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A NONNEGATIVITY PRESERVING SCHEME FOR THE RELAXED
CAHN-HILLIARD EQUATION WITH SINGLE-WELL POTENTIAL AND
DEGENERATE MOBILITY

FEDERICA BUBBALMT AND ALEXANDRE POULAINDH*

Abstract. We propose and analyze a finite element approximation of the relaxed Cahn—Hilliard equa-
tion [Perthame and Poulain, Fur. J. Appl. Math. 32 (2021) 89-112.] with singular single-well potential
of Lennard-Jones type and degenerate mobility that is energy stable and nonnegativity preserving. The
Cahn—Hilliard model has recently been applied to model evolution and growth for living tissues. Al-
though the choices of degenerate mobility and singular potential are biologically relevant, they induce
difficulties regarding the design of a numerical scheme. We propose a finite element scheme, and we
show that it preserves the physical bounds of the solutions thanks to an upwind approach adapted to
the finite element method. We propose two different time discretizations leading to a non-linear and
a linear scheme. Moreover, we show the well-posedness and convergence of solutions of the non-linear
numerical scheme. Finally, we validate our scheme by presenting numerical simulations in one and two
dimensions.
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1. INTRODUCTION

Being of fourth order, the Cahn—Hilliard equation does not fit usual softwares for finite elements. To circum-
vent this difficulty a relaxed version has been proposed in [32] and the presentation of a finite element numerical
scheme that preserves the physical properties of the solutions is the purpose of the present work. The relaxed
version of the Cahn-Hilliard (RDCH in short) equation reads

%ZL =V (b(n)V (p+¢(n)),

t>0, z€Q, (1.1)
—0Ap+p=—An+yl (n— jw),
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and is set in a regular bounded domain Q C R? with d = 1, 2, 3. It describes the evolution in time of the
(relative) volume fraction n = n(t, z) of one of the two components in a binary mixture. The system is equipped
with nonnegative initial data

n(0,2) =n’(x) € HY(Q), 0<n’(z) <1, z€Q,
and with zero-flux boundary conditions on the boundary 92 of €2

9 (¢ + ¢4 (n)

— = Q
5 b(n) £y 0, t>0, xz€09Q,

where v is the unit normal vector pointing outward 0f2.

As pointed at the end of [32], System (1.1) admits a rewriting that can proved to be useful for numerical
simulations. Indeed, in the following of this article we use the fact that defining w =n — %gp, System (1.1) can
be rewritten as

D=V (o) V (20 + ()~ ),
t>0, xel (1.2)

—o Aw + LY (w) +w = n,

System (1.1) was proposed in [32] as an approximation, in the asymptotic regime whereby the relazation
parameter o vanishes (i.e., o — 0), of the fourth order Cahn-Hilliard equation [12,13]. The Cahn-Hilliard (CH)
equation describes spinodal decomposition phenomena occurring in binary alloys after quenching: an initially
uniform mixed distribution of the alloy undergoes phase separation and a two-phase inhomogeneous structure
arises. In its original form, the Cahn—Hilliard equation is written in the form of an evolution equation for n:

In=V-(bn)V @' (n)—yAn)), t>0, z€Q, (1.3)

with n € [0,1], where the states n = 0 and n = 1 denote the two pure phases arising after the mixture

has undergone the phase separation process. Writing the flux as J = —b(n)V (6§LR]>, equation (1.3) can be

interpreted as the conservative gradient flow of the free energy functional

En(t) == /Q (3190 + 6(m)) do.

The homogeneous free energy 1 describes repulsive and attractive interactions between the two components of
the mixture while the regularizing term 3 |Vn|2 accounts for partial mixing between the pure phases, leading
to a diffuse interface separating the states n = 0 and n = 1, of thickness proportional to /4. The parameter
v > 0 is related to the surface tension at the interface (see, e.g., [30]) and the function b is called mobility.

In most of the literature, ¢ is a double-well logarithmic potential, often approximated by a smooth polynomial
function, with minimums located at the two attraction points that represent pure phases (see, e.g., [18,22,23]).
The mobility can be either constant [22,23] or degenerate at the pure phases [6,21]. We refer to the introductory
chapters [20,31] and to the recent review [30] for an overview of the derivation of the Cahn-Hilliard equation,
its analytical properties and its variants.

Recently, the Cahn—Hilliard equation has been considered as a phenomenological model for the description
of cancer growth; see, for instance, [3,17,37]. In this context, n represents the volume fraction of the tumor in a
two-phase mixture containing cancerous cells and a liquid phase, such as water and other nutrients. In biological
contexts, a double-well potential appears to be nonphysical. In fact, as suggested by Byrne and Preziosi in [11],
a single-well potential of Lennard-Jones type allows for a more suitable description of attractive and repulsive
forces acting in the mixture. Following this intuition and building upon previous works [2,17], in this paper
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FIGURE 1. Single-well potential of Lennard-Jones type as in (1.7) with n* = 0.6.

we consider a single-well homogeneous free energy v : [0,1) — R, that can be decomposed in a convex and a
concave part 14 such that

bn) =y (n) + Y- (n), £WL(n) 20, 0<n<L. (1.4)

Additionally, we consider a singularity at n = 1 to represent saturation by one phase (see [11]). Hence, the
potential is called single-well logarithmic and the singularity is contained in the convex part of the potential.
Furthermore, we assume that

Yy € C%([0,1)), ¥ (1) = oo, (1.5)

and we extend the smooth concave part defined on [0, 1] to R with
Yo € C3(R) ¢_, ¢, ¢"”, 9" are bounded and %HQDZHOO < 1. (1.6)

The latter assumption is necessary to bound the energy of the system from below. In particular, the example
of potential that we have in mind is, for n € [0, 1),

3 2

Yin) = —(L—n")log(l—n) = =, G (n) = —(1—n") o~ (1 ="+, (L.7)

where in this case 14 is convex if n* < 0.7. In the above form, 1) models cell-cell attraction at small densities

(¥'(-) < 0for 0 < n < n* and ¢'(0) = 0) and repulsion in overcrowded zones (¢'(-) > 0 for n > n*); ¢f. Figure 1.

The quantity n* > 0 represents the value of the cellular density at which repulsive and attractive forces are at

equilibrium. With a potential of the form (1.7), the pure phases are represented by the states n =0 and n = 1,

where n = 1 is a singularity for 1 in such a way to avoid overcrowding. In this work, we consider a degenerate
mobility b € C1([0,1];R™), such that

b(0) =b(1) =0, bn)>0 for O0<n<l. (1.8)
Furthermore, the admissible mobility functions that we consider admit the decomposition

b(n) = by (n)ba(n),
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with the extension on R defined by
bi(n) >0, for n>0, b(n)=0, for n<O0, (1.9)

and
ba(n) >0, for n<1, by(n)=0, for n>1. (1.10)

The typical expression in the applications we have in mind is
b(n) = n(1 —n)>. (1.11)

Therefore, we can easily see that, considered as transport equations, System (1.1) imposes formally the property
0 <n < 1. We also assume an additional property that there is some cancellation at 1 such that

bW, () € C(R;RY). (1.12)

For the examples of mobility and potential we described above this assumption is satisfied.

The Cahn-Hilliard equation (1.3) with the logarithmic single-well potential defined in (1.7) and a mobility
given by (1.11) has been studied by Agosti et al. in [2], where the authors prove well-posedness of the equation
for d < 3. For the relaxed version of the Cahn-Hilliard equation (1.1), well-posedness and convergence to the
original Cahn—Hilliard equation as o — 0 have been proved in [32].

