [ (500 7 @) + 3PP ) do )

Under hypotheses i)-iii) we expect that the system evolves in order to minimize (44),
with constraints of constant total mass and positivity (we assume that at ¢ = 0,
there is the same amount of A and B cells):

| o= [ fP@da=5 . fi@ 20, Pwzo. @)
Q Q

This problem is easily solved if v44 < 0 or v## < 0. Then the minimum energy
is —oo and it corresponds to one or both species infinitely concentrated. From now
on we assume that 744 > 0 and B8 > 0, i.e. the intraspecies interactions are
repulsive. Another singular case corresponds to the range v48 < —./yAA4yBB;
then there is a pair of constants (n > 0,n® > 0) such that

’}/AA(nA)Q +2’)/ABTLATLB +7 ( B)2 < 0.
Now, building a sequence of configurations where A and B cells have concentration

n/e, n® /e on the same domain of measure ¢, we see that the associated energy
tends to —oo when ¢ tends to 0. Therefore, we also assume from now on that

FAB 5 _ [yAA~BE,

Lemma 3.1. Assume that v > 0, vBB > 0, and —/yA4yBB < ~4B <
AANBB  Then minimum energy is reached by the homogeneous system with
constant densities f4(z) = fB(x) = 1/(2|Q]).

Proof. Since yA4yBB — (4482 > 0, the function

1 1
(u,v) = QWAAuQ + 74 Puw + 573

is convex. Hence, for any functions f4(z), fZ(z):

etz () - () () - ()

where [ is the volume of the domain and f¥ = [, f¥(x)dx =1/2, S = A, B. This
shows immediately that for any function f4(z), f2(x)
1
EFA P = ELf4 PP = m(v“ + 2948 1+ 4PP),

The minimum energy is then reached for a homogeneous system, with constant
densities, f4(x) = fB(x) =1/(2|Q)). O

We will now assume that y48 > /yA4yBB_ We want to show that the minimal
configuration is perfectly phase separated, ie 2 divided in two subdomains €2 =
QAU QB with f4 = 0 on QF and fB = 0 on Q4. Note that the geometry of

the subdomains is of no relevance within this simplified model, only their measure
matters.

BU2
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Lemma 3.2. Among all perfectly phase separated configurations, the following is
optimal:

fA(z) = n? = const. on Q4 fB(zx) =n? = const. on QF (46)
1/2
, g
with Q4 =1F" = |9 (M) . (47)
Yaa T VBB

The associated energy is
o 1 2
5in€1tom = 8|Q‘ (\/ YAA + Vv ’YBB) . (48)

In other words: for any (f2, fB) perfectly phase separated configuration,

E[fA, 1P > &

inhom

with equality if and only if (46)-(47) hold.
Proof. First note that the functions

1 1
u §7AAu2 , U EWBBuQ

are convex; hence any perfectly phase separated configuration must be piecewise
homogeneous in order to be optimal. Let us now consider a general piecewise
homogeneous phase separated configuration:

Ve e Q4 fAx)=n?, fBx)=0,vVzeQf fBx)=nP, fAx)=0 (49)
with
Q4 =14, Q8 =15, la+1p =0

Then n?t =1/(214), n® = 1/(2|Q| — 214), and the configuration is characterized by
the parameter [ 4, which we can optimize. The associated energy is

1 (vaa YBB
g—— (a4, BB )
s(zA +|ﬂ|—u)

Minimizing over l4, one finds

L2
=19 (1 A 2> (50)
Yia + 785
with associated energy given by (48). O

Lemma 3.3. Assume ¥4 > 0 and vPP > 0, and 2B > \/yAAyBB . Then the
optimal configuration is the perfectly phase separated one described in the previous
lemma, ie for any configuration (f4, fB), we have

EfA P = &8

inhom*
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Proof. Take any configuration f4, fZ. Using fQ fA4B =1/2 and (48), we have

EUA 12— &b = 7™ [+ 302 (274020 [ 51y
S () ‘zm(/f3> - (/fA) (/)
:§/<WfA m\ /fA> *U(“”'TBJCB a /f3>2
‘/(WfA o /fA> (me o /fB>

(A8 = AT [ g
(e )G ]

where we have used (yA8) > [yA4yBB]/2 for the last inequality. Hence the in-
equality is strict unless f4f2 = 0, ie unless the configuration is phase separated.
We have proved that the optimal configuration is phase separated, and given by
(47). O

To summarize, assuming y44 > 0, yB8 > 0, 448 > —/yA444BB and putting
together Lemmas 3.1,3.2,3.3, one expects the following phenomenology:

o If |'yAB| < v447YBB, then the homogeneous solution is favoured. The two
types of cells should then start to mix and the interface should be blurred.
o If 4B > VYAAYBB, then the phase separated solution is favoured; in this
case the initially sharp interface should stay sharp. There are two subcases:
— Y44 ~ vpp: then the optimal [ is close to 1/2, which is the initial condi-
tion. Hence the interface should not move.
— va4 and ypp significantly different: then the optimal [ is not close to the
initial 1/2, and one expects the sharp interface to move, as the system
tries to approach the energy minimum.

These three scenarios are qualitatively similar to the ones reported in [55] (see their
Figure 1), and are seen in numerical simulations, as shown on Fig.6; a quantita-
tive comparison is difficult, since hypothesis i)-iii) are not necessarily satisfied in
numerical simulations.

4. Numerical results. The microscopic model described in Section 2.1 is very
demanding numerically; it is one reason to introduce the macroscopic model (24),
which relies on the double limit (N4, Ng) — 00, € = 0. The averaged microscopic
model (22)-(23), obtained in the limit ¢ — 0 with N4, N fixed, can be simulated at
a reasonable numerical cost, which makes comparisons with the macroscopic model
possible.

Numerical simulations for the averaged microscopic model (22)-(23) as well as
macroscopic model (24) are performed on a 2D periodic domain [—7.5, 7.5] X
[-7.5, 7.5]. All simulations are performed with cell detection radii R4 = Rp = 1.
We fix the diffusion constants D4 = Dg = 10~* and explore different values of the
inter- and intra- species repulsion intensities k44, kBB kAP = sgAB xBA = sgBA,
We explore four different cases:
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e case 1: For the same intraspecies repulsion k44 = kB8 and symmetric inter-

species repulsion k48 = B4

e case 2: For the same intraspecies repulsion k44 = kB8 and non-symmetric
inter-species repulsion #42 < B4 (A-cells repulse B-cells more strongly than
the reverse)

e case 3: For different intraspecies repulsion s

other more strongly than B-cells), and symmetric inter-species repulsion &
~BA
I

AA > kBB (A-cells repulse each

AB _

e case 4: For different intraspecies repulsion k44 > kBB (A-cells repulse each
other more strongly than B-cells) and non-symmetric inter-species repulsion
7AB < kBA (A-cells repulse B-cells more strongly than the reverse)

For each case, we consider two types of initial conditions, (i) when cells are initially
randomly distributed, which approaches the homogeneous stationary state, and (ii)
when B-cells are initially randomly placed on the left-half of the domain and A-cells
randomly distributed on the right part, which corresponds to the phase separated
initial conditions considered in Section 3.3, and we explore two different regimes
(stable regime, when s < s* for the interspecies repulsion and unstable regime,
when s > s*). Table 1 sums up the model parameters used for inter- and intra-
species repulsion forces.

value of s comment
Case I: kM = kBB =2, A8 = gBA =2,

IA 0.5 Stable regime (s < s* ~ 1.01)
IB 4 Unstable regime (s > s* ~ 1.01)
Case II: kA4 = kPB =21 = AP < gPFA =2.
ITA 0.5 Stable regime (s < s* ~ 1.43)
11B 4 Unstable regime (s > s* ~ 1.43)
Case 11T 2 = kA4 > P8 = 1, RAB = iBA = 3.
ITTA 0.5 Stable regime (s < s* &~ 0.72)
111B 4 Unstable regime (s > s* = 0.72)
Case IV: 2 = k21 > kBB =1, 1 =rAF < P4 =2.
IVA 0.5 Stable regime (s < s* &~ 1.02)
IVB 4 Unstable regime (s > s* ~ 1.02)

TABLE 1. Model parameters for the inter- and intra- species forces.
The value of parameter s* has been computed numerically from the
formula (43).

