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Abstract

This paper is aimed at studying the formation of patches in a cross-diffusion system without
reaction terms when the diffusion matrix can be negative but with positive self-diffusion. We prove
existence results for small data and global a priori bounds in space-time Lebesgue spaces for a large
class of ’diffusion’ matrices. This result indicates that blow-up should occur on the gradient. One
can tackle this issue using a relaxation system with global solutions and prove uniform a priori
estimates. Our proofs are based on a duality argument a la M. Pierre which we extend to treat
degeneracy and growth of the diffusion matrix.

We also analyze the linearized instability of the relaxation system and a Turing type mechanism
can occur. This gives the range of parameters and data for which instability may occur. Numerical
simulations show that patterns arise indeed in this range and the solutions tend to exhibit patches
with stiff gradients on bounded solutions, in accordance with the theory.

Résumé

Nous considérons un systéme de type parabolique avec diffusion croisée et sans terme de réaction
mais dont la matrice de ’diffusion’ peut étre négative, avec toutefois des termes diagonaux positifs.
Notre but est d’y étudier la formation de zones de sélection (patchs). Nous démontrons l'existence
pour des données petites et des estimations globales dans des espaces de Lebesgue en espace-temps
pour une tres grande classe de matrices de ’diffusion’, ce qui montre que I’explosion doit se produire
sur le gradient de la solution. Cette question peut-étre abordée en introduisant un systeme de re-
laxation avec des solutions globales pour lequel nous prouvons également des bornes uniformes. Nos
démonstrations utilisent un argument de dualité introduit par M. Pierre que nous généralisons pour
traiter des diffusions dégénérées et a fortes croissances.

Nous analysons également la stabilité linéaire du systeme de relaxation et montrons qu'un mécanisme
de Turing peut apparaitre. Ceci permet de calculer les parameétres et la taille des données conduisant
a un régime instable. Des simulations numériques valident ces résultats théoriques et montrent que
la solution forme des zones ou une espece domine avec des gradients importants mais les solutions
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restent bornées.
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1 Introduction

The dynamics of interacting population with cross-diffusion have been widely investigated by several
researchers. The concept of this phenomena was studied by Levin [18], Levin and Segel, [17], Okubo
[27], Mimura and Murray [24], Mimura and Kawasaki [23], Mimura and Yamaguti [25], and many
other authors. All these papers base the pattern formation on a reaction term as prey-predator inter-
actions.

Spatial patterns can however emerge from pure diffusions without reaction terms nor oriented drift
at the individual level. This is the case of N populations described microscopically by a brownian
process which intensity depends upon the macroscopic density U = (Uy, ..., Uy) of the populations

dXi(t) = o (U(X, 1)) dWi(t), 1<k<N.

When set on a bounded domain with reflexion on the boundary, the corresponding models for the
population density are cross-diffusions
{ 2U - AA(U)=0, inQ, "

%A(U) =0 on 09,

where U = U(xz,t) € RY, 2 € Q a smooth bounded domain of R? n denotes the outward normal to
Q. Finally A : RN — R¥ is a nonlinearity related to the intensity of the interactions by the relation

Ap(U) = Upar(U), (2)
and ay,(U) = 205,(U).04(U). We also complete the system with an initial data
Ut=0)=U"=(U?,..,UY) with U >0.

The properties, and pattern formation capacity of such systems are better described by introducing
the more general form

—Uk - Z div[Dy (U)VU;] = 0, (3)

where Dy (U) are the components of a N x N matrix, the derivative of A in the case (1). Boundary
conditions have to be imposed and we consider here the case of Neumann conditions

D(U).VU.n =0, on Of.
For such boundary conditions, mass conservation yields naturally

UE) =, vt=0



where (U°) denotes the average
1
U) = —/ U(x)dz.
W)= [ U@

The Lotka-Volterra competition with cross-diffusion has recently received great attention. They
are many established results concerning the global existence of classical solutions (see [33, 19] and
the references therein) where most of the proofs rely on Amann’s theorem [1, 2]. We point out that
standard parabolic theory is not directly applicable to our model due to the presence of cross-diffusion
terms.

