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STATIONARY SOLUTIONS AND LARGE TIME ASYMPTOTICS TO A
CROSS-DIFFUSION-CAHN-HILLIARD SYSTEM

JEAN CAUVIN-VILA, VIRGINIE EHRLACHER, GRETA MARINO, AND JAN-FREDERIK PIETSCHMANN

ABSTRACT. We study some properties of a multi-species degenerate Ginzburg-Landau energy and its relation
to a cross-diffusion Cahn-Hilliard system. The model is motivated by multicomponent mixtures where cross-
diffusion effects between the different species are taken into account, and where only one species does separate
from the others. Using a comparison argument, we obtain strict bounds on the minimizers from which we
can derive first-order optimality conditions, revealing a link with the single-species energy, and providing
enough regularity to qualify the minimizers as stationary solutions of the evolution system. We also discuss
convexity properties of the energy as well as long time asymptotics of the time-dependent problem. Lastly,
we introduce a structure-preserving finite volume scheme for the time-dependent problem and present several
numerical experiments in one and two spatial dimensions.

1. INTRODUCTION

The aim of this work is the study of a multi-species degenerate Ginzburg-Landau energy and its relation
to a system of cross-diffusion Cahn-Hilliard equations which was recently studied in [23]. The latter model
describes the evolution of a multicomponent mixture where cross-diffusion effects between the different species
are taken into account, and where only one species does separate from the others. This is motivated by
multiphase systems where miscible entities may coexist in one single phase, see [40, 5] for examples. Within
this phase, cross-diffusion between the different species is taken into account in order to correctly account
for finite size effects that may occur at high concentrations.

We assume that the mixture occupies an open, smooth and bounded domain ©Q C R? with d = 1,2,3 and
that there are n + 1 species in the mixture. We denote by w;(x,t), i = 0,...,n, the volumic fraction of the
it" species at point # € Q and time ¢ > 0 and set u = (ug, .. ., u,). The dynamics of the system is governed
by the free energy functional
n
E(u) := / Z(ul Inw, —u; +1)+ %|Vuo|2 + Buo(l —up)| de, (1.1)
2 [i=o0
where € and f are positive constants. Denoting by u = D, FE(u) the chemical potential, the corresponding
evolution system formally reads as

Opu = div (M (u)Vp) in Q x (0, +00), (1.2)
where M : R*t1 — R(»+Dx(n+1) ig 5 degenerate mobility matrix. More precisely, for every i # j = 0,...,n,
let K;; be positive real numbers satisfying K;; = Kj;, then for u € R, it has entries
M;;(u) == —Kjjuu; foralli#57=0,...,n,
M;i(u) := Z Kiyu;up foralli=0,...,n. (1.3)
0<k#i<n

As expected, due to their interpretation as volumic fractions, the quantities u; must satisfy

0 <wi(x,t) <1 foralli=0,...,n and Zuz(ﬂf,t) =1forae z€Q, te(0,+00), (1.4)
i=0
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2 J.CAUVIN-VILA, V.EHRLACHER, G. MARINO, AND J.-F. PIETSCHMANN

and the constraint on the sum is referred to as the volume-filling constraint. The evolution system is supple-
mented with no-flux boundary conditions as well as initial conditions consistent with the constraints. The

main result from [23] is the existence of a solution to a suitable weak formulation of this problem.
The aim of this paper is twofold. First, we study some solutions to the stationary problem
0=div(M(u)Vu) in Q. (1.5)

In general, the analysis of this system of coupled, degenerate elliptic equations is by no means straight
forward. In this work, motivated by the gradient flow structure of the time-dependent equation highlighted
above, we focus our study on the set of local minimizers of the energy functional (1.1). The latter are natural
candidates for solutions to (1.5), in the sense that one naturally expects that solutions of the time-dependent
system should converge in the long time limit to one of these local minimizers. We acknowledge here that
other stationary solutions may exist, but stress on the fact that local energy minimizers are of particular
physical relevance for the present system. When the parameters are chosen such that the energy functional
is convex, the unique minimizers are constants and we show that solutions to the evolution problem (1.2)
converge to them exponentially fast.

In the non-convex case, the dynamics is much more complex which leads us to the second aim of the paper:
we introduce a finite volume scheme that preserves the structure of the continuous time-dependent system.
The simulations demonstrate the capability of the scheme and allow to explore the dynamics for arbitrary
parameter regimes.

Let us briefly review previous contributions on the respective components of our model.

Cross-diffusion systems with size exclusion. Systems of partial differential equations with cross-diffusion have
gained a lot of interest in recent years [41, 18, 19, 42, 35] and appear in many applications, for instance the
modelling of population dynamics of multiple species [7] or cell sorting as well as chemotaxis-like applica-
tions [50, 49].

Ginzburg-Landau Energy. In the case n = 1, which implies ug = 1 — uy, (1.1) reduces to the classical
Ginzburg-Landau energy with singular potential as introduced in [9]. The works [32, 31] study the structure
of energy minimizers to the functional

1 1
Bon(v) = [ 5IVoF +5(1- 022 o
Q

when the system size is large and the mean value of the phase parameter v is close to —1. This is motivated
by nucleation phenomena, see [44, 43], which correspond to non-constant minimizers. The authors study
the case when constant stationary states are local but not global minimizers and estimate the size of the
energy barrier, i.e. the difference of the energy at the respective states. In particular, the authors prove
bounds on the minimizers using suitable competitors which inspired part of the construction in the proof of
Theorem 2.3.

Cahn-Hilliard equation. The scalar Cahn-Hilliard equation with constant mobility was introduced in [9] as a
model for phase separation. It is indeed the H~!-gradient flow to (1.1) for two species. Existence of weak

solutions was first shown in e.g. [27, 8] in the case of constant mobility, and later extended to degenerate,
concentration dependent mobilities [24]. Regarding the long-time behaviour, for a constant mobility and in
one spatial dimension, the authors in [48] show that for initial data with bounded distance to a so-called
kink state, algebraic convergence to equilibrium holds. This was further improved in [47]. We also refer to
[1, 51, 52] for long-time analysis in the case of logarithmic nonlinearity. More details can be found in the
review [46] and the monograph [45].

Multi-species Cahn-Hilliard systems have been studied in several earlier works and usually consider an
energy functional of the form

E(u) ;:/Q [\Il(u)Jr%VuI‘Vu dz, (1.6)

for some symmetric positive semi-definite matrix I' € R(*+D*(+1) and bulk free-energy functional ¥. In [26],
Elliott and Luckhaus proved a global existence result for such a multiphase Cahn-Hilliard system with
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constant mobility and I' = ~I for some v > 0. In [25], the authors generalized their result to the case
of a degenerate concentration-dependent mobility matrix with a positive definite matrix I' while [6] study
a system of Cahn-Hilliard/Allen-Cahn equations with cross-kinetic coupling. Recently, in [4], the authors
proposed a novel hierarchy of multi-species Cahn-Hilliard systems which are consistent with the standard
two-species Cahn-Hilliard system, and which read as the model introduced above with I' positive definite, a
particular ¥ and for a constant mobility matrix. Numerical methods for such systems were proposed and
analyzed in several contributions, see e.g. [30, 55, 20, 2].

Concerning coupled cross-diffusion Cahn-Hilliard systems, other than [23], the only work we are aware of is
[34], which treats the case where all species aim to separate, i.e. the case when I' in (1.6) is positive definite.

Structure-preserving finite volume schemes. The finite volume method is a classical discretization method to
approximate conservation laws, see a pedagogical introduction in [28]. It is a natural physical requirement
for a discretization method to preserve as much as possible of the structure of the continuous problem such as
conservation laws, nonnegativity or dissipation. In addition, such properties can be mathematically useful,
since they enable to “transfer” the mathematical analysis to the discrete level. A method that preserves the
dissipation of an energy (resp. entropy) is often called “energy-stable” (resp. entropy-stable). Following the
success of the entropy method, there has been considerable effort in order to preserve the entropic structure
of scalar parabolic equations [3, 17, 14] and parabolic systems [11, 13, 12, 16, 38, 56, 21, 39, 15, 33, 37, 10]
at the discrete level. See also a review of energy-stable schemes for the Cahn-Hilliard equation in [5].