In Fig. 5, we show the final states of the simulations for each case and each
regime previously described for the microscopic model. A-cells are represented as
red disks, B-cells as green ones and we use N4 = Np = 250 particles for each family
of cells. The visualisation of the macroscopic results also uses disks to resemble the
microscopic ones, for more details we refer to the Appendix C.

As one can note in the stable regime (s < s*) and for initially randomly dis-
tributed particles, we observe a homogeneous distribution of particles as expected,
with no aggregation. When starting from a front-like intial distribution in the stable
regime, B- and A- cells intermingle at the front. However in the unstable regime
(cases s > s*), one can observe a segregation of cells by type. In case 1 and 2 (when
intraspecies repulsion is the same), we observe the formation of mazes of B-cells
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Case | VF green cells (microscopic model) | VF green cells (macroscopic model)
Homogeneous IC | Front-like IC | Homogeneous IC Front-like IC
(IB) 48.2% 50.0% 49.7% 50.0%
(IIB) 40.2% 42.3% 38.5% 42.0%
(I11B) 40.6% 42.4% 44.0% 46.0%
(IVB) 34.8% 35.0% 35.9% 38.0%

TABLE 2. Volume fraction of the green family computed on the
simulations of FigS. 5-6 at equilibrium for the microscopic model
(left column) and for the macroscopic model (right column).

when starting from an initial homogeneous distribution, and the maintenance of
a sharp front when starting from a non-homogeneous initial distribution (Fig. 5
(IB, IIB)). Note that the B-cell clusters are smaller in case 2 than in case 1 (i.e
when A-cells act more strongly on B-cells than the reverse compared with the case
where inter-species repulsion is symmetric). When starting from a segregated initial
condition we observe a slight compression of the green cells by the red ones. This
suggests that nonsymmetric interspecies repulsion can favor cell aggregation and
domination of a population over the other.

The same observations as in case 2 can be done for case 3 (i.e when intra-species
repulsion is stronger in cell A type than in B type and with symmetric interspecies
forces, (ITIIB)): smaller clusters than in case 1 and slight compression of B-family in
the case of segregated initial condition. This suggests that inter- and intra- specie
repulsion act in the same manner: decreasing the intra-species force for one family
has the same impact on the final structures as decreasing the repulsion force of one
family onto the other one.

Finally for case 4 (intra-species repulsion is stronger in cell A type than in B
type and stronger repulsion of B-cells by A-cells than the reverse), we observe the
emergence of small clusters of B-cells in a medium composed of A-cells, and a large
compression of the B-cells with maintenance of sharp borders when starting from
a non-homogeneous distribution (IV B).

It is noteworthy that the numerical simulations of the microscopic model in the
limit € — 0 are in good accordance with the predictions of the macroscopic model.
We indeed observe homogeneous or non-homogeneous distributions of particles de-
pending on the model parameters, for values of s in the range predicted by the
linear stability analysis.

In Table 2, we show the Volume Fraction (VF) of type B cells (green family)
computed on the simulation images of Figs. 5 for the microscopic model and of
Fig. 6 for the macroscopic model, starting from homogeneous Initial Conditions
(IC) or front-like Initial Conditions. Given a numerical image such as depicted in
Fig. 5, the volume fraction corresponds to the number of green pixels over the
total amount of pixels in the image. As one can see in Table 2, the volume fraction
at equilibrium does not depend on the type of initial conditions, as suggested by
the analysis performed in Section 3.3. As expected, we obtain a volume fraction
of 50% when the two cell types have the same inter- and intra- species forces, and
the volume fraction occupied by specie B decreases as type B cells’ inter- and/or
intra- species forces decrease (maintaining the type A cells inter- and intra- species
forces constant), due to the compression exerted by the stronger family (type A)
on the weaker cells (type B). These results are in accordance with the theoretical
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AA _ .BB AA

K =K K 4
Homogeneous Front-like Homogeneous Front-like
initial condition | initial condition initial condition | initial condition
(1A) | (INA) |
| I
|
Stable case I Stable case :
s<s* s<s*
| I
| I
| I
(1B) | (1nB) |
Unstable case | Unstable case |
s>s* | s>s* |
| |
| |
| I
Homogeneous Front-like Homogeneous Front-like
initial condition | initial condition initial condition | initial condition
| |
(11A) | (IVA) |
| |
| Stable case |
Stable case I s<s* |
s<s*
| |
| |
(11B) | (IvB) |
| |
| Unstable case |
Unstable case s>s*
s>s* | |
| I
! I

F1GURE 5. Microscopic simulations for Cases 1-4 for parameters
described in Table 1. A-cells are represented as red disks, B-cells
as green disks. For each subsection, the left figure is obtained
starting from a homogeneous distribution of particles, the right
one from a segregated initial distribution (B-cells on the half-left
of the domain, A-cells on the right).

predictions of the macroscopic model, showing that the microscopic and macroscopic
model have the same properties. The next part of this section is devoted to deeper
and more qualitative numerical comparisons between the two models.

In Figs. 7 (I), we show simulations of the microscopic and macroscopic models
for k44 = 4, kBB = A8 = B4 = 1 for which s* ~ 2.1 can be computed using the
formula (43). Simulations of the microscopic model are performed with N4y = Ng =
500 (TA) and N4 = Np = 2000 (IB) particles. Simulations of the macroscopic model
correspond to (IC). We consider 7 values of the interspecies repulsion intensity, from
left to right: for 2.05 = s < s*, for s* < s = {2.15,2.2,2.5,4,6,10}. (II) In (IIA-C),
we show the values of the quantifiers at time equilibrium as functions of s. Fig.
(TA) shows the mean elongation of the green clusters, (IIB) shows the number of
green clusters and (IIC) shows the Overlapping amount @) described by (73). Black
curves are obtained with the microscopic model for Ny = Ng = 500 (corresponding
to Figures (IA)), yellow curves are for N4 = Np = 2000 and correspond to Figures
(IB) and red curves are obtained with the macroscopic model (Figures (IC)). As
one can observe in Fig. 7 (IA-C), we obtain a very good agreement between the
microscopic model and the macroscopic simulations. Before the transition from
mixed to segregated states (for s < s*, first column), the system at equilibrium
corresponds to a perfectly mixed state both for the micro- and for the macro-
models, while right after the transition (for s = 2.15), segregation of the two families
is observed for both models. As s increases, clusters get more numerous, smaller and
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KAA = KHB KAA > KBB
Homogeneous Front-like Homogeneous Front-like
initiai condition | initial condition initial condition initial condition
(1) l (ina)
|
Stable case | Stable case
s<s* | s<s*
|
|
(18) | (1nB)
Unstable case | Unstable case
s>s* | s>s*
|
|
|
Homogeneous Front-like Homogeneous » Ij'ront-lik‘e.
initial condition | initial condition initial condition |  initial condition
| |
(1A) | (IVA) |
I |
| Stable case |
Stable case I s<s* |
s<s*
I I
| |
(1B) | (IvB) |
| |
| Unstable case |
Unstable case s>s*
s>s* | |
| |
| |