We also mention here some important variants of the Cahn—Hilliard equation that have been used in the
context of the modelling of tumors and in which the potential of interaction considered is of double-well form.
In particular, Garcke et al. [28] proposed a Cahn—Hilliard-Darcy system that models tumor growth and in
which the cells can move due to chemotaxis, attractive and repulsive forces. This model also comprises the
effect that cells are crawling in a porous medium (i.e. the extra-cellular matrix). This effect is represented
by a velocity term defined by Darcy’s law. The tumor cells can also proliferate and die depending on the
availability of nutrients. Garcke et al. [29] extended the model to the multiphase case to study the effect of
necrosis. In order to take into account the viscosity of the tissue, and since it is not a valid approximation to
consider tissues as a porous medium, Ebenbeck et al. [19] proposed a Cahn-Hilliard-Brinkman model in which
Brinkman’s law gives the flow velocity this time.

Summary of previous results and specific difficulties. Numerous numerical methods have been developed
to solve the Cahn—Hilliard equation (1.3) with smooth and/or logarithmic double-well potential as well as with
constant or degenerate mobility. Generally, a numerical scheme for the Cahn-Hilliard equation is evaluated
by several aspects: (i) its capacity to keep the energy dissipation (energy stability) and the physical bounds
of the solutions; (ii) if it is convergent, and if error bounds can be established; (iii) its efficiency; (iv) its
implementation simplicity. To meet the first point concerning the energy stability, several implicit schemes have
been proposed. The main drawback of these methods is the necessity to use an iterative method to solve the
resulting nonlinear system. To circumvent this issue, unconditionally energy-stable schemes have been proposed
based on the splitting of the potential in a convex and a non-convex part. This idea comes from Eyre [26] and
leads to unconditionally energy-stable explicit-implicit (i.e. semi-implicit) approximations of the model. For
references on all the previous numerical methods discussed above, we refer the reader to the review paper [35].
For finite element approximations, most of these results are based on the second-order splitting

on=V-(b
= - () 1). )
= —vyAn+1'(n),
where, p is called chemical potential; see, e.g., [2,6,23].
In [22], Elliot and Songmu propose a finite element Galerkin approximation for the resolution of (1.3) with
a smooth double-well potential and constant mobility. The more challenging case of a degenerate mobility
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and singular potentials has been considered by Barrett et al. in [6], where the authors propose a finite element
approximation which employs the second-order splitting (1.13). In particular, the authors provide well-posedness
of the finite element approximation as well as a convergence result in the one-dimensional case. Numerical
methods to solve the Cahn—Hilliard equation without the splitting technique (1.13) have also been suggested.
For instance, in [9] Brenner et al. propose a C? interior penalty method, a class of discontinuous Galerkin-type
approximations.

Even though a single-well potential seems more relevant for biological applications of the Cahn—Hilliard
equation, very few works focus on this case. In the already mentioned [2], Agosti and collaborators propose a
finite element method to solve equation (1.3) with the homogeneous energy given by (1.7) and a degenerate
mobility of the form (1.11). As the authors remark, the main issues arising when considering a single-well
logarithmic potential is that the positivity of the solution is not ensured at the discrete level, since the mobility
degeneracy set {0;1} does not coincide with the singularity set of the potential, i.e., n = 1. Therefore, the
absence of cells represents an unstable equilibrium of the potential. In [2], the authors design a finite element
scheme which preserves positivity by the means of a discrete variational inequality, as also suggested in [6].
More recently, in [1], Agosti has presented a discontinuous Galerkin finite element discretization of the equation
where, again, the positivity of the discrete solution is ensured thanks to a discrete variational inequality.

In this paper, we take advantage of the equivalent rewriting (1.2) of the RDCH system and use previous
results obtained on the analysis of finite element schemes derived for degenerate parabolic equations. Namely,
we use results obtained by Canceés and Guichard [14] for a Control-Volume-Finite-Element (CVFE) used to
simulate the anisotropic porous medium equation. In this work, the nonnegativity of the discrete solution
is achieved by a suitable definition of the convective mobility that is discretized on control volumes. The
compactness of time and space translates are achieved using discrete energy estimates, and the convergence
analysis is obtained using the Frechet—-Kolmogorov theorem. This work is the basis of a subsequent paper by
Cances et al. [15] in which a CVFE scheme for an anisotropic Keller—Segel system is analyzed. Therefore,
using the fact that the RDCH system is close to the Keller-Segel model (i.e. they are both composed of one
degenerate parabolic equation and one elliptic equation), we combine the results of the previously presented
works on CVFE schemes to perform our analysis.

Contents of the paper. The aim of this paper is to present and analyze two finite element approximations of
the relaxed Cahn—Hilliard equation with single-well potential (1.7) and degenerate mobility (1.11) in dimensions
d = 1,2,3. More in detail, we propose two different time discretizations leading to one nonlinear scheme on
which we can prove analytically some important properties and one efficient linear scheme that retrieve these
important properties during numerical simulations (but we can not prove them analytically). However, for the
nonlinear scheme, we prove analytically: (i) well-posedness of the numerical approximation; (ii) nonnegativity
of discrete solutions ensured by adapting the upwind technique to the finite element approximation method;
(iii) dissipation of a discrete energy; (iv) convergence of discrete solutions.

The main novelty of our work is to propose an alternative to the second-order splitting (1.13) by replacing
the chemical potential p by its relaxed approximation ¢, solution to a second order elliptic equation with
diffusivity 0 < o < 7. The relaxed system is based on the analysis performed in [32], where the authors prove
well-posedness of the system as well as the convergence, as ¢ — 0, of weak solutions of (1.1) to the ones of
the original Cahn—Hilliard equation (1.3). For the analysis that follows, it is worth noticing that System (1.1)
admits the energy functional

conos= {115

that, as proved in [32], is decreasing in time, i.e.,

d&,[n]
dt

2
+ Z 1ol + 0 o) + - <n _ jgo> }dx, (1.14)

:_/Qb(n)]v(wjtwjr(n))fdmgo, t>0.
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We also notice that the convex/concave splitting of 1 is different from the one employed, e.g., in [2] and
is motivated by the need to retrieve energy dissipation as well as by the fact that we can take advantage
of the linearity of ¢’ to achieve regularity results on w. Furthermore, we observe that the relaxed Cahn—
Hilliard system bears some similarities with the Keller—Segel model with additional cross diffusion, proposed
and analyzed in [7,16].

In this work, we use another definition of the continuous solutions for the equivalent system (1.2). To do so,
we define the non-decreasing continuous function n : R — R by

n(r) = /OT Vb(s) ds, VreR. (1.15)

Similarly, we also define the non-decreasing continuous function ¢ : R — R, using the properties of b(s)i/ (s)

stated in (1.12), such that
C(r ——/ b(s)y'l(s) ds, VreR. 1.16)
(r) ) \/ () (s) (

With the definition of these new functions, we define the solutions of the RDCH system (1.2).
Definition 1.1 (Weak solutions of RDCH). The functions (n,w) such that

0<n<1,a.e.in Qp,
n(n) € L*(0,T; H'(Q)), (¢(n) € L*(0,T; H'()), (1.17)
w € L®(Qr) N L*(0, T; H(),

are the weak solutions of the relaxed-degenerate Cahn-Hilliard model (1.2) in the following sense: For all test
functions x1, x2 € C°(Qr, RT) with x1(T,-) = x2(T,-) = 0, we have

— no — n% l n n n " n n = l n w
Lt [ e T imeamvia s [ e =1 [ bmvuvia, 11

Qr

o VwVxs + /

Qr Qr

(gw'_(w) —l—w) X2 :/Q nx2- (1.19)

T

This paper is organized as follows. Section 2 presents the details of the Control-Volume-Finite-Element frame-
work and the assumptions on the mesh. In Section 3, we introduce a nonlinear semi-implicit finite element
approximation of the relaxed Cahn—Hilliard equation (1.1). The definition of the upwind mobility coefficient
is given using a constant approximation of the mobility term on specific control volumes. Sections 3.2 and 3.3
are dedicated to the presentation of the properties of this nonlinear scheme, such as the nonnegativity of the
discrete solutions, mass conservation, and a priori estimates. The existence of discrete solutions to this problem
is given in Section 3.4. In Sections 3.5 and 3.6, we derive compactness estimates and prove the convergence of the
discrete solutions to the weak solutions of the continuous relaxed Cahn—Hilliard model defined in Definition 1.1.
Then, Section 4 is devoted to the description of an efficient linear semi-implicit scheme. The existence and the
nonnegativity of a unique solution are given for a suitable upwind approximation of the mobility coefficient.
Finally, in Section 5, we present numerical simulations using our linear semi-implicit scheme in one and two
dimensions. These numerical simulations are in good agreement with previous numerical results obtained for
the degenerate Cahn—Hilliard equation with single-well logarithmic potential.