1.1. Contributions and outline. Our work makes the following contributions

e Proving existence and uniform lower and upper bounds for the local minimizers of (1.1) in the
L ()"t topology. We emphasise that the latter, in contrast to the results of [23], requires a
construction which has to preserve not only the constraints (1.4) but also the mass of the competitor,
which significantly complicates the argument.

e Gaining regularity of the minimizers from the Euler-Lagrange system, we show that they qualify as
classical solutions to the stationary system. We also show that the Euler-Lagrange equation for the
void species decouples, revealing a strong link with the single-species energy.

e We study the convexity properties of (1.1) and are able to give explicit quantitative bounds. In a
particular parameters regime, we show that the minimizers are constant and that solutions to the
dynamical system converge exponentially fast to them, for arbitrary initial data with finite energy.
We give explicit rates of convergence.

e We introduce a two-point finite volume scheme that approximates the evolution problem (1.2), pre-
serving the constraints (1.4). The discrete free energy is shown to be nonincreasing, adapting the

convex-concave splitting of [23] to the discrete case. We provide numerical simulations to illustrate
the behaviour of the scheme and to investigate the variety of stationary solutions in the long-time
limit.

Remark 1.1 (Nonlocal and potential contributions to the energy). We remark that most of the results of this
work remain valid, after minor modifications, if potential or non-local interaction terms of the form

/V;(m)ul(x) dx  or cij/uiL*uj dx
Q Q

are added to the energy. Here, for all 0 < ¢ < n, V; : @ — R is a given potential and L : Q@ — R
is an interaction kernel. All these functions must be sufficiently smooth. With these additions, existence
of minimizers (lemma 2.1), strict bounds (theorem 2.3) hold without any changes. First order optimality
conditions have to be adapted and the regularity of solutions (theorem 2./) is limited by the regularity of L
and V := (Vi)o<i<n. Under suitable assumptions on the matriz C = (¢;5)o<i,j<n the numerical scheme can
be adapted and still preserves the structure.

The paper is organised as follows: Section 2 contains an analysis of properties of the energy functional
and establishes the link with stationary solutions. Section 3 is dedicated to the large-time asymptotics in a
globally stable regime. Section 4 is devoted to the introduction of a structure preserving finite volume scheme
and some numerical results are presented in Section 5.
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1.2. The model. We now present the system under consideration in full detail. For ¢ > 0 and # > 0
we consider the energy functional given by (1.1). We define formally the chemical potentials as variational
derivatives of the energy by

wi =Dy, E(u) =Inwy; foralli=1,...,n, (1.7)
as well as
1o = Dy, E(u) = Inug — eAug + 5(1 — 2up), (1.8)
so that p:= (po, pi1, - - -, fin) = Dy E(w). Furthermore, we introduce the auxiliary variables
w; =Inu; —Inug, i=1,...,n, (1.9)
as well as
wo = —eAug + B(1 — 2up). (1.10)

With these definitions, (1.2) can be rewritten as

Ouui=div | Y Kijuiuy Vi — )
0<j#i<n

0<j#i<n

= div Z Kij (U]V’U,z — uqu]) — Kiouinva] ;
0<j#i<n

fore=1,...,n and

8tu0 = div ZKQJ"LL()UJ‘V(/LO - ,uj)

Jj=1

= div ZKOJ"U,UUJ‘V(U}Q - U)j) (112)
j=1

= div ZKOj (ujVuO — U()VUj + UonVU}O)
j=1

The conservative form (1.2) together with the zero-flux boundary conditions suggest that the mass of each
n
species is conserved along the evolution. Therefore, given fixed masses my, . . ., m, > 0 such that Z m; = |9,

=0
we will look for solutions to (1.5) in the admissible set

Ap, = {u = (ug, ..., un) € (L®(Q)" T 20,/% dr=m;, 1=0,...,n,
Q

Zuj =1la.e. in Qand ug € Hl(Q)}
j=0

Note that A,, is non-empty, convex, and that for any u € A,,, it holds 0 <w; <1 foralli=0,...,n.
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2. MINIMIZERS OF THE ENERGY FUNCTIONAL

In this section we use the direct method of the calculus of variations to prove the existence of minimizers
to the energy (1.1) over the set A,,:

in E(u). 2.1
Jnin (u) (2.1)

Arguing by means of competitors, we further obtain strict bounds which then allow for higher regularity by
making use of the optimality conditions. In consequence, minimizers are solutions to the stationary problem
(1.5).

Lemma 2.1. Let E: A,, — R be defined by (1.1). Then, E has at least one minimizer.

Proof. We apply the direct method of calculus of variations. First, using the non-negativity of the function
[0,1] > # — zlnz — x + 1, together with the fact that |Vug|? > 0 and that vo(1 — vg) > 0 for any
v = (vg,...,V,) € Ay, we obtain that E is nonnegative on A,,. Moreover, it is clear that 4,, contains
constant solutions with finite energy. Thus, there exists a minimizing sequence (v(p))p oy € A such that

FE (v(p)) is bounded and
lim E(v(p)) = inf F.
Am

p—00

In particular, we have that (HV’U(()p is bounded as well. Therefore, without relabelling, up to the

N2z pen
extraction of a subsequence, there exists ug € H'(Q) such that Vv(()p ) Vg weakly in L2 (), and thanks to
the uniform L*°-bound we have v(()p) — ug strongly in L1(Q) for every 1 < ¢ < oo and a.e. in Q. Furthermore,
since vi(p ) is bounded in L?(2) by construction, it follows that, up to the extraction of a subsequence, for

all i = 1,...,n, there exists u; € L?(Q) such that vgp) — u; weakly in L?(Q). We also easily obtain that
0 < u; <1 almost everywhere on €2. Then the convexity of the integrands together with the strong continuity
of the functional (dominated convergence) imply the lower-semicontinuity

/ u; Inu; dr < liminf q;gp) In vl(P) de
Q

p—00 O

as well as
/ [V |? dz < liminf/ ’vvép)’2 da.
Q p—o0 Q

Furthermore, the weak convergence in L2(£2) yields

/(—vgp)—i—l) daz—>/(—ui+1) dr foralli=0,...,n,
Q Q

while the strong convergence gives

/v(()p)(lfv(()p)) da:%/uo(l—uo) dz.
Q Q

This implies
E(u) < liminfE('v(p)) = i{lf E,

p—o

and that fQ u;dr = m; for i = 0,...,n. Finally, the weak convergence in L?(Q) also yields that Zui =1

i=0
almost everywhere in {2 so that u € A,,. The conclusion follows. O

Remark 2.2. We point out that the uniqueness of the minimizer is neither guaranteed nor expected, due to
the non-convexity of the energy functional.

A remarkable property is that the minimizers are in the interior of the set A,,, i.e. they strictly satisfy
the box constraints in (1.4). This is shown by constructing suitable competitors in the following theorem.
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Theorem 2.3. Let E be the energy functional given by (1.1). Then, there exists a constant § > 0 such that
for every local minimizer w € A, of E for the L ()" topology, it holds that
6 <wu; a.e foralli=0,...,n,
which, together with the volume-filling constraint in (1.4), implies the upper bound
u; <1—nd ae forali=0,...,n.
Proof. Let u := (ug,...,u,) € A, be a local minimizer of E for the L>(2)"*! topology, i.e. there exists
€ > 0 such that for all v := (vo,...,v,) € Ap With [[v — ul[pe(q) == max lvi — il ) < €, necessarily
1= n

.....