FIGURE 6. Macroscopic simulations for Cases 1-4 for parameters
described in table 1 for the final time of simulations equal to T' =
8000.

rounder. This qualitative observation is supported by the values of the quantifiers
plotted in Figs. (IIA-C). For the different values of s, we obtain a very good
quantitative agreement between the two models, even more so when the number of
particles of the micro- model is increased from Ny = Ng = 500 to N4 = Ng = 2000
(compare black and yellow curves to red ones in Figs. (IIA-C)). These results tend
to show that the macroscopic model is a good approximation of the microscopic
dynamics as the number of individuals becomes large. However, it is noteworthy
that some discrepancy is observed for very large values of s. Indeed for s = 10
(last column of (TA-C)), one can note that the clusters obtained by the macro-
model are significantly more elongated than those obtained with the micro- model
(compare black/yellow curves to the red one in Fig.7 (ITA)). For the details of image
processing used to prepare the figures we refer to the Appendix C.2.

In order to document the discrepancies between the micro- and macro- structures
in the case s = 10, we plot in Fig. 8 the values of the quantifiers computed on the
simulation images as functions of time for k44 = 4, kB8 = AP = gBA = 1 for
the microscopic model with Ny = Np = 500 (green curves), Ny = N = 2000
(blue curves), Ny = Np = 4000 (yellow curves) and for the macro model (red
curves). Fig. 8 (I) shows the evolution of green cluster elongation, (II) gives the
number of cell clusters and (IIT) shows the overlapping amount @ as function of the
simulation time. Figs. 8 reveal that the structures observed with the microscopic
model undergo two transitions as function of the time, enabling us to conclude that
the dynamics of the microscopic model exhibits two phases:

e Very quickly after initialisation (¢ € [0,100]), the system segregates the two
cell types and reaches an equilibrium value for the number of clusters and
the overlapping amount @ (see Figs. 8 (II) and (III). At the time of the
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ing amount Q

(IIA) 77\
1 EA
—e—N=500

N=2000|
——macro

Overlapping amount Q

[~e=n=500
N=2000
——macro

FIGUurRE 7. (I) Simulations of the microscopic and macroscopic
models for k44 = 4, kBB = gAB = gBA = 1 for which s* ~ 2.1.
Simulations of the microscopic model are performed with Ny =
Np =500 (IA) and Ny = Np = 2000 (IB) particles. Simulations
of the macroscopic model correspond to (IC). We consider 7 val-
ues of the interspecies repulsion intensity, from left to right: for
2.05 = s < s, for s* < s = {2.15,2.2,2.5,4,6,10}. Type B cells
are represented in green, type A cells in red. (II) In (ITA-C), we
show the values of the quantifiers at time equilibrium as functions
of s. Fig. (TA) shows the mean elongation of the green clusters,
(IIB) shows the number of green clusters and (IIC) shows the over-
lapping amount () described by (73). Black curves are obtained
with the microscopic model for N4 = N = 500 (corresponding
to Figures (IA)), yellow curves are for Ny = Np = 2000 and
correspond to Figures (IB) and red curves are obtained with the
macroscopic model (Figures (IC)). The two bottom figures corre-
spond to a zoom of the corresponding curves close to the transition
region for s.

segregation, numerous and well-separated elongated clusters are created and
then maintained for a long time.

A second transition occurs later in time (around ¢ &~ 3.10%), where the clusters
change shape to attain a new equilibrium composed of rounder clusters (see
the drop in the value of the elongation in Fig. 8 (I)). In this second phase, the
number of clusters and their border properties are maintained, but the shape
gradually changes to produce very round clusters.
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FIGURE 8. Quantifiers computed on the simulation images as func-
tions of the logarithm of the simulation time for k44 = 4, kBB =
748 = BA =1 for the microscopic model with N4y = N = 500
(green curves), Ny = Np = 2000 (blue curves), N4 = Np = 4000
(yellow curves) and for the macro model (red curve). (I) Green
cluster elongation, (II) Number of cell clusters and (III) Overlap-
ping amount Q. On Figure (I), we superimpose linear fits (dotted
lines) for short times and large times, showing the two timescales
(two slopes) of the micro model compared to the unique timescale
of the macro dynamics (single slope).

It is noteworthy that this two-phase process is not observed with the macroscopic
dynamics (see the red curves of Figs. 8 (I-III). On the contrary for the macroscopic
model, the segregation between the two families and the production of clusters
appear later than with the microscopic model (around ¢ € [100, 300]), and the shape
of the clusters (elongated) seems to be at equilibrium. These results tend to show
that the macroscopic model fails to capture the second time phase (reorganisation
of the clusters) exhibited by the microscopic model.

The good qualitative and quantitative agreement between the micro- and the
macro- models has been also confirmed for another set of parameters k44 = 4, kB8 =
3,k4A8 = kBA = 1 for which the critical value of s is s* ~ 3.52. We do not include
the corresponding figures here, as they are very similar to Figs. 8.

5. Conclusions and perspectives. Along the recent biological studies [54] our
paper demonstrates that contact cell repulsion on its own can generate pattern
formation and cell-sorting in tissues composed of different categories of cells. The
present paper provides evidence of this by means of both a microscopic and a con-
sistently derived macroscopic model. The advantage of the macroscopic approach
is that it provides a mathematical way to investigate the stability of the equilibria
and consequently quantitative criteria for the appearance of these patterns. The
validity of this analysis is assessed by numerical comparison between microscopic
and macroscopic models. We also show that the model is able to capture the border
sharpening observed in the biological study [54]. In the future better quantitative
comparison with experiments will allow for more systematic choice of model param-
eters.

Clearly the macroscopic model captures the behaviour of the mean, and it would
be interesting to investigate what fluctuations around these means are induced by
the finiteness of the number of cells. Our analysis provides only local information
around the threshold for instability, further analysis as in [7] could inform on the
type of bifurcation involved, for instance if it is supercritical or subcritical. The
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consistent derivation of the macroscopic model from the microscopic dynamics is
still only formal and it would be desirable to have a rigorous mathematical proof
of convergence when the number of particles goes to infinity. Finally, the biological
context could be enriched and applied to clinically relevant situations such as cancer
for which the type of bifurcation involved could be critically important.
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Appendix A. Derivation of a kinetic model from the microscopic model.
In this section, the derivation of a kinetic model from the Individual Based Model
of Section 2.1 is performed, following the Approach I. Using the expressions for
the individual particle distribution, link distribution and two-particle distribution
function defined by Egs. (8),(9),(10), (12)-(14) and in the limit of a large number
of individuals, we have the following formal derivation:

Proposition 2. Assume that in the limit
N = (NA,NB) —r 00, NA/NB —rap >0,

the following convergences hold:

A ¢B A B AA BB _AB _BA AA BB _AB ,BA
fNafN_>f af ) IN 9N HIN S9N —4g » g g g i

hAAN, hﬁB’ hﬁB N hAA, hBB7 hAB.
If we assume the scalings (18) for the rates, and if we assume additional assumptions