In opposition with pattern formations, an important issue has been widely studied which is to
know in which circumstances the solutions exist globally and behave like in the case a single heat
equation, i.e., relax to a constant state as t — oo. Typically three kinds of special methods have been
helpful in this scope. The first method is to rely on the maximum principle. It can occur on certain
combinations of the U; as in [1, 2, 3]. Entropy methods also applies to particular systems and has also
been a useful tool because of the related symmetrization of the system following [15, 8]. It provides a
natural method both for existence and relaxation to steady state as in the recent studies in [6, 7] of
the Shigezada-Kawasaki prey-predator system [31], or for tumous models [12]. This method typically
applies in the special case of the square entropy when D is definite positive meaning that there is
v > 0 such that

N
> GDu(U)g > vigP, vEeRY, (4)
k,l=1

This strong positivity property gives the energy inequality

N
1d
k=1

The third method, by duality, has been used in [5] on a particular upper-diagonal diffusion with
Dirichlet boundary condition; we show here that the method can be extended to very general systems
with Neuman conditions.

Concerning instabilities, the interplay between diffusion and reaction terms has raised surprising
results in the spirit of the Turing instability mechanism [32]. The question to know if cross-diffusion
or self-diffusion gives an advantage to competing species is studied in [20, 21].

Our interest in this paper concerns instability mechanisms that may appear only from the diffusion
intensity and the lost of positivity in the second order matrix. We study in which circumstances the
increase of this intensity with higher density of the other species can lead to a segregation phenomena.
Of course such instability is incompatible with any entropy inequality, and thus (4) cannot hold. This
rises several mathematical questions which seem to be new in the domain of cross-diffusions. Can it
still be that small solutions exist globally even though the maximum principle does not hold in general?
For large data, what kind of regularity or 'blow-up’ can we expect? Finally, how do regularized systems
behave in the 'instability’ regime. We will study these questions with a model problem in mind related
to Shigezada-Kawasaki’s system and that represents two species with stronger interactions

{ 20U — A[UL(1 + anUY + a12US)] =0, r €, -
%UQ — A[Ug(l + aglU{] + aggUg)] =0,

still with Neumann boundary conditions. One can check that as soon as p > 1, the matrix Dy, is
negative for U large.



We approach these questions both theoretically and numerically. In particular we prove existence
for small initial data (section 2) and we give a priori bounds in L}, for possible solutions to (5) thus
showing that the break-down should come from the blow-up of gradient estimates rather than usual
LP norms (section 3). Our main tool here is a general estimate due to M. Pierre [29, 28] in the context
of semilinear parabolic systems (arising in population dynamics or more generally reaction-diffusion
systems) (see also [9]). In section 4, these bounds are extended to a relaxation system that takes into
account a local measurement of densities; we show that the method is well adapted to general (even
not parabolic) cross-diffusions and prove global existence for the relaxation system. For non-parabolic
cases, we show that Turing instability occurs in a certain range of data and for small relaxation
parameters. Numerical simulations of this relaxation system are performed in section 5. They show
that the oscillatory initial regime reorganizes to create patches where one species density dominates
the other and interfaces are generated which width is related to the relaxation length. The technical
and general extension of M. Pierre’s estimate to bounded domains for Neumann boundary conditions
is kept for an Appendix as well as another remarkable energy estimate which holds for particular
cross-diffusion coefficients in (5).

2 Global solutions for small data

The lack of maximum principle for general diffusion systems is a major difficulty that arises for systems
as (3). Using stronger H' estimates, we can show in one dimension that for small initial data there
is global existence. Such solutions decay to the constant state for large time and this is incompatible
with the patterns formation we are interested in. This indicates that large initial data are necessary
for pattern formation as expected in general.

We consider the system under the form (1)-(2) and assume that

ar € C'(RN), (6)
ax(0) > v > 0. (7)

Theorem 2.1 (Global small solutions in 1 dimension) In one dimension, under assumptions
(6),(7), and for an initial data satisfying, with o small enough,

1Tl o () + VU 220 < @,
there is a global solution U(t,x) to the cross-diffusion system (1)-(2). It satisfies for allt > 0
U@ |lLe@) < Co, VUl r20) < @,

with C' independent of t and
Ut) — (U°.

t—o0

Proof. Firstly, since (U(t)) is a priori conserved, we notice that

1T =) < Ul (@) + VIQUIVUl2(0) < @+ VIQIIVU | L2 (-
Secondly, we multiply (1) by the vector A'(U) and differentiate. We obtain

OVAU) = V(A(U)QU) = V(A (U)AAU)),
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we multiply by VA(U) and integrate

o / WA / VAU (U)AAU)) = - /Q AAU) A(U) AAD). (8)

But from (2) and (7), we have A’(0)x; = axx(0)dx, and thus for [|U||Le(q) < € small enough, we have
XA (U)X > gHX|]2, VX € RY, 9)

A@)XE = ZIXE, v eRY, (10)

We now consider T* defined by
T = sup{t > 0, |U()] < ).
For a < g, then T™* > 0. Suppose T < oo, then for 0 < ¢t < T™*, we have, from (8) and (9),

/ VAU (t))|*dx </ VAU 2dz.