2. NOTATIONS AND ASSUMPTIONS

We first set up the notations we will use in the numerical discretization and recall some well-known properties
we employ in the analysis.
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Geometric and functional setting. Let Q C R? with d = 1,2,3 be a polyhedral domain. We indicate the
usual Lebesgue and Sobolev spaces by respectively LP(Q), W™P(Q) with H™(Q) := W™2(Q), where 1 < p <

+00 and m € N. We denote the corresponding norms by || - ||m,p.0, || |Im,0 and semi-norms by |- |m.p.a, | - |m0-
The standard L? inner product will be denoted by (,-)q and the duality pairing between (H'(Q))" and H'(£2)
by <-,- >q.

Let 7", h > 0 be a conformal mesh on the domain € which is defined by N, disjoint piecewise linear mesh
elements, denoted by K € 7" such that Q = |J KeTh K. The elements are triangles for d = 2 and tetrahedra for
d = 3. We let h := maxy hy refers to the level of refinement of the mesh, where hy := diam(K) for K € Th.
We define by rx the minimal perpendicular length of K and kj, = mingc7» Kx. We assume that the mesh is
quasi-uniform, i.e., it is shape-regular and there exists a constant C' > 0 such that

hig > Ch, VK eT"

Moreover, we assume that the mesh is acute, i.e., for d = 2 the angles of the triangles do not exceed 7 and for
d = 3 the angle between two faces of the same tetrahedron do not exceed 7.

We define the set of nodal points Jj, = {«;};=1,... n,, where the number of nodes is N}, := card(.Jp,), and we
assume that each x; is a vertex of a simplex K € 7". We denote by A; the set of nodes connected to the node
x; by an edge and G}, the maximal number of connected nodes, i.e. G, = maxy, e, A;. For two nodes z;, x;, if
they are connected by an edge, we denote this latter e;;.

We also define the barycentric dual mesh associated to 7. On each element KX € 7", the barycentric
coordinates of an arbitrary point « € K are defined by the real numbers A; with ¢ = 1,...,ng such that

ng ng

Z)\l = 1, and x = Z)\ipi,

i=1 i=1

where ng is the number of nodes of the element K. We define the barycentric subdomains associated to the
vertex P; € K}, (where Ky, refers to the k-th element of Thandk=1,..., Na), by

nNK
Df .= ﬂ{m,x € K and \j(z) < Ai(z)}.
i=1
7
Therefore, for each node of the mesh 7", we define the barycentric cell of the dual mesh

D; = | J{DF; Ky € T" such that z; € Ky},
k

We also add another subdivision of the mesh that relies on the definition of the barycentric cells and that will
be useful to define the upwind approximation of the mobility. Using the barycentric coordinates, we subdivide
each element K € 7" in d + 1 subdomains, such that, for i = 1,2,3, j = 2,3, and i # j, we have the
subdomain

D5:{$€K|Aia)\j2)‘k’ k#l,]}

In the following of the article, we use the terminology Diamond cell for the two ij that share the
edge e;;.

To illustrate what are these subdomains, we represent graphically what is bg on Figure 2 as well as what is
a diamond cell for d = 2.

We introduce the set of piecewise linear functions x; € C (Q) associated with the nodal point x; € Jp, that
satisfies x;(z;) = d;;, where ¢;; is the Kronecker’s delta. We introduce the P! conformal finite element space V"



1748 F. BUBBA AND A. POULAIN

Lk

FIGURE 2. Illustration of the subdomain Dg (left, green) and of a diamond cell (right, orange)
for d = 2. '

associated with 7", where P'(K) denotes the space of polynomials of order 1 on K:
Vhi={xeC@Q):x|, eP'(K), VKeT"}CcH Q).
Furthermore, we let K" be the subset containing the nonnegative elements of V", namely
Kh:={xeVvh:x>0 in Q}.
We denote by 7": C(Q) — V" the Lagrange interpolation operator corresponding to the discretized domain

T" defined as
Ny,

() =Y fla;)xi(x), feC@).

j=1
We also use the lumped space Vh defined by
V.= {X : piecewise constant over barycentric domains, i.e. X(x) = X(x;), V& € D;}.

Defining x; € L*°(Q) the characteristic function of the barycentric domain D; associated with each node z;
(for i = 1,...,Np) of the mesh, we easily see that {x;};=1,.. n, forms a basis of Vvh. Adding the property
Xi(xj) = d;5, we see that the two basis {X;};=1,...~, and {x;};=1,...~, are associative, i.e. x(x;) = x(z;) for all
x; € Jy,. Therefore, we also define the lumped operator #": C'(Q) — Vh by

Np

W f@) = fla) Xi(2), feC@).
j=1
On C(92) we define the approximate scalar product as

(f.9)" = /Q o (f(x) g(2) dz,  f.g € CT).

Furthermore, since V£, g € C(f2), we have
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h X X xr = ’/Th X xr xr
[ @ e@)ar= 3 [ (¢ gle) ao

KeTh

= YIRS S g,

KeTh ;€K
= [ # (@ gla)) o
where x; € If denotes the vertices of the element K. We denote the corresponding discrete semi-norm as
=[]
We denote by P : L?(2) — V" the L? projection operator and by P}? : L2(Q) — V" its lumped version,

defined by
(Plv,x) = (v,x) YoeL*Q) and Vye V"

. h
(ng,x) =(v,x) YweL*Q) and VyeVh

Inequalities. We summarize important inequalities that will be used later on for the analysis of the numerical
schemes. We will use the following inequalities (see, e.g., [33]):

‘X'm,PQ < Ch_d(ﬁ_é) |X|M,p1 VX € Vha 1< P < P2 < +00, m= 07 17 (21)
h
Ixllg < (60" < @+ 2) Il ¥x € V™ (2.2)
Concerning the interpolation operator, the following result holds [8]:
: h _ rel
;llli% |lv—= (U)Ho,oo =0 YveCQ), (2.3)
and we have [34],
h
(n)" = (| < CR[[Volly [Vally,  v,ne V" (2.4)
For the L? projection operator, the following inequality holds [8]
v — P;?UHO +h|v— P,?v’l <Ch"v|,, veH™), m=12. (2.5)

Finite element matrices. We define M and @ respectively the mass and stiffness matrix. M; is the lumped
mass matrix, that is the diagonal matrix where each coefficient is the sum of the associated row of M

Mij:/Xind$7 for i,j=1,..., Ny,

Q

Qij = | Vxi- Vx;da, for i,j=1,...,Np,
Q
Ny,

My = M, for 4,j=1,...,Np.
j=1

We recall some important properties of the stiffness matrix. We start by
> Qi = Qi (2.6)
J#i

Furthermore, from the fact that the triangulation is of acute type, we know from [27] that

Q5 Qii (d+1)
< < . 2.7
My — My — ki 2.7)

Qij <0 for ¢#j, and 0<
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3. NONLINEAR CVFE SCHEME

3.1. Description of the scheme

Given N7 € N, let At := T/Nr be the constant time step size and t* := kAt, for k=0,..., Ny — 1. We
consider a partitioning of the time interval [0,7T] = Ugi&l[tk,tk“] with 0 < T' < 400. We approximate the

k+1_ k . . . .
continuous time derivative by 83% ~ %. Using the finite element approximations of n and w,

Nh Nh
nb(@) =Y ko), and wh(e) =Y why (o),
j=1 j=1

where {n?}jzlprh and {wf}jzlw’Nh are the unknown degrees of freedom, we introduce the following finite
element approximation of System (1.1).