((58),(59) and (65),(66) below), then fA, fB formally solve:

{at FA(z,t) = 2uV, - FAA[gAA (2, t) + puV, - FAB[gAB](z,t) + DAAFA, 51)

0ifB(z,t) = 2uV, - FBB[gBB)(2,t) + uV, - FBA[gBA](x,t) + DEAFE,

where:

FAA[g}(x,t) = /g(xl,xg,t)Vxl@AA(ajl,mg)dxg,

FOle,0) = [ glorsna, )V, 075 (1, 2) s,
FAB(g)(z,t) :/9(551,SEQ,t)le(I)AB(xl,fz)de,
FBA[QK‘rvt) = /g(xlvaat)vxl(I)BA(mhl'g)dl'g,
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and g2, B8 and g*B formally solve:

99 (w1, 22,1) = DA (Ay, g (21, T2, t) + Ay g (1, 22, 1))

AA
g (1, 72,1) _aa; aa
0wV, - (bt it
+2uV,, ( [z lg7 (1, 1)
AA
g7 (1, %2,1) aB; AB
o - (T t 2
TV ( [A(z,t) o "
AA
g (@1, 22,1) aa; an
ouv,, - (LTt g :
+2uV,, ( P lg7 "] (2, 1)
AA
g (v, %2,1) ap; aB
2 | 2R )
+ Vs, ( (s 0) 977 ) (2, )
vAA
+ S h M (@ )X (o — 2] < B) — vt g (w2, 1),

OrgPP (21, x0,t) = DP (AmlgBB(xl, X9, t) + AzngB(ml,xz,t))

+ QMle . <WFBB[QBB](LE1,75)>

9"P(x1,29,t) pa; Ba
w5 (g
gBB(xlvx%t)
+2pVa, - <WFBB[QBB]($2at)>
9"P(x1,29,t) pa; Ba
e (g T a0

BB
1%
+ %h’BB(‘Tlax27 ) (|£L'1 - I2| < R) BvngBB(xth’t),

0rg B (21, 20,t) = (DAAmlgAB(:rl, z9,t) + DBA,, g2 B (21, x,, t))

AB
g ($1,.’I}2,t) )
+2uVg, | T/ 1,
: ( fA(z1,1) g1
AB
g (Cﬁ‘l,.’I/’Q,t) )
+ uVa - 2 oone U pAB J(zq,t
a ( fA(‘rlvt) !
AB
g (.T17$2,t) )
+2uVg, | —m—/—— 9,
: ( fB(IQat) [ ]( ? )
AB
977 (21,22, 1) BA )
+uVyy | ————F J(za,t
. ( fB(5627t) ?
+ VAP AP (21, w0, t)x (|21 — 22| < R) — v3 29" (21, 20, 1),
gBA(xl,a;g,t):rABg (x2,21,1).

Proof.

A.1. Evolution equation for the individual particles. For all observable func-
tions ¢(x), we define:

fNa /¢ fN (t,)d Z¢(X1A(t))7
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B
(th.) = [ o) Rt Z¢><Xf<t>>.
=1
Similarly, for all two-particle observable functions ¥ (x1,x2), we define:

(gfA ) = / B, 22) g (1, ea)derr it

1 Kaa

- x4 x4 x4  xA
2N 2, (w( i) X)) T Xy Xiy) )

(935, 4) = / B, 22)gBP (21, 22 diy ey

1 Kgpp
2Np A, (1/}( i(k2) Xmi)) + O ( Xty Xonry) )5
1 Kag
(o2, 0) = [ wlor,aaod® r,aadordes = = Y 0 X))
k}g 1
Kap
{an v) /1/1 21, 22)gN" (w1, w2)dw1dry = N Y Xy Xl
ks=1
where integrals over z are carried over R%. Then:
AXE()
fN7 - va¢ dt )
dXB(t
Si8.0) = Zv b(X 0

For the sake of simplicity, the computations for fi only are developed here. Us-
ing (3) and Itd’s formula, we obtain formally:

d

G \fe = -5~ Zuvm ) VaWAXA XP)
DA Vvaopa Y4 dBA
jll A A

V(X)) —=. (53

> Vas(x)- G (69

As the dB{* are independent and independent of V,¢(X/), it can be shown that
in the limit of a large number of particles this term can be neglected [7]. We get:

d, A .
a<fN7¢> -

NA KAA
I .
—— ) Vab(XP) - ( D (Vay @650 (1) + Vs @460 (1) (X ey X))
L k1=1

Kap

. D
Y Va0 ()X X)) + s D AG(XD)
kz=1 3
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Now, exchanging the sums in ¢ and k; and ¢ and k3 in the previous equation, one
obtains:

d,ea o\ _
£<fN’¢>_
— Z (vﬂ?¢(Xz(k1 ) v»blq) A( Z{L(‘kl)’Xﬁkl))

+ Vad(X i) - Vi, @44 (X, /bﬁ)))

KAB A NA

7
— > Vaeb(Xiy)  Va, B (X X)) + Z AB(X).

From the symmetry of ®44, we have:

AA A A A
Vo, @4 (X ) X k) = Var @4 (X 1y X))

leading to:

d A _
Kaa

1% AA
N, > ( 2O Xilky) - Var O (X X))
ka1

+ V(X (kl) Vo, &4 (X (k1)>X{?k1))>

Kap

ZV S (Xilky) - Var @5 (X, Xil,y)) ZA‘Jb (X

k31

or again:

LU 9) == 2o, Va0 (11, 22) - V()
— 98", Vo, @4 (1, 22) - Vod(@1)) + DA, A)
=20(Vay - (98" (21, 22) Vo, @2 (1, 22)), d(1))
+ (Ve - (987 (21, 22) Vo, @4P (21, 22)), $(21)) + DAASR, 8),

where we have formally integrated by parts to obtain the second equality. We then

exchange the order of integration and pass to the limit N4, Ng — oco. If fj\‘} — 4,

g]’i‘,A — gAA,gf\‘,B — gAB, then:

d A
B =2V, P (e t) + Vs P[P 0) 4 DAFY, (50

where:

AA

FAA g xlva, vzlq) (wlaxZ)dea

F48g] /QAB (21, T2, )V, ®AP (21, 2)das.
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Similarly, we can show that if f& — f2, g8 — gBB,gJ]\B,A — ¢gB4 as Ny, Ng — 00
with Ny/Np — rap, we get:

ar” _ BB[ BB BA[, BA B

L =2V, PP, 0) + oV FPAgPA (0 0) + DASP, (55)

with:
FBBg)(z,1) :/9(551,SEQ,t)le(I)BB(%,wQ)dm,
FBA[QK‘rvt) = /g(xlvaat)vzl(I)BA(mhI'Q)dérg.

We now turn towards the computation of the inter- and intra- species link distribu-
tions.

A.2. Evolution equation for the particle links. Here we develop only the com-
putations for one intraspecies link distribution, namely g4, the computation of
58 being similar. From its asymmetry, the computation of the interspecies link
distribution needs special treatment and we will develop the computation of ga”
further. We remark that the noise in (3) transforms directly into a linear diffusion
term for f4, all other contributions, analogously as in 53, vanish in the large N,
limit. It is not difficult to see that the same simplification takes place for g4 in
the N4 — oo limit. Thus, to reduce the computations we will first use (3) without
noise, and reintroduce the diffusion term in the end.