Therefore,
/yA' NVU@)P < /yVA () 2da.

Using (10), this leads to

2
/]VU(t)]deg 32/ IVAU®)2dz < —(;/ IVU°|2dz.
Q v=Ja v Ja

V2C|Q
Now, we choose « such that o < € and Aa < %, his ensures, [|U(t)]| 10 q) < % and thus, T*
v

is not maximal. Therefore T* = oco.
Finally, the existence of a solution for small times follows from standard parabolic theory and the a
priori bound above shows that these are global solutions.

We now prove the time convergence to (U°). Because [,(U — (U°))? = [, U? — (U)?, we compute

% Q(U_<U>)2 = %/QUQ :/QAA(U)U:—/QA’(U)VU.VU.

But as the solution stays in the domain [|U(#)||p~(q) < &, we have for some constant Co,

G Lw=wnz <% [ wve < - [ - @)y,

thanks to the Poincaré Wirtinger inequality. We conclude from Gronwall lemma that

1T — (U |20 < e U — (U || 12(0)-



3 A priori bounds for large data

For large initial data and when the condition (4) does not hold, we cannot expect in general the
existence of solutions for the cross-diffusion system (3)—(2). For a single equation, the corresponding
situation is when A’(u) can be negative on some interval I C Ry.

0
—u— AA(u) =0.
Y (u)
The situation is analyzed in [30, 26, 11] (see also the survey in [10]) and it is better analyzed in term of
relaxation systems, an approach which we will follow later. We expect that oscillations or jumps occur
at positive times, but a first issue is a priori control in L for possible solutions. This follows from
the maximum principle for a single equation (and possibly from entropy constructions for relaxation
systems, see [30]). For systems this is an open question and we give here a first a priori bound

Theorem 3.1 Smooth solutions to (3)-(2) satisfy the a priori bounds

1
(/T/ S AW S0 dwdt) DU oy + Cal S UV ()
0 JOE— k=1 k=1
Therefore if we assume in (2) that
a(U)>v>0 Vk=1,..N, (12)
then we also have, with the notation Qr = Q x [0, T,
VU L2(@p) < CLONUC |20y + C2(Q, (U))VT. (13)

In the particular case of model (5), we observe that the larger is p, the best is the bound in (11).
In particular, A(U) is always integrable. The L? estimate in (13) is much weaker.
Proof. Our proof is based on a variant of a general duality argument due to [28, 9], that is presented
N
in Appendix A. We denote w = Y U,. We sum up the equations and we find
k=1

N
Ow — A ap(U)U; =0,
k=1

which we write

Ow — Aa(t, z)w =0, a(t,z) := D ak(g((tt”;))Uk(t’ z) = a(U(t,x)).

We can use now (27) in Appendix A and obtain,

Ve wll2(r) < CONw|L2() + 2(w) Va2 (g (14)

In order to control the right hand side by [\/a wl|z2(g,), We use a truncation method. Since the
coefficients ay(U) are continuous, and Uy are nonnegative, we may define for any R > 0,

sup a(U) := M(R) < +o0.
w<R



Furthermore, we may truncate w away from values less than R, a parameter to be fixed later on, with
the indicator function Ty,>p) and rewrite (14) as

Ve w T ryllz @) < CEO W’ 2) + 2(w) [Valpsryll2 @) + 2 Ve Tpu<rylli2@r),

w
Ve w Lwzryll2 @) < COQ) w2y + 2(w”) Ve 7 Ywemyllz@r) + 2(w°) |V M(R)|| £2(@y)-

We choose R = 4(w”) and obtain

Ve w syl < 20102 + 4w’)VIQ T M(R).