Problem P. For each k =0,..., Ny — 1, find {nZ“, w’;“} in K" x V" such that Vxi,x2 € V"

h
k+1 k
n —n ~ — ~
(h h»a) + (ZB0i) + BED @) Vi V) = L (Bk vl va), (G

Y h h
o (Vw,lj"’l, ng) + (w’,j‘*'1 + ;1//_ (wi),xz) = (nﬁ,xg) , (3.2)

where B(-) is the discrete upwind approximation of the continuous mobility b(-) for the convective term while

B(-) and B/v,E( -) are the constant approximations of the mobility and second derivative of the convex part of the
potential multiplied by the mobility. These latter quantities are defined in equations (3.11)—(3.13) respectively.
The initial condition for the discrete problem is chosen such that for n°(x) € H(Q), we have

nd =7t (nx)), for d=1,
{ s =7 ) (3.3)
h h =

and w2 is the unique solution of

h
o (Vwy, Vx) + (w2 + gw',(wg),x> = (n%,x)h, vy e VR (3.4)

To preserve the nonnegativity of the discrete solutions, we compute the mobility coefficient employing an implicit
upwind method adapted to the finite element setting. The explanation on how to adapt the upwind method
requires us to define the matrix formulation of the problem (3.1) and (3.2).

Matrix form. For £k =0,..., Np — 1, let n* and w* be the vectors
E._ .k kT koo [k k1T
n" = ny,...,n5 1", w' = [wy,..wy, ]

We can then rewrite System (3.1) and (3.2) in its matrix form

Mmk+1 + ALRFHIpk+L — Mlﬂk +AtUk+1Mk+l’ (3.5)
(0Q + M) w+! + ZM@’_ — M, (3.6)

where %’7 is the vector containing the nodal values

(1// )i =9 (wF) i=1,...,Np.
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In the above matrix form, we have used the definitions of the finite element matrices associated with U1 =
U(nfthy = ( (nftHv., V) such that
Y ~ ..
U@H = ;/ B(nZH)VXiVXj do = g/ ijHVXi -Vx;de, for 4,j=1,..., Np, (3.7)
Q Q

and for R¥1 = R(nft1) = (gf}( k1) 4 (By) (nh )V, v) we have

R :/ng;( nk ) + (By)) (k1) Vx, - Vx; da
Y Ak+1 et .. (38)
:/Q;Bij (Ber) . Vxl Vxjdz, for 4,j=1,...,Ny.

From (2.6) and (2.7), we can interpret the first equation of System (3.1) and (3.2) as using the finite volume
method i.e. , for every z; € Jp,, we have

Ml’imeJrAt Z (ngjﬂ (Bil)l) )Qzﬂ( k+1 _ ?H)
rJGA

= My gnk+ 1= Z BN Qi (whT — wh . (3.9)
T;EN;

Therefore, defining Fi’}+1 = Hffl - ij"'l with

—— k+
PY al "
Hikj-i-l _ H(niﬁ—l,n;ﬂ-&-l’ ((57’Lk+1)ij) _ (O—ij-i-l (B’(/) ) ) Ql]( ( k+1)ij)a

’)/ ~
Gt =Gt nft (6whth)y) = ;ijﬂQz‘j(—@wkH)ii)a

where (dw),; denotes the difference (w ™ — ;-“H). Thus, the scheme reads
FZ;H + F?‘H =0, (3.10a)
My nf = Mygnf — At FIY Va; € 0y, (3.10b)
J#i
h h
o (Vwit!, Vx) + ( KLy 1/1 (wf), ) = (nf,x)" . (3.10¢)

- . —— k1
Let us now describe in detail how the coefficients ijﬂ, BZH and (Bz/;;)ij are computed.

Constant approximation of mobility and second derivative of potential. We define the upwind mobility
coefficient associated with the convective term by
_ bi (T Doy (nk Y, i Wbt —wFt >0
Bift = 1(n2+1) 2(ni+1)7 o T T4 j=1...,Np. (3.11)
bi(n " )ba(ni ™), otherwise,

The mobility function and second derivative of the convex part of the potential associated to the diffusion term
are defined by
BEM = max  b(s) d,j=1,...,Np, (3.12)

k+1 k41
[ni+ 7"J+]
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and
(By)).. = max b(s)Y{(s) i,j=1,...,Np. (3.13)

.
! (Cranlany

The approximation (3.11) is similar to the one used in [4] for the one-dimensional finite volume discretization
of the Keller—Segel system. Furthermore, our adaptation of the upwind method in the finite element context
is also close in spirit to the one proposed by Baba and Tabata in [5], where the authors also used barycentric
coordinates to define the basis functions.

~ ~ /7 k?+1
We remark that the coefficients ijﬂ, ijH and (Bw +)ij are constant and uniquely defined along each

edge of the mesh (i.e. in the diamond cells). Yet, this method is well suited for a standard assembling procedure
and, as a result, is simpler to implement in already existing finite element software since it requires only the
adaptation of the calculation of a non-constant matrix. This method can also be adapted for the simulation of
other advection-diffusion equations to preserve the nonnegativity of solutions.

From this approximation of the mobility we have the following properties concerning the convective flux.

Proposition 3.1 (Properties of the convective flux). For any (a,b,c) € R3, we have:

(1) ( b, c) is non-decreasing, and G(a,-,c) is non-increasing;

(2) G(a,b,c) = —-G(b,a,—c);

(3) Gla,a,c) = ba)(—c);

(4) there is a constant C > 0 such that |G(a, b, c)| < C(la| + 1b]) |¢|;

(5) there is a modulus of continuity w : Rt — R+ such that for all (a/,b',c) € R3

|G(a,b,c) — G(a',V,)| <l|c|lw(la—a|+|b-10]).
3.2. Discrete maximum principle, non-negativity, and mass conservation

Proposition 3.2 (Non-negativity of nj ™' and upper bound). The numerical scheme (3.1) and (3.2) preserves
the non-negativity of the solution, i.e. for allk =0,..., Ny — 1, we have 0 < nﬁ“ <1.

Proof. Step 1. Non- negatim'ty We prove the non-negativity by induction. We assume that Va; € J;, 0 < nk <1,
and nft! = min,, e]h( *1). Then, we multiply equation (3.10b) by —(n¥t1)~ = — max(0, nkH) to obtain

i+1 - nk k+1 Y Rk+1 | ot k1 _ kLY (k1) —
—Z Xjs Xi) Al ()" —Z (O_Bij (B¢+) )QZJ( ni ) (i)

j?éi
ZBk+1Q” k+1 _ wf“)(nf“)_
7 i

. k1
From the non-negativity of Bf;’l, and (BUJ;'_)Z.J. as well as (2.7), we know that
— kt
T Ak 1 " k+1 _ k+1y/ k4+1y—
> (Lot + (B0, ) @ittt =t <0,
JFEi
Then, if wf“ —wktt >0, BEZ.H = by (N )by(n k“) and from the extension of by (s) by zero for s < 0, we have

e ZBkHQ” k+1 _ fﬂ)(”fﬂr <0.
J#z

Altogether, we obtain

) SR S 0
Z XjaXz A (1 ) s U,
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and, hence, (nf™!)~ = 0 which implies n¥** > 0 and n}™ > 0.