Intraspecies link distribution. Following the same principle as for f]‘\4,, one can write:

Kaa A A
d, aa A A dXi(k) A A de(k)
E«QN , ) ~oN, 2 [vzlq}(Xi(k)vXj(k)) g T Ve V(X X)) —;
dx dx;
A A i(k) A A i(k)
+ Va, WX ()5 Xi(n)) - a T Vo WX ()5 Xi(ky) - 7
=F1 + Es,
(56)

where E) corresponds to the k-th line of (56). For the sake of simplicity, the
computation of F; only is developed here. The computation of the other ones are
similar and omitted.

From Eq. (3), one obtains:

Kaa A .
. 4 yay i a o dXH
Erv= o5, 2 |:Vz1‘I/(Xi(k)»Xj(k)) Ve Y (X, Xile) - —
M Kaa A A Kaa " N )
T 9N |:vz1 U ( Xy X)) - Z <VI1<I> (X k1) X3 (k1) )0k )i (k)
k=1 oy

AA A A
+ Vo, @ (Xi<k1>7Xj(kl))‘s(j(kl),i(k)))}
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M & A & AB A B
“onT {Vxl Xity: X)) - D> Var @ 5<i<k3>,i<k>>(Xi<k3)vXjum)}
A k=1 k3=1
M & A & AA XA
~oN. {Vzl‘l’( Xty Xity) - D (Vm@ (Xith)> X500k, 50
A4 = k1=1
AA A
+ Vi @ (X, j(kn)%(kl),j(k))ﬂ
M & A A & AB A B
N {val‘l/(Xj(k%Xi(k))' D Ve ® 5(i<k3>,j<k))(Xi<k3>»Xj(ka))}~
k=1 kz=1

Now, exchanging the sums in k£ and k; and k& and k3 and using the symmetry of

®44 one obtains:
Kaa Kaa
AA A A A
Ev= 2NA D Ve @M X ) X)) D (Vo WXy X)) ack000))
k=1 k=1

+Vz1‘1’( J(k) z(k))5(j(k),i(k1)))

Kaa Kaa
I

T 2N4 D Ve @A (X X)) Y (Vo O(X Gy X)) Sitk). k)

ki=1 k=1
A
+ Vo WXy X)) (k) 0k1)))
Kap Kaa
A

ZNA > Ve P (X X)) - D (Y WXy X)) 8000k

ka=1 k=1

+ Vi, WXy X)) 0 ika)) )
(57)

In the first two lines of the above expression, kK = k; in the internal sums play a
special role: indeed we know that the k = k; term, at variance with the other terms,
always contribute to the sum. On the contrary, k£ = ks in the last line above should
not be distinguished. So, we get:

Kaa

A A A A

Z (Vs (X005 X5 t))0ik).ik1)) + Var WXty Xi(h) )G (k)i(k)))

k=1

= Vo, V(X () X))

+ Z v;m\I’(Xi(k)v (k))5(z i(k1)) T Vm\I'( j(k)» z(k))a(] l(/ﬁ)))
k#ky
Because there is no restriction on the number of links per particle, the sums over k
cannot be simplified in this case. In order to express the terms in the k # k; sum,
we define the number of intra-species links connected to a particle:

C* = Card({k | i(k) = i(k1) or j(k) = i(k1)}),

where Card denotes the cardinal of a set. Then, as Ny — 0o, we assume that the
following mean-field approximation holds for any chosen link k;:

1 A A A A
i Z (WXt X0 Dy sithr) + U Xty Xin)) 0 h).ichn)))

k
201‘ ! kky (58)

— (\I/PAA)(XZ(k ) .’EQ)de,

NA—>OO
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where
9 (X, v2)
[ oA A XA, ) a2)des’

PAY (X, w2) = (59)

is the conditional probability of finding an intraspecies link conditioned on the fact
that one of the particles of this link has the same location as i(k;). Then, as
Ny — o0, C’fl is the mean number of intraspecies links per particle. The mean
number of intraspecies links AA in the volume de(‘k ) is Ny ngA X{?k ) x9)dxo

and the mean number of particles of type A in dX* i is Naf4 (X; )) Thus:

J 9 (X ) 2)ds

Naceo  fA(XA

ci
l(kl))

So, we get:

A A A A
Z (U(Xi k> X () 0ith)ithn) + (X ks Xik) )ik i (k)
ktk:
2

— -

) /(\IIQAA)(Xi(kl)» ra)dxs.
i(k1)

Inserting these expressions in Eq. (57), one obtains, when N4, Np are large:

Kaa
. . AA A
NA}\I};I—)OO Br=- Na, %\lrr;—mo 2NA Z Ve, @ (X1<k1)’XJ(k1>) Vo, W(X l(kl)’XJ'(kl))
NA/Np—rap NAo/Np—rap>0 k1=1
Kaa

- lim 2N Zvllq) (X (kl)’Xifzkl)) VII\I/( (k1)7X;?k1))

Na,Np—oo
Ny /Ng—=rap>0 k1=1

Kaa

- im N D Ve @M (Xl X)) - Pha(Xiley)

Np,Np—oo

Na/Np—raB>0 k=1
AA
+ Ve, @ (Xj(kl)a z(kl)) Yhal J(k1>)
n Kap
- NA%r;ﬂoo ZV“@ Xilkg)s X ths)) - Vha(Xilks))
NA/NBATAB>0 ks 1

where
1
Li(z) = —— AAY W) (21, 22)dzs.
Yaalr1) fA(.’El)/(g ) (21, 29)do
Finally, we find:

By o =2t Ve, 04 @y, 2) - (o)
A,INB—00

N
ﬁ,arAB>o

— 19 Vo, @48 (1, 22) - 4 (1))
— g™, Vo, @ (21, 22) - Vo, U(21, 72))
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After the same treatment for Ey of Eq. (56) and in the limit N4, Np — oo, %—g —
rap > 0, one obtains the final equation for gAA:

L g™ w1, 2), W(ar,22)

= —20(g*", Vi, @ (@1, 22) - Wha(z1)) — (9?7, Vi, @48 (21, 22) - ha(m1))
— 2u(g™, Vo, @ (w1, 22) - 34 (21)) — 19?7, Vi, @2 P (1, 22) - P4 (21))
— g™ Va, @ (@1, 22) - Vo, U1, 22)) — g™, Vay @ (1, 22) - Vi, U1, 22)),

(60)
where,
1
2 _ AA
Yaa(z1) = W / (9 sz‘l’) (z2, 21)dz2.
Integrating by parts, changing the variables and order of integrals we easily obtain:

%«gAA(xhxzy U(zy,22))

AA(x17x2>

=24(Va, - (ng(xl)/(QAAVm‘I’AA)(xlwz)dxz),‘If(:vhxz)»

AA T,
+ (Vg - (W / (g“‘szlé“‘B)(xm)dxz),\Pm,xg)»
AA Ty, T
+20( Vs, - (W / (gAAVm@AA)uz,xl)dxl),\If(xl,m)»

AA(‘rlv x2)

. 97 AB AB T2,x1)Ax1 T1,T2
F il (L [ (09,00 (o) ) 01, )
(Ve - (g“m,x2>vm<1>“<x1,x2>>,ml,xz)»

(V- (gAAul,u)vmcb“(xhx2>),wxl,xg)».