Since we also know that

IVawTp<pyllr2(qr) < BRVM(R)QT = 4(w®)/M(R)QIT,

we conclude

Ve wllr2gqpy < 20(Q)l1w’|l2(9) + C2((w™)VIQI T,

with Co({(w®)) = 8(w®)y/M (4(w®)). This is exactly the a priori estimate (11).
The other statement is a simple and direct consequence.

4 A relaxation system

If we assume that the intensity of the brownian motion depends on the density of the populations
measured with a space scale § > 0 and not at the exact location z, then the system (5) can be replaced
by a cross-diffusion relaxation system

%uk — Alag(a)ug] = 0, xeQ, k=1,..,N,
(15)

—(52A?~Lk + U = ug,

together with Neumann boundary conditions both on uy and 4. Relaxation procedures are usual
and several other examples for cross-diffusions can be found in [14, 4] and for phase transitions see
[13, 10, 30]. In terms of the ecological interpretation, it is also more realistic than the initial system
(5), because individuals are unlikely to be able to access a pointwise density, but might estimate their
environment from sensing at a smaller scale.

We can expect that the system (15) is well-posed, and we first study this question. Then we prove
uniform bounds independent of § which indicates that instability should arise from the blow-up of
gradients. To tackle the question of instabilities, we show that the system exhibits Turing patterns
for § small, this is our second goal in this section.

We keep in mind the example (5) and assume that for some p > 0 one has

0<v<a(U)<Co(1+]|UP), Vk e {1,..,N}. (16)

For later purpose, we also introduce the assumption that for some constant K > 0 and some 1 > 0,
we have

‘ Vay(U)

07 ‘ < K|VU]. (17)

We have in mind coefficients of the form (1 + U f ) and then we can take n = p%l.

7



4.1 Uniform estimates for p < 2

We first extend the a priori estimate of section 3 to this relaxation system. The coupling induces a
limitation on the possible growth of the nonlinearities ax(U) and we have the

Theorem 4.1 Assume that (16) holds for some 0 < p < 2, then, the a priori bound holds for a
constant C' independent of §

lull2(@ry < CUIWll2(), T), VT > 0.

This is weaker than the a priori bound in (11). The difficulty in the case at hand comes from the
dependency of ai (@) which we cannot lower bound from u itself.

Proof. We denote by aj the quantity ai(@). The estimate (27) of Appendix A gives, for all k£ €
{1,..,N}
IV an urll 2@y < COlupllz) + 201V ax L2 0r)-

The last term may be estimated as

T T
Walisgn = [ [a<c [ [a+S .
o Jo 0o Jo z

Thanks to Holder inequality and direct estimate on the solution to the elliptic equation on u;, we
have,

2
/ [ < (D) F il < COTF fulls g,

Finally, back to the original inequality we arrive at

VU ukll2r) < CQNujll 2 (@) +2v/Co T [92/(u uf)v/Co(I9IT) T HUHL2

which leads to , ,
2—p 5
Vo llullrzgpy) < CQ, 6l r2@), T) + C(Q, (u®)T 2 el Z2 (-

As p/2 <1, this proves that [ul|z2(g,) is a priori bounded as by a constant depending only on €2, T’
||UOHL2(Q) and the two constants in (16). 4

4.2 Existence of solutions

We now show stronger estimates from which strong compactness of solutions follows. They use fun-
damentally the regularity on @ in (15) by elliptic regularizing effects. Existence of global solutions
follow and the details are carried out in [16].

The main result of this section is the following

Proposition 4.2 Assume that (16) holds with p > 1, and p < dsz2 when d > 2. Then, the a priori
estimate holds

|Vl 2ar) < CG. 4012y, T). (18)
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Furthermore, if we assume (17) in dimension 1 with any n > 0, and in dimension 2 with 0 <n < 1,
then we have for all 1 < g < oo,

lu@)llzoq) < Cla.6, Wl pare) T),  0<t<T, (19)

T
/ / Va2 Pdrdt < O(g,, |40 1oy T). (20)
0 Q

Proof. We begin with the proof of (18) which improves that of the theorem 4.1. We use again the
estimate (27) applied to u; which yields

V|luill 2o < ||\/C~7iuiHL2(QT) < C()ufll 2 + 2(u H\/a_2||L2(QT (21)
We use the hypothesis (16) to get

IVaill 2@ < —\/00|Q|T+Co/ /|u|p<0/< \/_ﬂ// /|u|p QT /OTnanz).