E(v) > E(u) holds. In order to prove the assertion, we proceed as follows: first we show that there exists
0o > 0 such that dg < ug < 1 — dp. Then we proceed to show that there exists §; > 0 such that §; < u; for

t=1,...,n. Finally, § := min(dp, d1,...,0,) is the constant that appears in the statement.
m
Step 1: dg < ug. Arguing by contradiction, we assume that for all min (e, 2;2)') > > 0 the set

Cs={z€Q: u(z) <o}
is such that |Cs| > 0. We further define the set
Cavg = {x €0 up(x) > T;ﬁ},
i.e. the part of 2 on which ug strictly exceeds its average. Note that
C% NCavg =0 and |C%]> 0

imply |Cavg| > 0. We then define, for all 0 < X < 1, the perturbed function

1) in Cs
ug’)‘ =< (1—=XNup+ )\% in Cavg
ug otherwise,

which satisfies 0 < ug”\ <land ug)‘ € H'(Q). Moreover, for any 0 < A < €/2, it holds that ||u0—u8’A||Loo(Q) <

€. Observe that
/ug’odx: 5dx—|—/ u0d$>/u0da:—|—/ ug dr = my,
Q Cs Q\Cs Cs Q\Cs

while on the other hand

/ug”\dxz 5dx—|—/ uoda:+/\/ @dx—k(l—)\)/ ug dx
0 Cs O\ (C5UCavg) Covg |€2] Cave

avg

:5|C5|+/ U der)\/ <m0u0> dx.
o\ Cavs \ |92
In order to estimate the last integral of the previous equality we observe that

Mo
0 :/ < —u > dz
AN
mo mo mo
= — — U da:+/ (—uo)dx+/ (—u0>dx
/Cm (|Q ) Q\(C%LIUCavg) |Q| Cavg |Q|

219

mo mo
> ——|Cmg | + 7
= 2/ |Crs‘§|‘ /c ( Q| uo) dz,

avg
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mo mo

- < - mqg |.
/ <|Q| “°> 4z < 2|Q||Cr|s%|
Cavg

Then, from the previous calculations, we conclude that for any 0 < § < min (e, 27"}‘2)') and any A € [0,¢/2],

EBY o\
/Quo dx < <5 >\29|> |C2m| | + mo. (2.2)

Let us now assume that § is chosen so that § < ZT;ZU‘ Then, it holds that

d,e/2 mo
‘}2 dr < (5 4(2|) IC §ﬁﬁ‘-+-ﬂ10 < my.

Thus, for all 0 < § < €79 there exists A5 € (0,¢/2) such that the function uf := ug”\g satisfies

Q>
/ u dz = my. (2.3)
Q

2|m5

which implies

Furthermore, it holds from (2.2) that A} necessarily satisfies A5 < , so that lims_,o Aj = 0.
While the constructed u preserves the mass constraint, the volume filling constraint is no longer valid.
To recover them we have to modify at least one of the other species. To this end, we make the following

observation: in the set Cs, it holds that

ZuzzlfUOZIfé
i=1

Therefore, denoting by w := max g, we necessarily have
i

=1,...,n

1-4 .
> inC and ag; uogl—%inca‘,g. (2.4)
Let us now define for almost all z €
k(z):==min{k=1,...,n, uu(z)= nax ui(z)}
so that U(z) = ug(,)(r) almost everywhere on Q. Let us then denote for all k = 1,...,n, Ct = {z €

Cs, k(x) =k} so that C5 = U CY and CE N CY =0 as soon as k # k'. By definition, it then holds that
k=1

up = in CF. (2.5)
On the one hand, let us introduce

mgk :z/ (u) — ug) de.
Ck

5
Then, it holds that 0 < mg,k < 6|C¥| < 6]©2]. On the other hand, from the definition of uj and from the
calculations above, it holds that

n
/ (uo—ug)dx:/ (ug—uo)dx:z:mg)k.
Cavg Cs k=1

Therefore, using Lemma 6.1, there always exist measurable subsets C%* for k = 1,...,n such that

avg
U Cavg avg ;

. C‘SkﬁC";k = () as soon as k # k/;

avg avg
. fCi’v’; ug — ul) dr = mg,k =— fc§ (ug — ud) d.



8 J.CAUVIN-VILA, V.EHRLACHER, G. MARINO, AND J.-F. PIETSCHMANN

We can then define for all £ =1,...,n the perturbed function ui in the following way:

ui B {uk + (ug — ug) in 05 U C;sv’g (2.6)

N Up otherwise.

It can then be easily checked that |[uf — ug| L= (q) < € for § arbitrarily small. Moreover, as a consequence of
(2.4) and (2.5), for ¢ small enough, it holds for all k =1,...,n

1—

n

)
0< — 0 <uf =ug + (up — ud) <ugp <1in CF.
On the other hand, using again (2.4) and (2.5), we can estimate

<up <ud = —uwd) = )\*( ) 1 "o A( @) 5,k
O—Uk—uk uk+(u0 uO) Ur + As (o — |Q| |Q|+ § |Q| 1nca.vg

Since A} S 0, choosing § small enough implies that A3 (1 —mg/|Q]) < mo/|Q2| and therefore ud < 1 in C5X

avg”

/uidx:/ukdx—l—/ (O—UO)dx—/ukdac. (2.7)
Q Q cakuck Q

Finally, we observe that, almost everywhere in €2,

Zu _Z% uo—uo)

holds so that 1 ul = Y1  u; = 1. From this, we conclude that w’ := (ug,...,ud) lies in the set A,, and
satisfies ||u — || (gyn+1 < € for § small enough.

Furthermore

We now show that for § < 1, it holds E(u’) < E(u) strictly, which gives us the desired contradiction.
Firstly, let us note that |Vuj| < |Vugl|, which gives

E(u®) — E(u) < / Z ((u;s Inul — us Inwg) — (ul — u;)) + 8 (ug(l —ud) —up(1 — up)) dz

=0

To estimate this difference, we first observe that (2.3)-(2.7) imply

/(U?—ui)dxzo fori=0,...,n
Q

Using the convexity of z — xIlnx and the concavity of x — (1 — x) allows to further estimate

p) = B < 3 [ o+ 0) (0 ) ot [ (o 41) 0 ) o

s (2.8)
+8 [ (1= 2u0)(uf o) d
Q
=: AEl + AEQ + AE3.
To estimate AE; we first observe that
AE; = Z/ (lnui +1) (ud — uy,) do = / (lnui +1) (uo — ul) dx
Q 1 Jckueh (2.9)

_Z/c o —Inud (u) — uo) d.
ku k

avg
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The quantity — Inug is nonnegative in C¥ U cgv’; while (uf — o) is nonnegative in C¥ and nonpositive in Cgvkg,
and furthermore (2.4) gives

_ 1-9 1 m .
—Inup = —In(mw) < —ln( - ) < —In (n (1—2&)> mC(’f.

Therefore (2.9) reduces to
1 mo Fy
AE; <—In ( (1 - >> / (ug — uop) du.
n 2|Q‘ Cs 0

In order to estimate the second term on the right-hand side of (2.8) we first observe that in the set Cayg it
holds Inug > In(mg/|9|), while due to the mass conservation we have

/C(; (u — up) do = —/ (u — ug) de. (2.10)

Cavg

It follows that

AEg:/lnug( S —wug) dr <Ind [ (ul—uo) dr 4 In(mg/|Q) \/ ul — ug) da
Q Cavg

Cs
— (In5 — In(mo/|)) / (uf — o) d.
Cs
Finally, for the last term in (2.8) we use the fact that —1 <1 —2uy <1 and (2.10) again to have

AE; < /3/(1 ~ 2u0)(uf ~ o) o < 5 | Juf ~ gl da

@ (2.11)

<B [ (u§—uo dx—b’/ ud —ug) dr =28 [ (u — up) dz.
Cs Cave

Cs

Summarising we have

E(u’) — E(u) < [lné—ln(m0/|§2|) —1n<1 <1— 2|Q|)> +2B} /cé(ug—uo) dz.

Thus, since / (ug —ug) dx > 0 for all § > 0, taking § sufficiently small so that the constant in front of this
Cs
integral becomes negative yields the desired contradiction.

Step 2: ug < 1 —dg. We argue again by contradiction and assume that for all min ( ) > 9 > 0 the set

"2
Co={zeQ: uy(z) >1-10}
is such that |Cs| > 0. We further define the set

Cavg := {xEQ D) < 7|?20|}

i.e. the part of 2 on which wug is strictly below its average. As before we argue that \C~5| >0 forald>0
arbitrarily small implies |Cayvg| > 0. We then define, for 0 < A < 1, the perturbed function

1-6 in Cs
g™ = Mg+ (1= )8 in Cavg
U otherwise,

and arguing as in the previous step we show that for all Z’l?ﬁ > § > 0 there exists A\j € (0, €/2) such that the
5

function ) := ﬂg’/\‘; has the same mass as ug and satisfies [[ug — @|| (o) < €. We then observe that it holds