Finally, restoring the noise, we obtain the final equation for g4:

atgAA(xlvx%t) = DA (AzlgAA($17$2,t) + AmggAA(:L'l; (EQ,t))

+2uV,, - (WFAA[QAA](JCMO

s, (L) panyg o, ) (61
N e A )

+ iV - (W AB[QAB](3727f)>

+ 1V, - <9AA(:E1’xQ)Vzl(I)AA(xlaxQ)>

O A R )]
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where
FA4 g4 (21, t) = /QAA(iEh$2)Vm1@AA(£C17CE2)diE2,

FAB[gAB](21,t) = /gAB(CEh$2)Vz1¢AB($17$2)dw2-

Eq. (61) does not take into account the phenomena of creation and destruction
of intraspecies links. According to the description at the beginning of this paper,
our model describes a process of creation of links with rate I/éjé,,a, provided the two
type A particles are sufficiently close to each others. Hence, the number of new
intraspecies links will be proportional to the number of pairs of particles such that
one of them is close to x; and the other one is close to xs, whose distance is less
than R:

Na(Na—1), a4

5 (.’El,1'27t)X{|zl_12|SR}d{E1d(E2dt7

where h44 (21, 29,t) = limn, 00 R4 (21, 72,t) and where hy (x1, 79,t) is the two
particle distribution function for particles of type A defined by Eq.(12). This num-
ber has to be decreased by the number of pairs of particles of the same type that
are already connected by existing links

NAgAA(xl,xQ,t)dxldxg.

Therefore, the average number of new intraspecies links created in the interval
[t,t + At[ is equal to

AA (NA(NA — 1), a4

ViNe 5 (71,22, 1) X{ |21 —as|<R} — Nag*(z1, zo, t))dxldszt.

Dividing this expression by N4 and using (18), the rate of creation of new in-
traspecies link at (x1,x2) is in the limit Ny — oo:

AA
14
cT7Efb’4’4(961, T2, 1)X{|21—zs|<R}-

Notice the scaling of z/g,‘jé,’s in (18): it ensures that among the O(N3) possible
links, only O(Ny4) are effectively present, and the total number of AA links K44 =
O(N4). The rate of destruction of existing intraspecies link at (x1,z2) is:

Vé?gAA(xh X, t).

Including these source terms in (61), we obtain

O g (1, 22,1) = DA (Ay, g (21, T2, t) + Apy g™ (21, T2, 1))

A4 Z1,T2,
e (g )
A4 x1,22,
+ Ve, - <WFAB[9AB](IM)> (62)
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AA

e (L e i )
AA

¥ (SRl )

+uVy, - (QAA(%, 22)Va, @44 (21, $2)>

+uVyg, - QAA(Il,JCz)VIQ‘I)AA(Il,Iz)>
AA
ihAA(xl7x27t)X xr1—T2 SR 7V§?9AA(I171:272€).
5 {ler—aal<R) = Vi,

Quite straightforwardly, we can show that in the limit N4, Ng — oo, %72 S rap >
0, gPB(z1,22,t) solves:

9P (w1, 22,t) =DP (Ay, 9P P (21, 22, t) + Ay, gPP (21, 20, 1))

BB
g T, T2, t
+2uV,, - (M Plg” ](xl,t))
BB
g" " (w1, 2,1)
+ Mvzl ( fB(xl,t) .’171,
BB
g T, T2, t
A <f((t))F o W))
BB (11, 19,t) )
+ puVa, - J bt pBA
g ( )
+ 1V, - (gBB(ivhxz)Vzl‘I’BB(xh302))
+uVy, - (gBB(zl,ﬂﬂz)VzQ‘I’BB(ﬂ?l,$2)>
BB

> hBB(SChIz,t)X{\zl—mz\gR} - V(EEBQBB(M,QSQJ),

where we have assumed the scaling (18) for VC N, $ _Ng, and

FBBgBB) (4, 1) = / 9P (21, 12) V0, BB (21, 9 dt,

FBA[gBA](xl,t) :/gBA(xl,mg)Vm@BA(xl,:@)dxg.

We stress the fact that ®45 (1, 25) (force of a particle of type B close to x5 exerted
on a particle A close to x1) is not necessarily equal to ®B4 (x4, 1) (force of a particle
of type A close to 7 exerted on a particle B close to x2).

Computations of the interspecies link distribution. Here, we develop the computa-
tions for the interspecies link distribution g2 (x1, x9,t). Proceeding as before, we
write:

Kap A B
d 1 A By 9Xig P AT\
dt((QN ,U) = N ; |:v$1‘1/(Xi(k)7X£(k))’ : + Vo W( Xy, Xiry) - o
= F1 + E»,

(63)
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where, ignoring the noise and using Eq.(3):

1= Xy
By =+ > Ve U (X, X)) - T
A4
Kap Kaa
AA A
= Z Vi, ¥ Xz(k)?‘Xé(k)) {Z (Vrm‘I> (Xz(kl)aXj(kl))fsi(kl),i(k)
k=1 k1=1

AA A
+ Vo @M (X ey X)) S50k k) )

KAB KAB

Z Vo, ¥( Xz(k)?Xé(k) Z le‘DAB k3 Xf(k3))5i(ks),i(k)-
k=1 ks=1

Exchanging the sums in the first two terms and using the symmetry of &4, we
have

Kaa

M AA
— 2 Ve WXy Xiey) - [ > Va X s X)) ik ich)
A= =1
+ Vg, @44 (Xml)vXﬁ‘mﬂ@(kﬂ@(k)]

KAA KAB

[Z Var O (X ) X)) D Vi (X s X200 8ir) i)
ki1=1 k=1
KAA KAB

+ ) Ve, M (X X)) - ZVTI\I}(X{?IC)VXﬁk))di(k),j(kl)]'
k1=1 k=1

Now, in the same spirit as before we define the number of interspecies links linked
to a particle of type A:

Oy = Card({kli(k) = i(ks)}),

and we make the following mean-field assumption

Kap

1
5 2 Var (X X )ik icks) (64)
i, A k=1

— /(lelﬂPAB)(X{?kS),wz)dwm (65)
NA,NB—)OO,%HTAB
where PAB( X{?kg)7 Z2) is the conditional probability of finding an interspecies link
conditioned on the fact that the type A particle of the link has the same location
as i(ks):
gAB(X?ks)’xQ)

J 2B (X, wa)dzs”
Now as N4, Ng — o0, C’ik’i‘ is the mean number of interspecies links per particle

of type A. The mean number of interspecies links the type A particle of which
belonging to the volume dXi“(‘kS) is Ny ngB (X{?kS), r3)dwy, and the mean number

pAT (X{?ka) a2) =

(66)
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of particles of type A is Naf4 (X{?ks))' Therefore,

J 9P (X ) w2)da

A
NA7NB—>OO7%—>TAB f4 (Xz(k3)) ’

k3
Ciia

leading, when N4, Np are large, to

Kaa " Kap i
Z Vo, @ (Xz(kl)’ 3(’“1) Z Va, ¥ Z(k)vxlf(k))(si(k),i(kl)
A =1
K
fv <I>AA(X X2 ) (NAfg (X;?kl)’xQ)vzlqj(Xf?kl),xz)d$2)
1 i(k1)s j(k1)) " = = .
s NafA (X))
and
Kaa 4 Kag ) .
Z Vzlq) J<k1>7Xi(k1))' Z Vay WX (k) Xo(k))Oi(k), (k1)
A k= k=1
K
a @ ](kl)’ i(k1)) * VAT )
A k=1 Naf4 (X))

and altogether:

Kap |:KAA

AA A
szl‘l’ Xitkys Xetry) - | D Var @ (Xilknys X)) Fickr) ice)

k=1

+ Vo, @ (X (k) Xikn)) 5508100

- 72:u<<gAA7v11q)AA(x17x2) : (

NA,NB—mo,NA —TAB

[(Va, Yg2B) (21, 22)dz>
e )>>.