Step 2. Upper bound. To prove the upper bound we repeat the previous argument but this time we assume Vx; €
Jp, 0 < nF <1, and nk'H = maxy e, (n k+1) We multiply equation (3.10b) by (niﬁ'1 —1)* = max(0, nk'H 1)
to obtain

i nktl _nk R ket
2 (%) (m) =1 == 3 (1857 + (B0T),, ) Qulol — et )l - )

Jj=1 J#i
'7
ZBkJrlQZJ k+1 _ wf+1)(n;€+1 _ 1)+
.7751
——— k+1
Since nf Tt = maxg e g, (n H) and from the non-negativity of Bk+1 and (Bw+)ij as well as (2.7), we have
— kt
k 7 k k k
_Z( B T B¢+) )QZJ( e -t <o
JFi

Then, if wf wi T < 0, we have ijﬂ = bl(n;“l)bg(nfﬂ)7 and from the extension of b (s) by zero for s > 1,
we obtain

0 ZBkHQ” k+1 _ w§€+1)(n§+1 —F<o.
J#Z
Altogether, we have
Np k+1 k
N n; —n; k+1
Z (Xj: X1) (At) (ny ™ =T <0,
Jj=1
which implies (anrl —1)T =0, and, hence, n’?H < 1. Therefore, we obtain the result. (I
The previous result allows to show that wf ' is confined in a threshold [~C, C] with C > 0 finite.
k1

Proposition 3.3. The numerical scheme (3.1) and (3.2) preserves a lower and upper bound for w,
all k=0,...,Np — 1, we have —ng,’jﬂ < C, for C > 0 finite.

, i.e. for

Proof. The result is found using equation (3.2), Proposition 3.2, and the boundedness of ¢’ (s) for all s € R
(given by (1.6)). O

Proposition 3.4 (Conservation of mass). The finite element numerical scheme (3.1) and (3.2) preserves the
initial mass, i.e. for all k =0,..., Ny — 1, we have

/n% dr = / n’,i“ dx.
Q Q

Proof. To prove mass conservation, we use the identity, for each z; € Jj,

S |ukt =Uktt, and > R = R (3.14)
T;EN; T;EN;

Summing over the nodes in equation (3.1), we obtain

Np Ny Np Ny
D2 (%) (™ =) () = = ALy Y UG (—wi ()
i=1 j=1 i=1 j=1

Ny, Ny

_AtZZRk+1 E1(g ),

i=1 j=1
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Using the symmetry of the matrices U**! and RF*! the property (3.14), we obtain
h h.
nk
D> (o) (™ = i) (@) =0,
i=1 j=1
which implies mass conservation. ([

3.3. Energy stability and a prior: estimates

The finite element numerical scheme (3.1) and (3.2) preserves the dissipation of the energy at the discrete
level.

Proposition 3.5 (Energy estimate for wf™). System (3.1) and (3.2) admits the following a priori estimate

NT 1 NT 1

S A= S AY S i - <ot
z;€Jp T;EN;

Proof. We use y = Atwarl in equation (3.2), sum from k£ = 0 — N — 1, use the boundedness of ||thrl H and
HwhHHoo given by the Propositions 3.2 and 3.3, as well as the boundedness of 1)’ to obtain the result. O
Proposition 3.6 (Energy estimate on nf ™ and dissipation). System (3.1) and (3.2) admits the a priori esti-
mate

Np—1

Ik X a0 3 X (@Bl + (B, ) 0]~k < CTufnd). (aas)
k=0 x, €Jp wJEA

where Cy is a small positive finite constant.
Proof. Multiplying equation (3.9) by nf“ and summing over the nodes z; € Jj, leads to

(7 = ko) a0 Y (285 (BU),, ) 1Qul G4 =

i €Jp TZEN,;

vAt Z Z Bk+1 Q5] (w k+1 _ w;_c-&-l)(ni_c-i-l _ n?“).

x; €Jp T;EN;

The term on the right hand side can be bounded using Young’s Inequality, and the boundedness of the mobility
to obtain, for any x > 0,

At YT ST IBETIQul (Wit —wl Tt —nf )

z; €Jp wJEA
2
Ky
AT S S b s LB @y -
x; €Jp T;EN;

Therefore, it leads to

(k7 —efonkt) + 00 3 30 (185 - B+ (BU),) ) Qul (a7 — kY

xleJ;L z;EN;

< At Z Z |QU| k-l—l ;_c+1)2.

x; €Jp T;EN;
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Therefore, from the boundedness of both ij“ and ijﬂ, as well as the fact that Efjﬂ > ij“ by definition,
and since k can be chosen arbitrarily ,we know that it exists a finite constant Cs > 0 such that 0 < CQBZ+1 <
%Efj“ = iéfjﬂ (we recall that the term X does not induce any difficulty since o < ). Using the property
(a —b)a > 1(a® — b?), Proposition 3.5 as well as the property (2.2), and summing for k = 0 — Ny — 1, we
obtain the result. O

Corollary 3.7. The following inequalities hold

Npr—1 Npr—1
2 2
E At }nﬁ“h < C(T,n°w"), and E At }C,’f“h < C(T,n°, w"). (3.16)
k=0 k=0

k1
Proof. From Proposition 3.6 and the non-negativity of (Bwfr)ij , we know that

Nr—1

Z At Z Z Bk+1|QZJ| k+1 ?+1>2 <C.

z;€Jp IJGA

Furthermore, from the definition (3.12) and the definition of 1 provided by (1.15), we have

Nr—1 Nr—1
k k‘
2 AL D BIIQul e -T2 3L A D D [Qul i apt
k=0 x;€Jp :DJEA z;€Jp QIJGA
Nr—1

= Attt [2
k=0
NTfl

2
The same is obtained for ), T~ At }C;f“ |1 using similar arguments. O
3.4. Existence of discrete solution

We prove well-posedness of our problem.

Theorem 3.8 (Well-posedness of the problem). Let d < 3, and the spatio-temporal mesh satisfies the assump-
tions of Section 2. Then, System (3.1) and (3.2) with an initial condition satisfying (3.3) and (3.4), has a
solution {nf ™ wi™} € K" x VP with

0<nf™ <1, in Q (3.17)

Proof. The proof of the existence of a solution for the discrete problem relies on the use of Brouwer’s fixed point
theorem. A necessary step before applying the theorem is to change the unknown of our problem, we define
mitt =kt — o, where a = ﬁ Jon® da. Therefore, the discrete problem (3.1) and (3.2) is equivalent to

F(mk+1) _ mk+1

)

where F : S — S is an application defined on the space S with
S={m|Mm-(1,...,1)=0 and —a<m<1-a}l.

The first constraint in the definition of the space S reflects the conservation of the initial mass while the second
comes from Inequality (3.17). As a result, S is a convex and compact subspace of RV, Using the matrix
formulation (3.5) and (3.6) for the problem P, the application F' is defined by

F(m*+) = AtM;! [U”““ (cQ+ M)~ (Ml@’“ - ngg_)} — AtRMFIp R 4k g
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In the previous definition of F', we precise that the matrix U**+! associated to the nonlinear convection term is
given by

Ukt = 1
J o

/ ]_Ei(m’,frl +a)Vyx; - Vy; dz,
Q
and for the diffusion term

g

R = /Q (l]_@(mﬁ+1 +a)+ (BYL) (mitt + a)) Vxi - Vx;jdz.
To check if F' is continuous, we compute for m,,my, € S, [|[F(m;) — F(ms,)||, and obtain

1F () = Flmg)l| < At |37 [(UGmna +0) = Ulmis + @) (0@ + M)~ (Min® — 2o’ )]
+ At |R(mp1 + a)my — R(mp2 + a)msl| .