Zuz—l ug > 1— ingavg,
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which implies that the function @ := max must satisfy
1 ~ - ~
HZE<1—%>inCa‘,g Z: =1—uy<dinCy.
For almost all z € Q, we denote by k(z) = min{k = 1,...,n, u(z) = max u;(z)}. Moreover, for all

i=1,...,n
n

k=1,...,n we denote byC~§ = {a: € Cs, k(x) :k;} so that Cs = U@vff andé}“ﬂé}, = () as soon as k # k'.
k=1
By definition, it then holds that

up =u in Ci’;“.
By the mass conservation property
/ (uo — @) do = / (@) — uo) de, (2.12)
Cuve Cs

for all § > 0 sufficiently small, using again Lemma 6.1, there exist measurable subsets Cik 5an for all

k=1,...,n such that

U Ca

o CIk ﬁC‘”C = () as soon as k # k';

avg

avg avg s
o fCN;S’v’; ug — @) dr = f5§ (@) — ug) da.
Thus, for ¢ sufficiently small, for all k =1,...,n, we define the function
. ug + (ug — ug) in 05 UC;SV’;
k Uk otherwise

which is such that 0 < ﬂi <1 and / ﬂi dr = / ug dx. Using similar arguments as in Step 1, we obtain
Q Q
that for & sufficiently small, @° := (@, ...,a%) € A, and ||a’ — w| o (yn+1 < €. Moreover, it holds that

E(a® <Z/lnuk b= ug) da:—i—/ﬂlnﬂg(dg—uo) dx

+ ﬁ/ (1 — 2u0)(ag — ’U,()) dx =: AEl + AEQ + AEg
Q

To estimate AFE; we first observe that
_ 11 _ mqg A5,k
g < ln<n(1 ‘Q‘i)) in Corg
> —1né in Cé.

Thus we can estimate

n

AE; = Z/lnuk L — Ug) dfo/M Cklnﬂg(ﬂifu,;) dx
U

Q Cavg

n

= —Z [/ In @ (@) — uo) dx—/céﬁk (lnﬂi +1) (@) — ug) da

avg

< [—1n5—|—ln (i(l _ ’l?;i)ﬂ /Ca(ag ~ ) da,

where we used (2.12) to obtain the last inequality.
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The second integral AEs in (2.8) can be estimated via

AFE; = / In (@S — uo) dz < In(1 — 5)/
Q

(ﬂg —ug) dz + In(mg/|Q)] /~ (ﬂg — uy) dz,
Cs Cavg

where we used In(%g) < In(mg/|Q2|) in CNavg. Using again (2.12), we obtain
ABy < (In(1— ) — 1n(m0/|Q|))/C (@ — o) da.
s
Estimating the concave part AF3 as in (2.11) and collecting all terms eventually yields
E(@®) - B(u) < { Ing +1In (:l (1 = ’?ﬁ)) +1In(1 — 8) — In(my/|2) + 25} /5 (il — uo) da.

As the integral on the right-hand side is strictly negative but the coefficient in front of it becomes positive
for ¢ sufficiently small, we again reach the desired contradiction.

Step 3: 0 <w;,i=1,...n. To fix the ideas let us assume that i = 1. While the proof uses the same

construction as in Step 1, it is crucial to make sure that the index k(x) used to construct the sets C¥ and
the functions such as in (2.6) is such that k(x) is never equal to 0, as applying (2.6) to define u$ with k =0
would yield a function ug which does not belong to H!(§2) and thus renders the value of the energy to be
infinity. To this end, we may use the upper bound on wug established at Step 2 of the proof to calculate

Z uj =1—ug—u; > (6o —9) inthesetCs1:={re€Q : u(zr) <d}.

J#0,1
As 0g from Steps 1 and 2 is fixed at this point, choosing § < dg we can go on from here to ensure that,
defining k(x) := min{k = 2,...,n, up(x) = max;—s__nui(z)}, we have that g, (z) > (6 — d)/n almost
everywhere in Cs;. Then, arguing as in Step 1 gives the existence of §; > 0 such that §; < u;. As the
choice i = 1 was arbitrary it follows that the argument can then be applied to any other u;, using the same
construction as just done for u;.

Step 4: Conclusion. We then observe that the parameter 6 := min(dg, 1, . . ., d,,) satisfies all the properties
in the statement, and therefore the conclusion follows. O

Thanks to these uniform bounds and arguing by elliptic regularity, we can derive first order optimality
conditions as given by the following theorem.

Theorem 2.4. Let uw € A, be a local minimizer of the energy (1.1) in the L>(Q)"*! topology. Then
up € H?(Q) and is solution to

1-—- 1 1-—
—eAug=In—° _ B(1 — 2ug) — —/ <ln Y 50— 2u0)> dz, in Q,
uo €2 Jo ug (2.13)
0
% =0, on 0f.
Moreover, it holds
m; .
= (1), i=1,....n. 2.14
u - mo( ug), 1 n (2.14)
In addition, u is an element of (C*°(Q))"™! and a classical solution to (1.5).
Proof. Step 1: establishing (2.13) and (2.14). Given ) := (¢1,...,1,) € (C=(Q))", set
1
l/i::wi——/widx foralli=1,...,n. (2.15)
9] Jo

Fix now r > 0, consider the perturbations

U =u;+ry; foralli=1,...,n,
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and set
n n n n
Upp =1 — g Up; =1 — g U — 1T g v; = ug + 119, with vg:= — E V.
i=1 i=1 i=1 i=1

We then set v := (vg,...,V), from which u, = u 4+ rv and in turn u, € A, for r sufficiently small, due
to the strict lower and upper bounds of minimizers shown in Theorem 2.3, so that E(u) < E(u,). We now
want to calculate the variation of F, that is,
E -F
L B(u) — B(u)
r—0 r

Note that, thanks again to the strict bounds of Theorem 2.3, we obtain uniform L°°-bounds on Inu;,Inu, ;,

for any ¢ = 0,...,n and for r sufficiently small. Therefore, we can use dominated convergence to calculate
E(u,) - E “
0 < lim Zlr) = B(w) _ / S [(lnui —Inug — A(1 — 2u0)>1/i eV - Vz/i] da,
r—0 r Q —y

for all such v;. We repeat the same argument for —v and then use (2.15) to eventually infer, using Fubini
theorem,

0= / Z Kh‘“i —Inup — 51 - 2Uo)>wi —eVug - vwi]dz

( lnuz Inug — B(1 — 2uyp) dy) v; dx

for every 1 = (Y1, ...,%,) € (C>(Q))". Settmg
A= —/ Inu; —Inwug — B(1 — 2ug) dy,
12 Jo
we obtain that for any i = 1,...,n, for any p € H*(Q),
/{lnui—lnuo—ﬁ(l—Quo)}tpdas—es/Vuo-Vgodx:)\i/<pdx. (2.16)
Q Q Q

Thanks to the uniform bounds of Theorem 2.3, we know that
Inu; — A\ — Inug — B(1 —2ug) € L*(Q) foralli=1,...,n,

therefore, using standard elliptic regularity theory (see, e.g., [33]), we get from (2.16) that ug € H?(Q). This
in turn implies that the Euler-Lagrange system is satisfied in strong form as follows

—eAug =Inu; — A —Inwug — B(1 —2up) a.e. inQforalli=1,...,n. (2.17)
Let us now proceed to eliminate the Lagrange multipliers from the equations. We write (2.17) for any pair
of indexes i # k € {1,...,n} and take the difference of the corresponding expressions. This gives
Inwu; — Inug = A\; — Mg, (2.18)
that is,
up = uje™ N,

Solving this equation for w; by using the volume-filling constraint gives
Ai

n
> en
k=1

Inserting (2.19) in (2.17), the Euler-Lagrange system reduces to the following PDE on wg together with n
Lagrange multipliers

(1 — ug). (2.19)

U; =

1
—€AUO =In
Ug

90 B(1 - 2up) — In (Z e*k> . mQ, (2.20)
k=1
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together with the boundary condition

6u0 o
% = O7 on aQ (221)

Integrating (2.20) over 2, together with (2.21), gives

- 1 1—
In (Z e)"“> = IQI/an UO“‘) — B(1 = 2up) dz =: Ao.
k=1

Then integrating (2.19) over Q we obtain that

QL R U
—1,.

e —7|Q‘_m06 y

cym,

and in turn (2.14).

Step 2: establishing (1.5). First, it follows from (2.13) combined with the uniforms bounds on ug that, by
elliptic regularity, ug is smooth in €2, and as a consequence of (2.14), u is smooth as well. Secondly, it is
enough to show that w; satisfies (1.11) for ¢ = 1,...,n, since then (1.12) is automatically satisfied thanks to
the volume-filling constraint. Remark that, rewriting (2.17) and (2.18) with the notations (1.9)-(1.10) leads
to

wi—woz)\i, izl,...,n,
wi—wj:)\i—)\j, i#j:l,...,n.