Now, exchanging the sums in the last term of E, we obtain

KAB Kap

A B
Na Z Vo, U( X0y, X)) - Z Vo, @ (X k) Xiths) ) Githa) i)
=1 ka=1
Kap B 5
ZV:,;](I) (Xilhs)s Xilhg)) - Var U (Xilkg)» Xiry))
k3 1
2z AB B A B
Z Vi, @ w<k3)7X14(k3))' Z VOH\I](Xi(k)vXz(k))éi(k),i(k3)7
k3 1 k#k3

where, as previously, we distinguish the link k3, that always contributes to the inner
sum. Using the theory previously developed, we can write, when N4, Np are large:

KAB
Na Z Vo @7 (X sy Xihs)) - Z Voo U(X{ k) Xt ) St iths)
A k=1 Kks
KAB AB 1 AB A
=N va (Xilhg)» Xiha)) - (W)/(Vm\l’g )(Xi(k3)7$2)d1’2>
- i(k3)
1
—>N _u<<gAB»vmlq)AB(x1:x2)' (T/(le\I/gAB)(:)jl,:cg)dx2>>>,
NA,NBHoo,ﬁ—H'AB f (1’1)
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while
Kap
1
—a 2 Ve O (X X))V WX X))
AB
ks=1 (67)

_M<<gAB’ leq)AB (171, xQ)vaﬂ\I’(xh l‘2)>>

Na,Kap—0c0

Altogether, performing the same computations for E5 in (63), we obtain:
d 1
(917, = = 2 g™, Vo, 044 (2, 2) - (fA() / (V“‘I’QAB)(“’””2>"“>>>

B AB AB(y 0 20). 1 ABY (11 9)dizs
il 042 o1,2) - (G [ (T b0 ), an)d ))

—2u(gP" Vo, 5P (21, 35) - (J%/(VxQ‘I’QAB)(JU27$1)d$2>>>

G A R B ey AU VS T

fP(x1)
_M<<9ABv V:IH(I)AB(xlﬂ x2) : VII\IJ((L'l, 3;‘2)»
—u(g?P, V0, ®P A (21, 22) - Vi, U (w1, 22))).

By carefully performing integration by parts and change of order of integrals, we
can obtain:

AB
a7 0y =29, (T [ (0,00 01, ) ) WG 2)

AB(x17I2)

+ 1{Va, - <ng(:r1)/ (QABVxl‘I’AB)($1,$2)dZE2>7‘I’(l’l,xz)»

AB(xla $2)

+20(Va, - (gfg(xz)/(!JBBVm‘I’BB)(wz,xl)dwl)»‘P(ﬂcl,xz)»

AB(xlamQ)

+ Ve, - (ng(xZ)/ (QBAVm‘I’BA)(@axl)dIl)7‘1’($1,x2)>>
(s, (gA%,xzwzl@“(m,u)),w<x1,x2>>>

(Vs - (gAB@l,xQ)vm@BA(xhx2>),\P(xl,u)».

Finally, note that in the case of interspecies links, the average number of new links
created in the interval [t,t 4+ At[ is equal to

z/fﬁ’s (NANBhAB(xl, x9,t)Xx(|x1 — 22| < R) — NAgAB(xl, To, t))dmldngt.
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Assuming for Véﬁ,e the scaling (18) as the number of particles tends to infinity and
adding the noise, we obtain the final equation for g%

8tgAB(z1,;1:2,t) = (DAAxlgAB(Il,IQ,t) + DBAx2gAB(.r17l'27t))

AB x1,T2,
QAB(5U17CU27 )
—HLVII-( fA(z1,0) P )
AB x1,T2,
+2/~LV:62 : <g fé(l‘g,t) t)F [ ](vat)>

AB t
g nglvav )F 1'27 )
f (x%t)

+uVy, - (QAB(Ih 22) Vg, @48 (24, fz))
B

B (21, 22) V4, @B (21, 902))

(xla-r27 ) (|l’1 - $2| < R) ABgAB(xlax27t)7

where hAB (21, 29,t) = limy, Np 00 RVAE (21, T2, t) With hVAB (11, 29, t) defined by
Eq. (14).

Appendix B. Scaling of the kinetic model.

B.1. Dimensionless equations. In order to express the problem in dimensionless
variables, we denote by tg the unit of time and xg, fﬁg = x%, g@gT = x%, gﬁqT = %
the units of space and distribution functions, where S and T can be either A or é
and refer to the particle type. The scaling of f(x,0), ¢°T (21, 22) and AT (21, x2)
comes from the fact that they are probability distribution functions on a 2D domain.

The following dimensionless variables are defined:

B t T _ S ST hST
f=—,2=—, fS= fJT = 522, §57 = g = ¢5Tad, BT = . — pST 4
0

and the following dimensionless parameters are introduced:

ST 42
r_ B ST ST ST , R, Dty 97 P71
wo=—, cho:toycoo, Vdoo_tonoovR_ 7D:—Q,q) =—5,

to o TG TG

‘om

2o We first

where we assumed that the potential scales as the potential energy 7

onN)

have:

1 _
8tfs(.’)37t) = t()?agfs(ﬁc,ﬂ, GthT(ml,xg,t)
0

1 1 -
= jafgST(‘fl7j27a7 athST(xth?t) = jathT(jhi‘Q;Z)
tol‘o tol‘o
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and:

Vo (T @)) = Vo ([ 57V, 057 dns)

1 =ST
— Vo ([ L1200V, 95T 02dzs)
xo ry tg
1 _
= 55V (F/ST[QST](SU))~
5ty

In this new set of variables, choosing S = A,T = A (the same scaling apply for the
other equations) and omitting the primes and bar for clarity, Egs. (51)-(52) become:

Onf A (w,t) = 2uV, - FA4 g ) (2, 1) + uV, - FAP[g"P)(2, 1) + DAASA,
and

Og (w1, m2,1) = DA (Ay, g (21, 32, t) + Ay g™ (1, 22, 1))

oV, (WFAA[gAA]m,w)
UV, <WFAB[9AB](SUM)>
oV, (WFAW%Q,w)
O e A ()

+ /.val . (gAA (xl, o, t)le (I)AA (l‘1, 1‘2))

+ uVyg, - gAA(CChﬂJzJ)Vm@AA(m,wz))
JAA
€
+ 5 h A (@ wa, x (a1 — af < R) = vglg™ (22, 1).

Finally, we choose the space and time scales xg, ¢y such that = 1.