Thanks to elliptic regularity we also have

[all, < €0, r)llullr,
for any r > 1 satisfying also % > % — % (particularly it is true for any r if d = 1,2). Then, using
interpolation inequality and choosing r < 2, we find successively

T T T 1
llly < €@ lluli™" lulZ5a) = CEN ™" lulzg, — 060) = =5 =20~ ),

—6(r
IVailliz@r < Vo \/—QT+\// O, )P[0 {7 ) ),

IVl 2ior) < VO (VAT + C6,rP||ul)| = p/ﬂ / B0y dt)- (22)

Now, if we may choose 7 such that 6(r)p < 2, we get, thanks to Jensen’s inequality

T 2 6(7’/2 RN T ) po(r)/2
[ o= [ g i < ooeon ([ ee)”

which we rewrite as

T
0(r) r 0(r)
[ g an < R

Replacing in (22), we have

_ 2—p0(r)
IV aillzzigr) < VONVAT + C(6,rp, |u0]|1)T

And replacing in (21), we obtain

)

po(r)
2
Q1)

2
vlull2gr) < COWl| 2 @) + C (VT + C (6,7, p, [[u°]1)T (23)




This concludes the first inequality when pf(r)/2 < 1, and it remains to find the range of p in order to
fulfill the constraints. These can be obtained choosing r close enough to 1 for d = 1,2. For d > 2, we
need the conditions

%2%—2, 1<r<2,
p

We choose to satisfy the second line % > ijl, but close to equality (which gives 1 < r < 2 as we check
it a posteriori). This leads, in the first line, to the condition p < dzfdw but close to equality (which

imposes 1 < d2—f2). The bound on |ul|f2(g, gives then a bound on [|v/@;uil|r2(g, thus concluding the
proof of (18).

This estimate leads to the stronger a priori bounds (19) that we prove now. We go back to the
equation and write

d
pr /uq + Cq/d|VuQ/2|2 = —C’;/uqﬁqude.
From this equality, and writing a|Vu®/?| = |V(a'/2u?/?) —u9/2Va'/?|, we derive directly the inequality

%fuq + % fd|qu/2|2 + %f |V(c~zl/2uq/2)|2 < qufuq@

(24)
< C, [ Val*a*1.

We show separately how in dimensions 1 and 2 this allows us to control any L¢ norm for ¢ < +oc.

The case d = 1. The proof is easier for d = 1 because there exists a constant C' (depending only on &

and Q) such that

@l gy + [Vl gy < C / ful < C(IaC ).

d
a/uqﬁc.cq/uq.

We conclude thanks to Gronwall lemma.

The case d = 2. In dimension 2, we divide the proof into two steps.

Step 1, 1 < ¢ < 2. We first focus on small values of the exponent ¢ namely 1 < ¢ < 2 and 2n <141
(the limitation n < 1 comes from choosing ¢ close to 2). From (24) and using successively (17) and
Hoélder inequality, we obtain

Therefore from (24) we deduce

%/uq ch/uqu/2’Vﬁ‘2_
< Cglluvall? | Vall3,
< C(g,6,7)[[uval|? [lul?,

thanks to elliptic regularity, with



Choosing r = % then % =1- % and we arrive at
4 [ <cenlua?,
< C(0,7) [uv/alllull? ulF gy
< @) lluvalgllulglul}=i,

because, as we have % < % < %, we may interpolate m between ¢ and 2 with

1_1 2—q
g — m 2 _ 14 _ 4
T 1_1 7 2-q 9’
q 2 2q

We finally obtain by Young’s inequality,
d =
E/WSC@@MHMQGHM@m>M%

and we may then conclude with Gronwall lemma using the estimates on fOT luv/a|3 and fOT |ul|3 in
(18). By interpolation, this also gives a priori bound for any L? norm for g € [1,2[. This ends step 1.

Step 2 We now focus on L? norms for ¢ > 2. We notice that now, controlling any L¢ norm for

q < 2, we control by elliptic regularity any L? norm of Vu except the L* norm. We also control the
L*> norm of 4 and therefore of a. We go back to (24) and conclude

%/uq +C’/ Va2 < C’fuq@ <C(6,q,T) [ui|Va|?