Taking into account that w is independent of time and using the previous relations, we obtain from (1.11)
that

div Z KZJ’LLZ’U,]V(U)Z - U)j) = div Z KijuinV(wi - ’LUj) + KiouinV(wi - wo)
0<j#i<n 1<j#i<n

= div Z KijuinV(Ai - /\j) + KiQUﬂLQV)\i
1<j#i<n
= 07
which concludes the proof. O

Let us make a few comments on the result that we have established here. First, we have proved that any
local minimizer of the energy functional E for the L>(£2)"*! topology is indeed a solution to the stationary
problem (1.5). Of course, we do not expect the converse to be true, in the sense that there may exist other
solutions to (1.5) which are not local minimizers of the energy functional E. However, because of the gradient
flow structure of the time-dependent system (1.2), it is natural to conjecture that solutions to this system
will converge in the long-time limit to some stationary states that are local minimizers of E. We are not able
to prove this claim here, but give some numerical evidence in Section 5.

Second, thanks to Theorem 2.4, we can study the properties of the local minimizers of F by studying
the scalar equation (2.13), which is now the first-order Euler-Lagrange equation of the single-species Cahn-
Hilliard energy

Eo(ug) = / [uo Inwug + (1 — up) In(1 — ugp) + g\Vqu + Bup(1 — uo)] dz.
Q

3. CONVEXITY PROPERTIES AND LONG-TIME BEHAVIOUR

In this section we present some results obtained on the behaviour of solutions to the time-dependent system
(1.2) in the case when the parameters ¢ and § are chosen such that the functional E is convex. While this
range of parameter values may not be practically relevant for some physical applications where separation
effects dominate over diffusion, we nevertheless believe that the present analysis is instructive and might be
seen as a useful preliminary step towards the study of the long-time behaviour of solutions to (1.2) in the
general case. We first give explicit conditions on the parameters € and 5 for E to be convex. We then prove
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that, in a stable regime, solutions of the time-dependent system converge exponentially fast to the minimizer
of E, which is proved to be unique in this setting.

3.1. Convexity properties. Let us now study convexity properties of the energy (1.1). We begin by
recalling the famous Poincaré-Wirtinger inequality' there exists a constant Cj, > 0 such that for allv € H'(£2),

v — vd da:<C’/Vv dx, 3.1
|-/ y)’ Vo) (3.1)

as well as the logarithmic-Sobolev inequality on bounded domains, [22, Lemma 1],
/flogf dr < Csob/ |VV/f|? dz, for every f e H' (Q;R,) s.t. / fdr=1, (3.2)
Q Q

where the constant Cy,, depends on d and €2, only. We then have the following lemma:
Lemma 3.1 (Convexity of the free energy). Let n > 1 and C, be the Poincaré constant in (3.1). Assume

that L L
€
— 4+ —(— —B)>o0. .

2mo + | (ZC’p B) 20 (3.3)

Then, the energy functional (1.1) is convex in the set A,,. If n = 1, the result holds under the weaker
condition

12| 1 €
T~y + T (365 ) 2© 5.4

Moreover, whenever the inequalities are strict, the energy is strictly conver.

Proof. Let w := (ug,...,Up),v = (vg,...,v,) € Ap,. This in particular implies that

/uidx:/vidx foralli=0,...,n.
Q Q

We want to estimate from below the quantity
€
E(u) — E(v) — E'(v)(u — v) Z/ uzln §|V(uo—vo)\2—ﬁ(u0—vo)2 dz.

The first terms can be estimated thanks to the Csiszar—Kullback—Pinsker inequality as

1 2
/ui (/|ulvz|d1’> , 1=0,...,n,

while the gradient term is estimated using the Poincaré inequality (3.1). We obtain
E(U)—E( ) = E'(v)(u —v)

(/ |u’_vl|dx) ’ 7_5 (/ o = vol dm) (3.5)
g ([ i) sy =) ([ o)

S 1nequahty. If n =1, using u; = 1 — ug,my = |Q| — my, we obtain

Y

I Ms u

where we applied Jensen

Bw) - Bw) - B —0) > (Gt (50 5) ) ( |uo—vo|dx) ,

hence condition (3.4) ensures convexity. However, when n > 2, one cannot easily take advantage of the terms
n

2
1
E 3 ( / |u; — vi|dac> . Therefore, using only the fact that they are nonnegative, one obtains from (3.5)
m; o)

=1
E(w) - E(v) - F/(v) (s —v) > (2; + o (50 9 ) (/ o — vol dx) ,

that
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which gives again the convexity of F under condition (3.3). O

When applicable, it follows from strict convexity that both the minimization problem and the Euler-
Lagrange equation (2.13) have a unique solution. Moreover, the constant state ug = fof always solves (2.13).
This leads to the following corollary.

Corollary 3.2 (Uniqueness of the minimizer). Whenever condition

1+1(s B)>0

5mg T \30,
holds, the minimization problem (2.1) has a unique solution, given by the constant states
u‘f’:% foralli=0,...,n. (3.6)

3.2. Large-time asymptotics in the stable regime. We discuss now the large-time asymptotics of the
evolution system (1.2) in the framework of Corollary 3.2, i.e. when the energy admits a unique (constant)
minimizer. We aim to show that w converges exponentially fast to this unique minimizer, for arbitrary large
initial data with finite relative energy.

It follows from [23, Theorem 2.1] that, for any initial condition in A,,, the system admits a weak solution
u = (ug, u1,. .., uy,) that satisfies the constraints (1.4) and such that (see [23, Definition 2.1] for more details),
o u; € L*((0,T); HY(Q)) for alli = 1,...,n;
o ug € L*((0,7); H*(Q));
o Jyu; € L2((0,T); (HY(Q))') for all i = 0,...,n;
Let u™ = (u,...,ul®) be defined by (3.6). The relative energy functional is defined via the Bregman
divergence as, for all u := (ug,...,u,) € Am,
RE[u|u™] = E(u) — E(u™) — E'(u®)(u — u™)

(3.7)

n
= / [Z u; In u:o + E|V(u0 —u®))? — Blug — ud®)?| da.
Q izo U 2
Our result is stated in the next theorem.

Theorem 3.3 (Global exponential stability of the constant steady state). Let u® be given by (3.6) and let
u® € A, be an initial condition such that u® € H*(Q)" " and

RE[u® | u™] < c0.

Let u be a weak solution to (1.2) as constructed in [23]. Then, u satisfies
RE[u(t) |[u®] < e MRE[u’|u™>], t >0, (3.8)
with the rate 8
1 1 2
= 4k mi —_— - .
A min <Csob’ o 5 > (3.9)

with k := ming<izj<n K5 > 0, Cp and Cson, being the constants in (3.1) and (3.2), respectively. Furthermore,
under the condition

%—5>0, (3.10)
P
1t holds
wi(t) —u®||21 oy < RE[u(t) |[u®] < e MRE[u® [u™®] =0 ast— +oo, foralli=0,1,...,n.
i L)

Remark 3.4. The global stability condition (3.10) is stronger than the convezity condition on the energy (3.3)
as it does not take the mass into account.

We recall here some results proved in [23] and in particular the construction of a weak solution to the time-
dependent system. The method consists in introducing a time-discrete regularised version of the evolution
system, together with a suitable weak formulation. More precisely, the following theorem holds:
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Theorem 3.5 (Theorem 3.1 from [23]). Define the sets

n
.A = {u = (ui)lgiﬁn € (LOO(Q))n DUy Z O, 1= 1,...,n, g ‘= 1-— Zul Z 0}

=1

and
B = {¢ = (¢i)1<i<n € (LZ(Q)" : ¢o = —Zdh‘ € Hl(Q)}7

and let T > 0 be a discrete time step, let p € N, and let uP € AN (H*(Q))". Then, there exists a solution
(uPtH wPth) € (AN (H?(Q)") x (H?(Q))™ to the following coupled system: for all 1 < i < n, for all
¢i € H? (Q)7

p+1 P
u: —us
p+1 p+l —p+1 —p+1 p+1, p+l —p+1
/Qz iy da /( S Ky V(@™ — @) + Koul Tl V! >.V¢idx

T 1<j7él<n (3.11)

- T< a¢ >H2(Q)7
and for all ¥ = (Y;)1<i<n € BN (L™(Q))",

Z/ Inu?™ — Inuf Ny + eVubt - Vioda = Z/ (mf“ +B(1 - QUS)) Yide, (3.12)
i=1 /0

n

where ub =1 — Y~ uf. Moreover, the function uP™ satisfies the following property: there exists 6, > 0 such
i=1

that

n
uf“Zép, foralll1<i<n, and up'H: 1—Zuf+125p, a.e. in (0,T) x Q.
i=1
Proof of Theorem 3.5. Let u® := (ud,...,u2) € A, N H2(Q)"*1. For a given value of time step 7 > 0, and

starting from u® := (u?,...,u’), we consider the sequence (u?),en of discrete iterates given by Theorem 3.5.