For the first term on the right-hand side of the previous inequality, we have

IM<c e+ <o |Mnt - Tany

=c.

from the properties of the mesh, the upper bound presented by Varah [36] for the inverse of M-matrices, and
our assumptions on nf and w} as well as the function ¥ _(-). Lastly, from the definitions of the matrix U(-) and
of the convective flux G (see Def. 3.1), we have

[U(mn1 + @) = Ulmpz + a)|| < Cllmy —myll.
The same applies using the properties of the matrix R(-) to obtain
[R(mp + a)my — R(mpz + a)my|| < Clmy —my|.

Altogether, using the properties of the standard finite element matrices and the fact that the mobility B (mﬁ ta)
is bounded, we obtain

[F(my) — Fwy)|| < C(AL h) [lmy — mylf,

which proves that the mapping F is Lipschitz continuous. Therefore, applying Brouwer’s fixed point theorem,
we know that it exists a solution m**! € S such that F(m**!) = m**1. Therefore, it exists a mﬁ“ € V' that
gives the existence of a pair {n’fLH, w,’i“} € V" x V" solution of the Problem P.

O

3.5. Compactness estimates

We now derive estimates for the time and space translates of the discrete solutions. This results follow the lines
of the works [14,15]. We first define the space and time discrete spaces V{, and V£,. These sets are composed
of piecewise constant functions in time with values in V" and Vh respectively. To study the convergence as
h, At — 0, we use an index m such that, as m — oo, h,,, At,, — 0. Therefore, we study the convergence of
sequences of functions in the spaces VAhg’:n and VAh;jn.

We define by 1y, At,,s Ch,at, and wp ae,, the piecewise affine in space and piecewise constant in time
approximation of the functions 7, ¢ and w. We also denote by 7, At,,, éhm,mm and Wp,, Ae,,, the piecewise
constant in space and time corresponding approximations. For each node z; € J, and time t = t*, we have the
notation np,, A, (T3, t%) = N, At (2i, %) = nf. The associated vector containing all the value for all nodes is
denoted by n*.
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Time translate estimates. We start by estimates on the time translates. We denote by Qr—, = Qx (0,7 —7),
for all 7 € (0,T). We have the following result

Lemma 3.9 (Time translate estimates). There are constants Cp ¢, C¢ 4 and Cy, ¢ independent of h and T such
that the following inequalities hold

/ ‘ﬁhnl7Atln (Z‘, t+ T) - ﬁhm,Atm (.13, t)|2 dz dt S Cn,t (T + At)) (318)
N 2
/ (@t +T) = Choan,, (2, t)| dae dt < C¢ (T + At), (3.19)
[ Va4 7) = i a0, (0O do d < Cua(r + A1), (3:20
t—T

Proof. The proof is similar to the proof of Lemma 4.3 in [14]. We give here the details for the sake of clarity
since the equation under study is different.
We start by defining the quantity

Ap(t) = /Q [fh,, A, (2, +T) — ﬁhm,mm(x7t)|2 dz, Vte (0,T—r7).

Since the functions 7, A, are piecewise constant in time, we define v(t), for ¢ € (0,T], the unique integer
such that t() < ¢ < tv(O+1 Therefore, we write V¢ € (0,7 — 7),

T
Ap(t) = (ﬂq)(t+r)+1 _ ﬂv(t)-H) M, (ﬂv(t+7—)+1 _ ﬂv(t)+1) ,

= Z (nf(tH)H - Uf(t)Jrl) M ;.-
i=1
However, from definition (1.15), we know that it exists a constant C' such that

2
(nv(t+T)+1 _ n;}(t)-&-l) <cC (n;;(t+r)+1 _ nv(t)—i—l) (nv(t+r)+1 _ my(t)-u) .

Then, using the definition of the integer v(-), we find

v(t+T)
C (n;;(tJr‘r)Jrl _ n;_)(t)+1> <n;u(t+-r)+1 _ U(t +1> C Z k+1 ) (n;)(tJr‘r)Jrl _ n;}(t)Jrl) .
k=v(t)+1
From the first equation of the scheme (3.1), we obtain
t+‘r)
50 % amd X (10 D)0l g
k=v(t)+1 i=0 x;EN;
% ((n;y(t-s-r)-s-l _ n;;(t-s-r)-s-l) B (n;)(t)-',—l _ ?7;)(1&)-}-1))
v(t+7) Np,
0 Y RS S B0 e u )
k=v(t)+1 i=0 z;EN;

% ((n;)(t+'r)+1 _ n})(t+r)+1> _ (nly(t)Jrl _ n;;(t)Jrl)) .



1758 F. BUBBA AND A. POULAIN
Using Young’s inequality, we have

A (t) < C(A1m(t) + Agm(t) + Agm(t) + Aam (1)),

where
v(t+T)
M =1 Y A Y (2ot + @), ) Qul k1 = a2
k v(t)+1 i=0 z,;€EA;
y v(tt7) Ny )
t+7)+1 t47)+1
st (0 N T D SR B D M1 A A
k=v(t)+1 i=0 z;€A;
” v(t+7)
vf—i—l 1)f+1
(0 g ) 3 am 3 S 0l (-’
=v(t)+1 i= 0£JEA
v(t+T) ”
M=) 3 A0 3T Y B0 0 -
k v(t)+1 1=0 z;€A;

To handle the first sum in each of these quantities, we introduce some additional notations. We define p(k, t, 7)
the characteristic function such that

(hotmy= |1 E<EA St
PG T)= 0, otherwise.

Hence, we have

T—r tk v(t+7)
/ p(k,t,7) dt = / dt=7, and Y Aty = > T -tF<riAL,
0 th— k=v(t)+1 kit<th<t4T

Furthermore, for any family of real non-negative values (a*) ke{0,...,Nr}> We have

T—7 v(t+T) T—+ Np—1 Nr—1
/ Z Aty okt dt :/ Z Atpa*p(k,t,7) dt =7 Z At,aF !
0 k=v(t)+1 0 k=0 k=0

From Propositions 3.5 and 3.6, we find
T—r T—1
/ Am(t) dt < C(r + Aty),  and / Apm(t) dt < O < C(r + Aby).
0 0

Then, using arguments similar to Proposition 9.3 in [25], we have for any family of real non-negative values
(ak)ke{o,...,NT}’

T—r v(t47) Np—1
/ > Atypa?TIT A < (74 ALy) Y (Atyafth).
O k=v(t)+1 k=0

Using the previous argument and Corollary 3.7, we obtain
A27m + AS,m S C(T + At)

This achieves the proof of Inequality (3.18). The proofs of Inequalities (3.19) and (3.20) are very similar and
we do not repeat them. O
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Remark 3.10. From the previous lemma, we can easily give the time translate estimates over R4t!. Indeed,
extending by zero the functions 7y, At,,s Ch At and Wh,, A, outside of Q x (0,77), we obtain

f]Rd+1 mhm,Atm (z,t+ 7') = i, Aty (I,t)\2 dz dt < Cn,t(T + At),

~ ~ 2
f]Rd+1 Chrn;At?n (x7t + T) - Ch’NL)At’NL (x’ t)‘ dl‘ dt S CC,t (T + At)?
Jpass [ony a0, (@84 7) = W, A, (@, 8)]7 do dE < Cuy(7 + At).

To obtain this result, we use

/ ‘ﬁhmyAtm (x’t + T) - ﬁhmaAtm (:E,t)|2 dz dt = / mhm,Atm (:E,t + T) - ﬁhmaAtm (:C7t)|2 dz di
Rd+1

t—T

T
Jr/ / i, At (2,1)] da dt,
T—1JQ

with Lemma 3.9 and the L*°-bounds on 7, At,,, fhmym and Wy, At,, -

m?

Space translate estimates. We now turn to the space translate estimates.