< C(6,¢,7,T)]lullgr-

We use now interpolation: for any s > r > 1, we have

1 _ 1

—0 0
lallr < Nalli=0lallfy 0= 8
q q

=[S =
@ |=|w [

Using Young’s inequality, we obtain for € small (to be chosen later)
d q q/2)2 q q
& [ [ 1VuP < 06,0, T olull + <l

We have by Poincaré Wirtinger inequality

lullds = lu?/23, < 2ut’? - /2)|3, + 2] (/)3
< C(Qs,v) o [Vu??[2 + C(@, 9)l|ul?,
< O(Q, 5,0) [y [Vut/2]2 + C(2, ) [Jull + uld].
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from interpolation and Young’s inequality. We fix s as above, choose € small enough and we obtain

d
G [t < c@allult + g,

And we conclude (19) by Gronwall lemma. The last estimate (20) also follows from (24).

4.3 Turing patterns

In order to go further and study the instability occurring in the regularized model, we consider the

following particular system:
du— Au(l+ %)) =0,

v — A(v(1+a?)) =0,
(25)
—82A0+ U = u,

—82A0 + 7 = v,
still with Neumann boundary conditions and initial data u°, v°.

It is rather intuitive that for § large, diffusion is dominant; this is also the case for small initial data
thanks to the argument in section 2. Therefore, the appearance of patterns depends upon a relation
between the average densities of populations v and v and the parameter 6. In order to study this in
details, we begin with some notations

e the only possible constant steady state of the system is given by u = @ = (u°) and v = ¥ = (v°),
e we denote by (A > 0, w) the non-zero solutions to the Neumann eigenproblem
—Aw = Aw, Opw =0 on 0N
we also denote by Ay the first eigenvalue for the Laplacian.

In order to investigate when the (in)stability of the constant steady state occurs, we study the
linearized system:

Ou — (1 + (W) Au — 2(u®) (v*) A = 0,
O — (1 + (u)?)Av — 2(u®) (W) Au = 0,

—2AU+ 10 = u,

L —2AD+ 0 = .
As usual, we look for solutions of type e (a,b, c,d)w. Such solutions should satisfy

d b

¢ = TreZn

= 5T
pa + Aa(l + (v°)2) + /\2<u0><v0>1+% =0,
f1b 4 Ab(1 + (u”)?) + A2(u®) (v°) 555 = 0,

which may be written under the matrix form

uO UO
1+ (u0)2 2l ( a > o < a )
R R AL A

12



We denote by M = M ({u®), (v°),d, \) this symmetric matrix.

The question of the stability of the constant steady state can now be formulated in terms of eigen-
values of the matrix M. It is unstable if © > 0 and thus if M has negative eigenvalues. In this case,
local behavior around the equilibrium should lead to segregation since the associated eigenvector to
—p/ A should satisfy a.b < 0. We have the following

Lemma 4.3 If the initial populations (u®) and (v°) are large enough and the relazation parameter &
1s small enough, then the constant steady state is linearly unstable. More precisely, it occurs under the
conditions

v = 4w®)? (00?7 — (1 + (u)?) (1 + (%)?) > 0,

20u0)(1%) = 1/ (1+ ()2) (1 + (20)2)
My 02 L+ @0)2)

5% < (26)

The domain influences instability only through the smallness condition on §?A;(2) when the initial
data are such that v > 0.
Notice that the first condition ensures that the limiting system (§ = 0) has a negative 'diffusion’
matrix D in the setting (3).
Proof. As mentioned earlier, the constant steady state is unstable if the symmetric matrix M admits
negative eigenvalues, i.e., if det(M) < 0. We calculate
4 <u0>2<vo>2

det(M) = BTSN + (1+ W) 1+ (%)% > —.

As det(M) is a non-decreasing function of 4, with limit v as § — 0 we first need v > 0 that is our
first condition. The second condition gives the upper bound on ¢ to satisfy this inequality.

5 Numerical results

The theoretical results indicate that solutions of the relaxation system (15) remain bounded in LZ.
Therefore, we expect that the instability obtained for large initial data or a small § (through Turing
mechanism) should lead to stiff gradients.

We present several numerical tests for the particular cubic system (25). They aim at showing that
(i) the conditions of Lemma 4.3 are accurate and describe the numerical transition to instability,
(ii) stationary patterns are indeed obtained in this range of data with stiff gradients. These numerical
results also show the variety of possible steady state, an interesting phenomena widely studied the-
oretically ([21] and the references therein). We have performed both 1D and 2D simulations in the
following domains

e In interval 2 = [0, 1] (1D simulation)
e In rectangle Q = [0,2] x [0,0.5] (in both cases || = 1)

e In unit square 2 =0, 1[?