For all p € N, we then define u? = (uf, u?) where ufj :=1—>"" | u?’. We first note that they enjoy enough

regularity to define the following quantities for all p > 0, using WP*! := (ﬁ’f“, WP,

1/2
wp+/ = —eAult 4+ B(1 - 2ud),

_ 1/2 .
wP ! —wp+1+wp+/, fori=1,...,n,

wp“ = (W) 1<izn-

Then, one can define the piecewise constant interpolation u(™) as well as its time-shifted version o,u(™): for
all p € N\ {0}, define the discrete time ¢, = pr and, for all ¢ € (¢, tp41],

w (1) = uPt ou D () = w7t w (1) = wPt,

together with w(7)(0) = u®. For any ¢ € (0, 0), we also define P(")() € N\ {0} to be the lowest integer such
that ¢ p(-y > t. Choosing ¢; = u’)f‘s'1 = wf“ p+1/2 n (3.11) one obtains a discrete (relative) energy-energy
dissipation inequality and the authors showed in the proofs of [23, Lemmas 4.2, 4.3, 4.4] that the terms in
the dissipation can be estimated, which yields the following inequality, for all ¢ > 0,

RE[u (t) |u™®] — RE[u’ | u™]

S VP e
1 1
<-k) / / iy dwds + > ARBTIVuE T L2 ) VUl 2 (9
=070 2 Uy p=0

t t t n
— 2k‘€/ / AT dwds — k;/ / w7 (1 = ul) VSO ? deds — 7'/ Z ™ — w(()T)H%,g(Q) ds.
0 Ja 0 Ja 0o
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Considering the nonnegativity of the two last terms, and using the inequality
P (t)—1

t
ST 4kBIVUE | L) Vb 2 o) < 2k8 / (V320 + 190032y ) s,
p=0

the energy inequality rewrites

n t t
RE[u™) (t) | u®] — RE[u® | u™] gfzufz/ /|v u§7)|2dxds—2k5/ /|Au§{)\2d:¢d5
=070 Ja 0 Ja
" o () (r)
268 [ (1907 oy + oVl ) s

We use the logarithmic Sobolev inequality (3.2), together with the following estimate, which we prove for
any v € H%(Q) with 9,v = 0 on 9Q: denoting by m = ﬁ fQ v dx, it holds that

Liwepas= [ 190 -mpP =~ [@-maw-m< ([ <u—m>2)m (f (A(u—m»?)m
<(af |v<um>|2)1/2 (f <A<um>>2)l/2s; [ e+ [ a2

Vv € H*(Q) with d,v = 0 on 99, / |Vl do < C’,,/(Av)2 dz.
Q

i.e.

We thus obtain, using the fact that for all p € N, up+1 € H?(Q) is such that 8,uft" = 0 (this is a consequence

of the weak variational fomulation (3.12)):
- 2k
//Zu )ln dxds ——E/HVu ||L29)ds

12k / R Harvuéﬂlliam) ds

RE[u™ (t) |u®] — RE[u’|u>] <

sob

We need to pass to the limit as 7 — 07 before estimating further. On the one hand, using the analysis of [23],
it holds that (ugT))T>0 and (UTugT))T>0 converge strongly to ug in L?((0,t); H*(£2)), so we can pass to the
limit in the three gradient terms. On the other hand, (uET))T>0 converges strongly to u; in L2((0,t); L2()) for
any i = 1,...,n, so by the continuity of the function [0,1] 3  — x Inz and Lebesgue dominated convergence

theorem, we can pass to the limit in the mixing terms, and therefore in the entire energy itself as well. We
obtain

RE[u(t) | 4] — RE[u® |u™] < e b//g uzln—da:ds—élk——ﬁ/||Vuo||L2 ) ds
1 1 28\ [t
< _ 0o
4k:m1n<0wb a7 >/0 RE[u(t) |u™] ds,

so that applying an integral version of Gronwall inequality gives (3.8)-(3.9). Moreover, under the same
condition, the Poincaré and the Csiszar-Kullback inequalities (see [36]) show that the relative energy (3.7)
dominates the square of the L'-norm, hence the conclusion. O

Remark 3.6. Note that the scope of the previous result is restricted to a regime where the system evolution is
mainly diffusion-driven. In particular, the system does not enjoy phase separation. The dynamics outside of
this regime is more relevant, but also much more difficult to study. Some constant states may become unstable,
leading to the concepts of spinodal region and spinodal decomposition (see Figure 5). This phenomenon has
been studied in the context of the single-species Cahn-Hilliard equation [40] and for Cahn-Hilliard systems
[29]. It is an interesting perspective to study it for cross-diffusion-Cahn-Hilliard systems, which we postpone
to future work.
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4. FINITE VOLUME SCHEME

We introduce a two-point finite volume scheme to solve (1.2) and study its large-time asymptotics. In
the next subsection, we introduce a suitable discretization of the space-time domain and useful notations.
Then we present our scheme and prove several properties related to the preservation of the structure of the
continuous system.

4.1. Mesh and notations. An admissible mesh of €2 is a triplet (7,&, (zx)ke7) such that the following
conditions are fulfilled.

(i) Each control volume (or cell) K € T is non-empty, open, polyhedral and convex. We assume that

KNL=0if K,LeT with K#L, while | JK=0.
KeT

(ii) Each face o € € is closed and is contained in a hyperplane of R?, with positive (d — 1)-dimensional
Hausdorff (or Lebesgue) measure denoted by m, = H4~(c) > 0. We assume that H¢" (e No’) =0
for o,0’ € £ unless 0 = ¢’. For all K € T, we assume that there exists a subset £ of £ such
that 0K = J,eg, 0. Moreover, we suppose that |J o Ex = €. Given two distinct control volumes
K,L € T, the intersection K N L either reduces to a single face ¢ € £ denoted by K|L, or its
(d — 1)-dimensional Hausdorff measure is 0.

(iii) The cell-centers (zx ) ke satisfy xx € K, and are such that, if K, L € T share a face K|L, then the
vector xj, — xk is orthogonal to K|L.

We denote by my the d-dimensional Lebesgue measure of the control volume K. The set of the faces is
partitioned into two subsets: the set &, of the interior faces defined by

Ent = {0 €& |0 =K]|L for some K,L € T},

and the set Eexy = £\ Eint of the exterior faces defined by Eext = {0 € £ | 0 C 9N}. For a given control volume
K € T, we also define Ex int = Ex N Eint (vespectively Ex ext = Ex N Eext) the set of its faces that belong to
Eint (respectively Eexy). For such a face 0 € Ex int, Wwe may write 0 = K|L, meaning that o = K N L, where
LeT. Given o € &, we let

:L'K—CUL| ifU:K|L€gint me
dy := | . ’ and T, = —.
7 { |z — 25| if 0 € Ex ext, 7 d,
In what follows, we use boldface notations for any vector-valued quantity, typically for elements of R™"*1!,
RI7I RIEI (RITH?+1 and (RIENH™+1, Moreover, we use uppercase letters to denote discrete quantities, in
contrast to lowercase letters used in the previous sections for functions. Given any discrete scalar field
V = (Vk)ker € RI7! we define for all cell K € T and interface o € £k the mirror value Vi, of Vi across
o by setting:

Ve — Vi, ifo=K|L € &,

Ko™\ Vi if 0 € e

We also define the oriented and absolute jumps of V' across any edge by
Di,V =Vge — Vi, and D,V = |DKUV|, VK € T, Vo € Ek.