Lemma 3.11 (Space translate estimates). There are three constants Cy s, C¢ s and Cy, s independent of m and
y such that

T
[ it (o .0) = e o] i e < Gl + ) (321)
0 R
T ~ ~
[ ] ot o 00 = Gyt (6] o e < Coally] + o), (322)
0 R
T
[ ] st .8) = 0, 208)] e < Cone(ll + i) (3.23)
0 R

Proof. The proof of this result follows Lemmas 4.1 and 4.2 in [14]. For the sake of clarity, we here present the
main steps.
First, using Corollary 3.7, we know that ||V, at,[l(12(ax07)) 15 bounded. Since the time and space

domain considered is of finite measure, Holder inequality indicates that ||Vnn,, ae, || (L1 (2% (0,T)))¢ is also

0,T
bounded. Hence, since ny,, ¢, is bounded as well, its extension by zeros outside € x (0,T) lies in
L (N BV (R¥*1). Therefore, we have

T
/ /d ‘nhnuAtm (t,l‘ + y) - nhmyAtm (t’ x)| dx dt S C |y‘ )
0 R

from which, using the triangular inequality and Remark 3.12 stated below, we find Inequality (3.21). The same
is found for Inequality (3.22) and Inequality (3.23) following the same arguments. O

Remark 3.12. One of the important tool that we did not present in the previous proof is
/ M At (T +Y) = A, (82 +y)| do dE < Chiy, (3.24)
Qr

found from the use of Lemma A.2 in [14].
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3.6. Convergence analysis

This section is organized as follow, we first apply Fréchet-Kolmogorov theorem to show strong convergence
in L!(Qr), then we show that the limit is a solution of the continuous RDCH system.

Lemma 3.13 (Strong convergence in L'). As m — oo, we can extract subsequences of (fin, At )m>1,
(Chyo.Aty, )m>1 and (Wn,, At,, )m>1 converging in L*(Q) to the limit functions n(n) € L*(0,T; H*(Q)), ¢(n) €
L*(0,T; HY(Q)) and w € L*(0,T; HY(Q2)) such that

M At s Gyt s Whon Aty — 1(1), ¢(n),w,  stronglyin  L*(Qr), (3.25)

Nhon, At s Gl At s Whe Aty — N(1), ((n),w, weakly in L*(0,T; H(Q)). (3.26)
Furthermore, we have

fn,, AL, — N, a.e.in Qp, andstronglyin LP(Qdp), for p < +oo. (3.27)

Proof. Again, the proof is similar to the proof of Lemma 4.5 in [14]. Indeed, from Lemmas 3.9 and 3.11, and
the boundedness provided by Corollary 3.7, we know that the sequence (fp,, at,, )m>0 Satisfies the necessary
assumptions to use Fréchet-Kolmogorov theorem. Therefore, we know that (7j,, At,, )m>o0 is relatively compact
in L'(Q7), which implies (3.25) (the result for the sequences (Cn,, at,, )Jm>0 and (95, ¢, Jm>o follows similar
arguments). Furthermore, the limit is in L?(0,T; H!(Q)) since from the use of Corollary 3.7, we know that
(Mh,, At,, )m>0 also converges weakly in L%(0,T; H'(2)) to a limit. Since we know from Inequality (3.24), that
the sequences (n,, At,, )m>0 and (fin,, At,, )m>0 have the same limit and (7, Ac,, )m>o0 already converges to a
limit in L'(Q7), uniqueness of the limit gives the result. The same applies for the quantities Cu, a¢,., Wn,, At,,
and ((n)n,, At,, s Wh,,.At,, such that we obtain the convergences (3.25) and (3.26).

To prove the convergence (3.27), we start by stating that the inverse n~! of the continuous function 7 exists
and is continuous. Furthermore, we have that 75, A, is bounded in L° from Proposition 3.2. Therefore,
applying the dominated convergence theorem to 7, at,, =7~ (., At,, ), We arrive to the convergence (3.27)
in which the limit is defined as the unique function n(t,z) = n=*(n) (n being the limit function in (3.25)). O

Theorem 3.14 (Limit system). The limit of (iun,, Aty Whyy, Aty s T, At s Gy At ) denoted (n,w, 1, ) is solu-
tion of the RDCH system in the sense of Definition 1.1.

Proof. The proof of this theorem is very close to Section 5 in [15]. For the sake of clarity, our proof can be found
in Appendix A. ]

4. LINEARIZED SEMI-IMPLICIT NUMERICAL SCHEME

To restrain the computational time of the simulation of the RDCH model within reasonable bounds, we
propose a linearized semi-implicit version of the numerical scheme. We apply the CVFE framework to the
original formulation of the RDCH problem this time. The problem now reads:

For each k =0,..., N7 — 1, find {n’,ffl,ga’ffl} in K" x V" such that

”i“ - ”Iﬁ " kN, 0 (0 k k+1 Bk k+1 h

A A + (b(ng) Yy (nf)Vng ™, Vx1) = — (B(nh)v‘ph 7VX1) , Vx1 eV, (4.1a)
h o h

o (Vi Vxa) + (05T x2) =~ (Vn), Vxz) + (1//_ (ny, — Wwi),m) , Vxz €V (4.1b)

We define the following finite elements matrices

Usz/éfjvxi-vxjdx, for i,j=1,...,Np, (4.2)
Q
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and
/ b(n v (nf)Vxi -V da, for i,j=1,...,N. (4.3)

We write the matrix form of equation (4.1a)
(Ml _|_ Ath) ﬂk+1 — _AtUk£k+1 + Mlﬂk,
and since U* has zero row sum, we can rewrite the previous equation for each node z; € Jj,

Mynfth = Mygng — At > [LE0IT —nf T 4 US (5 — of )], (4.4)
IjEA

where A; is the set of nodes connected to the node x; by an edge. In the definition of (4.2) we compute the
mobility coefficient in function of the direction of V(pkﬂ As for the nonlinear case, the mobility coefficient is
given by
k+1 k+1
Bk — nf(1—nk)?, if of" cpJJr >0,
K n¥(1—nf)?, otherwise.

Even though we cannot redo the same analysis as for the nonlinear scheme, we can establish the existence and
the nonnegativity of discrete solutions of (4.1a) and (4.1b).

Theorem 4.1 (Well-posedness of linear upwind scheme). Let Q C R?, d = 1,2,3, and assume that T" is a
quasi-uniform acute mesh of 2, and the condition

d+1 At
%max (ap?“ gpf“) <1, (4.5)
o LER

(where A; is the set of nodes connected to the node x; by an edge) is satisfied. Then, the linear finite element
scheme (4.1a) and (4.1b) with initial condition nY € K" admits a unique solution {ni** i+ttt € K" x v’
satisfying

0<nitt <1

Proof. Step 1. Ezistence of a unique solution. Assuming that {nf, oF} € K" x V" from the Lax-Milgram
theorem, it exists a unique solution gok'H € V" of equation (4.1b) and equation (4.1a) admits a unique solution

k“ € Vh Therefore, it exists a unique pair of discrete solutions {nkﬂ, <pk+1} € VP x V" for the system (4.1a)
and (4.1b). Next, we need to prove that nf*' is nonnegative and bounded from above by 1.
Step 2. Nonnegativity and upper bound on nh+1 for d = 1,2,3. First, from the fact that (M; + AtL*¥) is
a M-matrix, we know that its inverse is non-negative, i.e. (Ml + Ath) 1> 0. Therefore, to preserve the
non-negativity of nfLH, we need that

Mn* — AtUFS > 0.