13



Domain Q=]0,1[ | © =]0,2[x]0,0.5] | Q =]0,1[
Critical value 5(2) 0.02684 0.1073644 0.02684

Table 1: Critical value of the parameter dy for Turing instability, computed from formula (26).

In 2D, the computations use an unstructured grid and a mixed finite element method for space and
backward Euler scheme for time. The method is already presented in [22].

We recall the eigenvectors of Laplace operator with Neumann boundary condition: for Q = [0, 1],
en(z) = cos(nmx) and particularly, the first nonzero eigenvalue is 72, associated to the eigenvector
cos(m * ). For Q = [0,2] x [0,0.5], the eigenvectors are given by e, m(x,y) = cos(“5%) cos(2mmy), the
first nonzero eigenvalue is 72 /4.

We compare the theoretical formula of Lemma 4.3 and the numerical stability of the steady state.

In all simulations we take (u°) = 2, (v") = 1. In this case, instability might occur, since
N=16-10=6>0

and the limiting values of dy are given in the table 1. Therefore, in a first series of numerical tests,
we choose the parameters 6% = 0.025 < §3 in 1D and for 6% = 0.1 < 62, and §? = 0.11 > &2 in 2D.
In both cases, we have obtained relaxation to constant equilibrium when ¢ is taken larger than the
critical value (for all the initial data we have tested), and instability of the constant equilibrium when
0 is smaller than the critical value.

We illustrate the instability case with steady states in figure 3 for 1D simulations and in figure 1 for
2D simulations. For the 1D simulation, we took v° =1 and u® = 1.9 + 0.21)0.1,0.6[} -

DENSITE ESPECE U C(R) DENSITE ESPECE V DENSITE ESPECE U C(R) DENSITE ESPECE V
Mion: @ 10262 Mioa: @ 1124 Min: @ 72224 Mia: 15121

Max: 5.2574 Max: 11.501 Max: 1.3477 Max: 2. 47684

(a) Intital condition (b) Steady state

Figure 1: Initial condition (left) and steady state (right) in 2D simulations. The relaxation parameter
62 = .1 is small enough to fulfill condition (26). The scales for the solutions are not the same in the
two figures.

Next we study the singularity that occurs on the transients for small relaxation parameter §. Nu-
merical solutions show that strong oscillations occur. In figure 2 we depict, for the same initial data,
the effect of § on the solution at a given time.
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VARIABLES U et V VARIABLES U et V

25.0 25.0
18.8_4 18.8_4
12.5_| 12.5_| i
4 ] U= i U {3
6.3 _| 6.3 _| | H
0.0 N \ 0.0 = I LS
0.00 0.55 1. 0.00 0.55 1.
courE 0.5000E+00 —0.5000E-01 0.5000E+00 0.1050E+01 courE 0.5000E+00 —0.5000E-01 0.5000E+00 0.1050E+01
I.N.R.I.A. marrocco _ LE 081021 _ex I.N.R.I.A. marrocco _ LE 081021 _ex
VARIABLES U et V VARIABLES U et V
25 .0 25 .0
7 7 i
18.8_| 18.8_] i
12.5_4 12.5_4
B i i W b
6.3 _| ¢ 6.3 _|
!
4 ; j 4
0.0 AN - ‘ b \ 0.0 A &
0.00 0.55 1.: 0.00 1.
courE 0.5000E+00 -0.5000E-01 0.5000E+00 0.1050E+01 courE 0.5000E+00 -0.5000E-01 0.5000E+00 0.1050E+01
I.N.R.I.A. marrocco _ LE 081022 ra: I.N.R.I.A. marrocco _ LE 081021 _ex