B.2. Scaled equations. In order to describe the system at a macroscopic scale,
a small parameter ¢ < 1 is introduced and the space and time units are set to
Ty = e 2y, to = e 'ty. The variables x, t, R and unknowns f and g are then
correspondingly changed to # = ez, = et, R = \/eR. Therefore, f5(z) =
6_1fs(l‘), gST(fl, Ta, 'E) = 6_29($1, X2, t) and iLST(fl, To, f) = 6_2}1(331, X2, t). The
diffusion constant is supposed to be of order 1, D¥ = D%, and we suppose that the
interaction potentials scale as ®57 (x1, x5) = ®°7 (i1, &3). Then,

Vg - (FST[gST](x)) — %vi . (/€2§ST\%VJ§1&)STEd§J2>

=e’V; - ( / §°TV5, @57 diy) = V5 - (F¥T[3%7](7)),

and with p = 1, we obtain the same equation for fs (for S=A for instance):

i fA (&, 1) = 2V - FA g4 (2,1) + Vi - FAB[g1P)(2,1) + DAASA.
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In order to simplify the analysis of the system, the process of linking/unlinking is
supposed to occur at a very fast time scale: this is the meaning of the e-scaling of
the rates in (18). AS X|z,—u,|<R = Xz, _5,|<i> We have (for S, 7" =(A,A)):

30;5 = 3DAN;, G + S DAN;, G
€29 40 s anr-aa 23 40 AR A
+2ﬁvh-(8f,4 2 FM g ]>+ﬁv£1-(6fA 2 FAB(g })

e2g44 3/2 FAA[=AA e2g44 3/2 HAB[~AB
+2yeVy, - (~5 F*4g ]) +eVi, - (~5 F~%[g })
efA efA
VZL‘A 27 AA (|5 ~ P V(?A 2~
+27€25h X(‘xl—.leSR)—Echg

+\@V5c1 . (€2§AA\/<EV5:1&)AA) +\£V52 . (EQ.&AA\/gviz(i)AA)

AA

=¢? [DAilgAA + DAz,

(5 maapan (9 2aBraaB
gAA 5 gAA B
+ 2V:i’2 . (f.AFAA[gAA]) + vil A ( fA FAB[QAB}>:| ,

+<€3le . (gAAviléAA> +€3vi2 . (gAAViQ(iAA)

VAA~AA 5 AA~AA
+CTh X(|Z1 — @2 < R) —vg g7,

Now, we aim to pass to the limit ¢ — 0. Denoting f5 = f5, g2T = 357 and
h3T = h5T we want to derive the same system of macroscopic equations as in

Proposition 1 of section 2.2.
Proof. From Eq.(68) generalized to S, T and using the assumption h37 (21, 2q,t) =
f2(x1,t) T (z4,t), and dropping the tildas, we have:

SS
1%
CTfS(CUht)fs(fo»t)an—m\gR - VdSSgss(thQvt) = 0(53)7

VfoS(xlvt)fT(:[’Qvt)X\zl—zz\SR - V(ngST(xlv T2, t) = 0(53)'
Therefore in the limit € — 0, we have that

SS

1%
gss(xl,x%t) = 2;55 fs(xlyt)fs(x27t)X|xl—zz|§R
ST v s T
g (.’L‘l,l‘Q,t) = I/&S*Tf (:L'17t)f (‘T27t)x|m17m2|§3

for all S,T = A, B. Plugging the expression of ¢ into the equation for f°, we
have

OufS(z1,t) = 2V, - F5¢%5(x,t) + Vo F5T [¢5T](x,t) + DAFS, (69)
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where
SS7,,S5 ve® s s ss
F [g ](.’L‘, t) = 9,55 f (SL’, t) f (y7 t)va:q) (.1‘, y)lefy\SRdy
VSdT (70)
FST[gST](@"v t) = V%T fs(xv t) / fT(yv t)vw(I)ST(xv y)X\wfylng?%
d
Therefore, if the potentials ®°7 (z1,x5) = UST(|z; — x2|), we can write
1 -
P15 (a,t) = 515(wt) [ 15 V. %5 (o~ yl)dy
(71)
FSTgT\(ant) = £5nt) [ £ (09,85 (2 = sl
for some potentials ®5T guch that:
5ST v sTy! > .
Vi@~ (z) = W(U ) (|2)X|o|<rE i=1,2. (72)
d
Recall that due to the scaling of linking frequencies with N4, Ng we obtain in the
BA AB
limit that “gx = rap 4. With this observation the proof of Proposition 1 is
d d

complete.

Appendix C. Numerical data visualisation.

C.1. Macroscopic model. For the numerical simulations of the macroscopic model
we consider a periodic square [—7.5, 7.5] x [—7.5, 7.5] discretized with a space step
Az = 0.3 and the time step At = 5.1073. As in the microscopic case, we fix the
radii of all types of interactions to R = 1 and consider the same diffusion coefficient
for the species D = 10~*. We use the numerical scheme introduced in [17] that was
developed in our recent work [8] to study aggregation-diffusion equation for single
species.

We consider all four cases of interaction intensities k°* as in the microscopic
case, as summarized in Table 1. The initial densities for species A and species B
are random perturbations of constant functions, The constants are chosen such that
the total mass is equal to 1, i.e.

140.01- Xg(z,y)
f3 (,y) = 75 75 ;
f—745 _7'5(1 +0.01- Xg(z,y))dx dy

where Xg(x,y) is uniformly distributed random variable between 0 and 1.

To visualise the macroscopic simulations we plot green or red balls in the regions
where the densities of green or red cells, respectively, dominate. The balls are
of radius 0.3 with a center at the center of the corresponding pixel perturbed by
uniformly distributed random number from interval [—0.2,0.2] in « and y direction.
We determine that the concentration of green cells dominates over the red ones if
the difference between their densities is larger than parameter tres;. It is equal to
5.0e —4 times the maximum of the densities of green or red cells at the final time of
simulation. If the difference between the densities of cells is less than tres; but more
than tress = tres; — 5.0e — 6 we plot randomly red or green ball. The “empty”
black regions on the figures (see for example Figure 6 and last row of Figure 7)
correspond to the case when the difference between the densities of the cells is less
than tress.

ST

S=AB

) )
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C.2. Image processing. In order to compare quantitatively the microscopic and
macroscopic simulations, we use image processing tools to define quantifiers of the
structures observed in the simulation images. As we will restrict ourselves to regimes
where the B-family clusterize (represented in green), the developed tools aim to
describe type B clusters but can easily be adapted to detect red clusters. Given
a RGB image transformed into a binary image via thresholding of the intensity,
we use morphological operators to erase the isolated pixels and dilate the image
using a binary gradient mask. Interior gaps are then filled and the new image is
smoothed via morphological operations. The boundaries of the isolated clusters
are then detected using the Moore-Neighbor tracing algorithm modified by Jacob’s
stopping criteria, implemented in the intrinsic matlab function bwconncomp that
we couple with a function that appropriately converts the output of bwconncomp to
take into account periodic boundary conditions. Once the clusters are appropriately
separated and borders are detected, we finally use the matlab intrinsic function
regionprops to measure each 8-connected object (region) of the image. This image
processing enables us to compute the number N, of green clusters in the image.
The elongation of each cluster is given by the eccentricity of the ellipse that has
the same second-moments as the region (cluster). Finally, we define the overall
overlapping amount @) as:

M PiPl+ (1 — max(P, PY))
_ - ,

where sz’ (resp. P!) is equal to 1 if pixel i has a non-zero green component (resp.
red) and Np is the total number of pixels in the image. Thus defined, @ ~ 1 when
the two families are perfectly mixed (corresponding to all pixels having both red and
green components), and @ = 0 correspond to completely separated phases (where
each pixel is either green or red). Therefore, parameter () enables to distinguish
between homogeneous and segregated states. However, note that () does not give
any information on the form of the clusters.

Q

(73)
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