Note that in the above definition, for all o € &, the definition of D,V does not depend on the choice of the
element K € T such that o € k. Therefore, it can be checked that the following discrete integration by
parts formula holds, for any V, W € RI71:

> Y DkoW.Vk=— Y DgoW.Dg,V. (4.1)
KeT oe&x gEEint

Concerning the time discretization of (0,7T), we consider Pr € N* and an increasing infinite family of times
0<ty<ty<---<tp, =T and we set At, =t, —t,_; forpe{l,---,Pr}.
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4.2. Numerical Scheme. Let u® = (uf,...,ul) € A,, be an initial condition satisfying the constraints

(1.4). It is discretized on the mesh 7 as

U’ = (UiO,K)KGT,OSign

by setting

1
USK:WKA“?(x)dx, VKeT;i=0,...,n. (4.2)

Assume that UP = (Uip K) is given for some p € N, then we have to define how to compute the
B KeT,0<i<n

discrete volume fractions UP*! = (Uip;l) . Forgq=p,p+1and ¢ =0,...,n, we introduce the

’ KeT,0<i<n

notation U := (Uiq K) . We also introduce discrete fluxes J ZH = (Jf }10 which are

)

KeT >KGT,oe$K,O§i§n
based on edge values Uf:l forall 0 € £, = 0,...,n. For any K € T such that ¢ € £k, the definition
of UPT! makes use of the values uy }1 and U ;}7 but is independent of the choice of K. The edge volume
fractions are then defined through a logarithmic mean as follows
0 if min(UPL,UPEL) <o,

1 . 1 Tpt1

pret = ) Ul it 0 < Uk = Ul o (4.3a)
i,0 yrtl_pyrtl
i K i Ko

1n(U§;1)—1n(U§};10)

otherwise.

This choice is motivated by a discrete chain rule property: for any ¢ = 0,...,n, K € T, 0 € &g, if
U-’j}}l,U?}L > 0 then

K2 2

Dgo UM = UP D, n(UTHY). (4.3b)
We employ a time discretization relying on the backward Euler scheme:
p+1 _ Up
mg—E e N PR =0, VKeT,i=0,...,n, (4.3¢)
Aty €€ 7
a K,int

and the discrete fluxes are adapted from formulas (1.11)-(1.12) as

p+1 p+1 p+1 p+1 p+1 p+1lrrp+1 p+i .
==t > Ky (UN DUV = UPE' DU ) o+ o Kag UL U Dica W2, i =1,
0<j#i<n

n n
p+1 p+1 p+1 p+1 p+1 p+1yrp+1 p+3
T = =70 > Ko (Ur3' DiceUE™ = UPS Dice UV ) = 70 > KU U Dico W2,
=1 i=1

(4.3d)
where the auxiliary variable wy is discretized from (1.10) as Wgﬂ/ - (Wop ;1/ 2) et where for any K € T,
i €

+3 €
Wy = - > Dk URT 4 B(1 - 208 ). (4.3¢)
K 0EEK int
Note that, in the latter formula, we apply the same convex-concave splitting as in [29]: the convex part of
the energy is discretized implicitly while the concave part is discretized explicitly. This well-known technique

is crucial in order to recover free energy dissipation at the discrete level [30], see the proof of Proposition 4.5.

Remark 4.1. Rather than defining the system (4.3¢) for all i = 0,...,n and then check that it holds

St Uﬁ;l =1 for any K € T, p € N, one could have written only n equations and define Ué’}}l

1->", Uf;r(l (it is the chosen approach to define weak continuous solutions). However, it is important

Ué);l as1—=3" Uf:l but rather as the logarithmic mean according to

(4.3a). In doing so, the saturation constraint does not necessarily hold on the edges anymore, but one can
recover free energy dissipation.

not to define the value on the edges
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4.3. Elements of numerical analysis.

Lemma 4.2 (Mass conservation). For all p € N, it holds

Z mKUZpJf(1 —/u?(gc)dac7 i=0,...,n.
Q

KeT

Proof. Summing (4.3c) over K € T leads to:

S omg (Ul —UP ) ==At, Y > JPLi=0,...n,

KeT KeT 0€€k int

and this quantity is null because of cancellations on both sides of o € &;,¢. The conclusion follows by induction
and using (4.2). O

Lemma 4.3 (Volume-filling constraint). Let p € N and assume that UP = (UPK) . satisfies the
KeT,0<i<n

volume-filling constraint Z?:o UﬁK =1, for any K € T. Then any solution UP* to the scheme (4.3)
satisfies it as well.

Proof. Fix K € T and sum (4.3c) over ¢ = 0,...,n. Then on the one hand we have the sum of the cross-
diffusion contributions

n n
Y S Ky (U;fjlngUf+1 - UgjleK(,Ugﬂ)
i=0 j=0
that cancels thanks to the symmetry of the coeflicients K;;. On the other hand, it is clear by construction
that the Cahn-Hilliard term in Jg}}lg exactly compensates the sum of the Cahn-Hilliard terms in the n other

fluxes. Therefore, one obtains
n

1
— > (vt —ur ):0.
mg Atp Pt ( i, K i, K

0

Lemma 4.4 (Weak positivity property). Let p € N and assume that U? is nonnegative. Then any solution
UP™! to the scheme is nonnegative. If moreover UP is positive, then any solution UPT is positive as well.

Proof. We begin by proving nonnegativity. Fix ¢ € {0,...,n}. Reason by contradiction and assume that
UP*! has a (strictly) negative minimum Uk 1 in the cell K € 7. The conservation scheme (4.3¢) in the cell
K gives that

UP+1 o Uzp
; +1
mkg At = Z ;’DKJ’
p 0€EK, int
and using that U? is nonnegative we get that
Y Tk >0 (4.4)

0EEK int

U:D+1

1,0

But using that, for any o € Ex int,
(4.3d), and we get

= 0 by definition (4.3a), several terms cancel in the fluxes formula

Z —T, Z K”Ujple Up+1 >0,

0€EK int 0<j#i<n

Dy Up ,To > 0, we obtain a contradiction. Therefore U? 1>,

If U? is furthermore (strictly) positive then we can assume the minimum UP}'

but since Kj;, Urt

]0"

to be only nonnegative and

still obtain (4.4), so the same reasoning gives UfJrl > 0. O
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Thanks to the previous lemma, the chain rule (4.3b) is always valid provided the initial condition is positive
everywhere. We make this assumption in the following. As a consequence, we can define the discrete chemical
potentials (see (1.7)-(1.8)) as follows: for any K € T,

Pt =n(UPE), i=1,...n, (4.5)

and
b = (UFE) + Wi (4.6)
For all ¢ = 0,...,n, we introduce uf“ = (uf}}l);ger The discrete fluxes (4.3d) can thus be rewritten in

the following entropic form (independently of the discretization formula (4.3e)):
+1 17 p+1 +1 +1\
JﬁKUZ—Tg Z KijUinU Uﬁa Dko (uf —[,l,f ), 1=0,...,n. (47)
0<j#i<n

This latter formulation of the fluxes is at the core of the discrete free energy dissipation inequality. Let us
define, according to (1.1), the following discrete free energy functionals: for all V' = (V; k)o<i<n,keT,

ET(V) = Econv,'T(V) + Econc,T(V)v

n

€
Eeone 7(V) =D > mi(Vikn(Vi) =Vix + D45 D 7|DroVol, L
=0 KeT oc€&int, o=K|L ( : )
Econc,T<V) = 6 Z mKVO,K(l - VO,K)7
KeT
with Vo = (Vo k) ke7. Their differentials at U = (U; i )o<i<n,keT are given by
DEeony 7(U)-V =YY mxn(Uig)Vixk +¢ > ToDioeUoDroVo,
=0 KET 0€Ent, 0=K|L (49)
DEcone7(U) -V =B mic(1 =200 1) Vo k-
KeT
Remark that, by convexity (resp. concavity), it holds, for p € N:
Econv,T(Up+1) - Econv,'T<Up) S DECOHV,T(UP+1) : (Up+l - Up>7 (4 10)

Eeone 7(UP*Y) = Eeone 7(U?) < DEeone 7 (U?) - (UPTT —UP).

We establish a discrete free energy dissipation inequality, as stated in the next proposition. Recall the
definition (1.3) of the mobility matrix.