(c) 6*=5.107° (d) 62=2.107°

Figure 2: Cuts, at a given time, in the y direction and in the middle of the domain Q = (0,1)? in
2D. The piecewise initial condition is also represented in dashed line. As expected strong oscillations
occur with species seggregation. These oscillations are stronger when ¢ is smaller.
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2 2
215 115 215 115
210 110 210 110
2.05 1.05 2.05 1.05
200 [ 1] 1 200f o —— ] we
195 0.95 195 0.95
1.90 0.90 1.90 0.90
1.85 0.85 1.85 0.85
1.8 T T T T 0.8 T T T T 1.8 T T T T 0.8 T T T T
0.0 02 0.4 06 08 10 0.0 0.2 04 06 08 10 0.0 02 0.4 06 08 10 0.0 0.2 04 06 0.8 10
(a) time t =0 (b) time t =2
2 2
215 115 215 115
210 110 210 110
2,05 1.05 2.05 1.05
2.00 \ 1.00 / 2.00 1.00
1.95 0.95 1.95 0.95
1.90 0.90 1.90 0.90
185 0.85 185 0.85
1 L B e S R B o L B S R 1 L B e S R o L S e S R B
00 02 0.4 06 038 10 00 02 0.4 06 08 10 00 02 0.4 06 038 10 00 02 0.4 06 08 10
(c) time t =5 (d) time t =9

Figure 3: Time evolution for a 1D simulation for 6> = 0.025 < §3. This figure shows how a small
perturbation is amplified. Because § is large (close to dy) there are not strong oscillations as in the
case of smaller values.
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A Appendix: Michel Pierre’s estimate

Consider the problem
{ Oyu — Ala(t, x)u] = 0,

u(t =0) = u’,

together with Neumann boundary condition in a bounded domain Q. We denote Qr = (0,T) x Q).
We assume that a(¢,z) > 0 is smooth and u is a weak solution. We can also assume withour lack of

generality that (u’) > 0. Then we have the a priori estimate

Lemma A.1 For any T > 0, we have

IVa ull 2gry < CONu’ll 220 + 2(u®) [Vl L2(r):

where C(§2) is the constant of Poincaré Wirtinger’s inequality.

Proof. Consider smooth functions F'(¢,x) and the solutions to the adjoint problem

O + a(t,z)Av = F(t, z),
{ o(t=1)=0,

still with Neumann conditions. We have

d
— uv:/Fu,

and thanks to the final condition for the adjoint problem,

T
—/uovoz/ /Fu
Q 0o Jo
/8thv+/a|Av|2:/FAv,
Q Q Q

integrating by parts on €2 , we obtain,

d [ |Vv]? 9 F? a 9
__ < - 4z
dt/Q 5 —i—/ﬂa\Av\ _/9(2a +2]A1)] ),

which gives after integration in time, using again v(7") = 0,

T T F2
/|W°|2+/ /a|Av|2§/ /—,
Q 0 Ja 0o Jao a

F
Vo'l () < H%”L%QT)’

Multiplying (28) by Av, we get

and by consequence,

F
[ValAuv|l2gp) < H\/_EHLZ(QT)'
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We need additionally a bound on [v° that we derive as follows. We use again (28) to find

|/Qv0|=|/OT/QaAv—F|s/OT/Qﬁ(mmu%),

which gives, thanks to the Cauchy Schwarz inequality and (31),

L

Finally, we get using Poincaré-Wirtinger ineqality, (32) and then (30),

/Quovo /Quo(vo — <UO>)‘ —H/Q(uo v°

< CO|u’l 2@ IVl 2(0) + 2 IVall 12 (0n

F
< 2H\/EHL2(QT)”75HL2(QT)- (32)

<

F
|’75HL2(QT)
0 F 0 F
< C(Q)|u ||L2(Q)||7a||L2(QT) + 2(u >H\/5HL2(QT)||75HL2(QT)-

Back to (29), we conclude that

JURCE ‘//ff“

which is equivalent to (27).

%||L2(QT)7

F
< (COI ey + 2 Vall o )|

B Energy for a particular cross-diffusion system

A particular choice of cross-diffusion terms in (5) permits for an energy inequality even for negative
second order matrices. This is the case of the system

U — A(U(L +V?)) =0,

OV — A(V(1+U2) =0, (33)

still with Neumann boundary conditions and initial data U°, V9.
For this system, the energy is given by

E(z,t) = (1+U*)(1+V?).

One can easily check that it holds

%E(:E £) = 2U(1+ VOAU(L + V2)) + 2(V(1L+ U2 AV (L + U2),

which leads immediately to

d

dt/(1+U2)(1+v2_—2/\v U(l+V?) /\v 1+U*)?<o0.
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It follows an a priori estimate in the space L{°(L2) that completes the LY, bound proved in section 3.

The system (33) is not always elliptic. This is related to the non-convexity of this energy (still for
large data), an important difference with the Shigezada-Kawasaki prey-predator system which comes
with a convex entropy functional ([6]).
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