Proposition 4.5. Let p € N and U? be (strictly) positive. Then any solution UPT to the scheme satisfies

Er(UP™) = Er(UP) + Aty Y 7o(Dgop?™ )" M(UL™) Dot <0, (4.11)
0EEnt

where UPT! = (UPJrl

Lo . In particular, since M(UE™) is always a positive semi-definite matriz, it holds

)ogign
Er(UP*) < Er(UP) < Br(U°).
Proof. Multiply equations (4.3c) by Atppf}l and sum over all species i = 0,...,n and all cells K € T

S e (U7 - U =AY Y S (a12)

i=0 KeT i=0 KeT o€k

On the left-hand side, we obtain using the definitions (4.5)-(4.6) of the discrete chemical potentials:

n n
3 P =3y P+l _ e ey ptl _ e Pty
MK (Ui,K - Ui,K) Hikx = mK (Ui,K - Ui,K) U + MK (UO,K - UO,K) Wox
i=0 KeT KeT i=0 KeT
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where we obtain two different contributions that we want to identify to derivatives of the discrete energies
(4.9). The first term identifies to the Boltzmann part, taken at UP'!| against (UP*' — UP). Using the

1
definition (4.3¢) of Wé’, }2 and using the discrete integration by part formula (4.1), the second term can be
expressed as:

> mic (USiE = Ugi) WEiE

KeT

== Y WER ~UE) D meDroUS™ 48 3 muc(USR = U1 (1 =207 ).
KeT 0EEK int KeT

=& > 7Dk UL Dico (UST = UB) + 8 Y mu(UF = UR10)(1 = 208 ),
0EEint KeT

where we identified the Cahn-Hilliard contributions of (4.9), respectively taken at UP™' and U?, against
UP*! — UP. Putting everything together, we can identify the total derivative of the energy:

Z Z mg ( p+1 - Up ) Mf}l - DEconv,T(Up+1) ! (Up+1 - Up) + DEconc,T(Up) ' (Uerl - Up) 5
=0 KeT

and we conclude from (4.12), using the convexity (resp. concavity) inequalities (4.10), that:

Er(UP*) — Er(U?) < ZZ > Tl

i=0 KeT o€k

On the other hand, using the entropic form of the fluxes (4.7), the right-hand side reads:

DIDID IR 3D DED DI N I s AR ) I

i=0 KeT c€€k i1=0 K€T 0€EK,int 0<j#i<n

Using once again integration by parts, this is equal to

n
=Yy > EgULN U Dio(wl ! - ) Dol

0€EM  i=0 0<j#i<n

and having in mind the expression of the mobility matrix (1.3), we finally obtain

*Z SN Pt == > me Dkt MULT) Dot

=0 KeT o€k 0€E&int

We have obtained (4.11). O

5. NUMERICAL SIMULATIONS

The numerical scheme has been implemented in the Julia language. At each time step, the nonlinear
system is solved using Newton’s method with stopping criterion ||Up’k+1 — U”’k”C>C < 10719 and adaptive
time stepping. We always consider the case n = 2 of three species and the cross-diffusion coefficients are
chosen to be K1 = K19 = 0.2, K12 = Ko1 = 0.1, Kpa = K9 = 1 (diagonal coefficients do not play any
role). We study the dynamics for different values of ¢ and 8 and different initial conditions, with a particular
focus on the stationary solutions obtained in the long-time asymptotics and the shape of the free energy over
time.
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FIGURE 1. Profiles along time in the globally stable case. e = 4,8 =1,k = k = 1.

5.1. One-dimensional simulations. We consider the domain (0, 1), a uniform mesh of 100 cells, a maximal
time step At; = 1072 and three initial profiles defined as smooth perturbations of a constant state: for
z € (0,1),

up(e) = ui(z) = i (1 + rcos(kmra)), up(r) =1 — ug(z) — uf(x),

where the perturbation is parametrized by its amplitude x € (0,1) and frequency k € N*, making sure that
the box constraints in (1.4) are respected. Note that the mass is preserved by the perturbation, so that it
holds mg = [, uy dz = 0.25. Moreover, the Poincaré constant of the domain is C, = 1.

We begin by illustrating Theorem 3.3 and we denote by U the discrete constant state defined according
to (3.6). We first consider € = 4,5 = 1 so that condition (3.10) is satisfied. Starting from various initial
conditions, we always observe a diffusive behaviour with exponential convergence to U, which confirms the
globally stable behaviour. In Figure 1, we give some snapshots of the evolution and plot the discrete relative
free energy RE7[U? |U™] = Ev(U?) — E7(U™) (see (4.8)) over the discrete time, starting from a specific
initial condition and with time horizon T} = 10. For e = 0.5, 8 = 2, (3.10) is not anymore satisfied, but the
simulations behave similarly. Note that the convexity condition (3.3) on the energy reads

g
24 - B>
+5 820,

and is verified in this case. It seems that this condition is more determinant for the dynamics than (3.10).
We are now interested in the unstable regime and consider ¢ = 0.1, 8 = 10, so that both (3.10) and (3.3) are
widely violated. In Figure 2, we display the results of the dynamics starting from the same initial condition
as before and with a time horizon T = 8. We observe convergence to a non-constant stationary solution with
a diffuse segregation interface and exponential decrease to 0 of the quantity Ey(UP) — E-(U""2) over the
discrete time. Let us make two remarks about this quantity: first, in contrast to the stable situation, we can
only measure the difference with respect to the final solution U2 | since we do not know a priori the limit of
the dynamics. Second, since the limit is not homogeneous in space, the quantity E7(U?) — E-(UF) differs
by a linear term from an approximation of the relative energy (3.7). In Figure 3, we display the results of
the dynamics starting from an initial condition with higher frequency k = 2 over a time horizon T5 = 2. We
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FIGURE 2. Profiles along time in the non-convex case. ¢ = 0.1, =10,k = k = 1.
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FIGURE 3. Profiles along time in the non-convex case. € = 0.1, =10,k = 1,k = 2.

observe exponential convergence to another stationary solution, for which the free energy is smaller. Note
that, in accordance with the results of Theorem 2.3, diffusion prevents the profiles from being exactly zero
somewhere, and we always observe a § > 0 such that all profiles are uniformly bounded between § and 1 —§.
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FIGURE 4. Residual of the Euler-Lagrange system in the case k = 1 (left) and k = 2 (right).

Finally, we provide numerical evidence that, in the general regime, the solution should converge to a
local minimizer of the energy. Although the property of being a local minimizer cannot be easily verified
numerically, one can use Theorem 2.4 and verify that the obtained numerical stationary solutions satisfy
a discrete version of the optimality conditions (2.13)-(2.14). In Figure 4, we plot, for the two previous
simulations, the [*° norm of the residual of this system over time and observe exponential convergence to 0,
which indicates that the solution converges to a critical point of the energy.

5.2. Two-dimensional simulations. We consider the domain (0,1)?, a uniform mesh of 1502 squares and
a maximal time step Aty = 5 x 1073. We want to observe spinodal decomposition, so we pick initial profiles
defined by random perturbation of constant states: for (x,y) € (0,1)?,

1
ud(z,y) = 0.5+ 25 (no(x,y) - 2) ,

2

Ug(i&y) =1- u8($7 y) - U(I)(l‘7y)a
where, for any (x,y) € (0,1)2, no(z,y) and n;(z,y) are independent noises drawn uniformly in (0,1) and
k = 1072, We choose the parameters ¢ = 1073, 3 = 5. The results of the simulation are given in Figure 5.
As expected, ug quickly separates from the two other species. Then on a slower time scale, the effect of

cross-diffusion homogenizes u; and us to the constant states. Finally, the coarsening process happens on a
much slower time scale, minimizing the interface energy.

1
uf(z,y) = 0.4+ 25 (m(m,y) - ) ,
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FIGURE 5. Spinodal decomposition successively at times ¢ = 0,0.06,0.13,0.49, 1.5.
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6. APPENDIX

Lemma 6.1. Let Q C R? be a measurable bounded domain and let uw € L'(Q) be such that u > 0 almost

everywhere on Q. Let M := fQ udx, n € N* and my,...,m, € Ry such that
n
M = ka
k=1
Then there exist n measurable subsets Qy, C Q for k=1,...,n such that
. U, =0

e U NQ =0 as soon as k £ K';
° kaud:z: =my.

Proof. Let x1 € Q and consider the function f: Ry — R, defined as:

Vr >0, f(r) ::/ udz.
QNB,

Then, it can be easily seen that f is continuous using the Lebesgue convergence theorem, non-decreasing,
such that f(0) = 0 and that there exists R > 0 such that for all » > R, f(r) = M. This implies that
there exists 71 > 0 such that f(r;) = m;, and we defined Q; = QN B,,. The other sets Qo,...,Q, can be
constructed using exactly the same procedure by induction on the set Q \ €. O
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