For every node z; € Jj, the previous condition reads

IDilnf — At Y BEQi; (9 = o) 20,
TjEN;

where A; is the set of nodes connected to the node z; by an edge. From the fact that the mesh is acute, we
know that @;; is negative. Therefore, using the definition of the mobility coefficient (3.11), we need to focus on

the case gokH — cpf“ < 0. In that situation, we have
At
k E k+1 k+1
nz_‘D| nz( ) Ql]( + <P1+)ZO-
K2

xj eA;
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However, from (2.7), we find the following condition to ensure the non-negativity of nk+1

(d+1)Gy At k1 k1
e et o) s
. TjEN;

Then, we need to prove that for every node x; € J;, we have nkJr1 < 1. We use the upper bound presented by
Varah [36] for the inverse of M-matrices, and write

-1 At
<

= My

H +L’c

Therefore, to retrieve the upper bound on the discrete solution, the condition

At
”f*W > nt)’ Qij (¢} — ™) <1,
¢ T;EN;

has to be satisfied. Note in the previous equation that we have considered the case 4,0? apf“ > 0 since in the

other case the bound will be satisfied trivially. Then, subtracting n¥ from both sides of the previous inequality,

we obtain At
“1Di| Z n (L=n7) Qij (o —of) <1,
TjEN;

and we retrieve the same condition as before with a strict inequality.
Altogether, we proved the existence of a unique solution {nkH, ©F} € K" x V! for the system (4.1a) and
(4.1b) with 0 < nf*! < 1 if the stability condition (4.5) is satisfied. O

5. NUMERICAL SIMULATIONS

In this section, we use the previously presented linear scheme (4.1a) and (4.1b) for the RDCH system. The
numerical simulations are performed using the MATLAB software. At each time step the matrices U* and LF
are reassembled. The linear system is solved using the function linsolve of the MATLAB software. This function
uses the LU factorization.

Even though we are presenting numerical results obtained using the linear scheme (4.1a) and (4.1b), the
evolution of the energy during the simulations is given from the computation of the discrete formulation of the
continuous energy

E(nytt optty = / % ‘V (n;j“ _ “wi“) ‘2 Isok“l2 + () + ( Pl cp’““) dz.
Q v Y
First of all, we present test cases in one and two dimensions to validate our method. The physical properties
of the solutions such as the shape of the aggregates, the energy decay, the mass preservation and the non-
negativity of the solution are the key characteristics we need to observe to validate our method. A comparison
with previous results from the literature is also of main importance. The reference used for this study is the
work of Agosti et al. [2]. The analysis of the long-time behavior of the solutions of the RDCH equation [32]
gives us some insights about what we should observe at the end of the simulations. The solutions should evolve
to steady-states that are minimizers of the energy functional. Depending on the initial mass, three regions of
the cell density should appear. The first being the region of absence of cells, the second the continuous interface
linking the bottom and the top of the aggregates. If the initial mass is sufficiently large, the third expected
region is a plateau of the cell density close to n = n*. This evolution is related to the clustering of tumor cells
in in-vitro biological experiments (see e.g. [3,10]).
The study of the effect of the regularization on the numerical scheme is the purpose of the last subsection.
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TABLE 1. Parameters of the 1D test case.

Parameters
v (0.014)2
At 0.1y
h 0.01
n®  {0.05,0.3,0.36}
n* 0.6
o 51075
a1 o t=0 iy 1 =29088 a3),, =13.328
05 0.5 05
01 01 01
AN~ AN MA A A AN I i o aie ey - Ty
°o 0.2 04 0.6 08 1 no 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 08 1
bl) t=0 b2) o~ £ =0.39198 b3) o5 t =9.996

0.6 0.6 0.6
0s 05 05
04 0.4 04
0.3 A A A AA S 03 \/\—’J\/ 03
0.2 0.2 0.2

0.1 01 0.1

< 0.6 Lo ) - +=0.3724 c3) - £ =10.0744
05 05 0s
0.4 WMMWMMW’VW 04 0.4
/\/\/\/_
n3 0.3 03

02 0.2 02

0.1 01 0.1

o 0 o
) 0.2 0.4 06 08 1 [ 0.2 04 06 08 1 0 02 04 0.6 08 1

FIGURE 3. Solution ny at 3 different times with n = 0.05 (al,a2,a3), n® = 0.3 (b1,b2,b3)
and n® = 0.36 (cl,c2,c3).

5.1. Numerical results: Test cases

1D test cases

Table 1 summarizes the parameters used for the one dimensional test cases. The initial cell density is a
uniform distributed random perturbation around the values n’. Figure 3 show the evolution in time of the
solutions ny, for the three different initial masses.

We can observe that the solution for each of the three test cases remains nonnegative and the mass is conserved
throughout the simulations. From Figure 4, we observe that the energies decrease monotonically for the three
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FIGURE 4. Evolution of discrete energy through time for the 3 initial conditions (from left to
right n® = {0.05,0.3,0.36}).

simulations but at different speeds. They all display at the end of the computation a stable (or metastable)
state that is a global (or respectively a local) minimizer of the discrete energy.

For the initial condition n° = 0.3 (Figs. 3(b1, b2, b3) and Fig. 4 at the middle), the energy decreases rapidly
and reaches a plateau showing that the solution evolves rapidly to a steady state. The solution at ¢ = 10
presents aggregates that are not saturated (i.e. the maximum density is below n*). The explanation behind this
observation is that the initial mass is not sufficiently large for the system to produce any saturated aggregates.
However, the clusters appear to be of similar thickness and are relatively symmetrically distributed in the
domain.

For n® = 0.36 > n*/2 (Figs. 3(cl, c2, c3)), the aggregates are thicker. The top of the aggregate located at
the center of the domain is flatter than for the other simulation. The maximum density is closer to the value
n* than for the initial condition n° = 0.3. Likewise, the symmetry in the domain is respected. Using Figure 4
on the right, we observe that at different times, the energy evolves through several meta-stable equilibria. This
reflects the fact that the solution went to different meta-stable states before reaching a stable equilibrium that
better minimizes the energy.

For the initial condition n® = 0.05 (Figs. 3(al, a2, a3)), the shape of the final solution is different. The
aggregates appear to be thinner and far from each other. The symmetry is not retrieved in the domain. Fur-
thermore, from Figure 4 (on the left), we can observe that the evolution of the solution is slow compared to the
other initial conditions. The energy seems to be constant in the first moment of the simulation (i.e. after the
spinodal decomposition phase). The slow evolution of the solution is explained from the fact that the mobility
is degenerate and the amount of mass available in the domain is small. Using Figure 4, we can also see that the
energy continues to decrease even at the end of the simulation. To keep comparable simulation times, we did
not reach the complete steady state.

Let us compare qualitatively these results with the ones obtained in [2] for the one dimensional case. For the
two test cases n = 0.3 and n® = 0.36, there is no differences in the shape the aggregates or the distribution
of the mass in the domain. For n® = 0.05, some small discrepancies with the final solutions are observed. In
particular, the symmetry of the aggregates in the domain is not respected in our case whereas it is in the
reference work. We must stress that doing other simulations, the symmetry was sometimes reached at the time
t ~ 100 for the initial condition n® = 0.05. The reason is that the system will evolve to respect the symmetry
but the time at which this stable-steady state is reached depends on the initial distribution of the cell density.

Altogether, the solutions obtained at the end the three simulations are in accordance with the description of
the steady-states made in [32]. The three regions of interest are indeed retrieved at the end of each simulation.

2D test cases

For the two-dimensional test cases, the domain is a square of length L = 1. The initial density is computed
in the same way as for the one-dimensional test cases i.e. a random uniformly distributed perturbation around
nY. The summary of the values of parameters can be found in Table 2. Figure 5 depicts the results of the three
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TABLE 2. Parameters of the test cases.

Parameters
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FIGURE 5. Solution ny, at 3 different times with n® = 0.05 (al,a2,a3), n® = 0.3 (b1,b2,b3)
and n® = 0.36 (cl,c2,c3).

test cases with different initial masses. The three simulations respect the nonnegativity of the cell density, the
conservation of the initial mass and the monotonic decay of the discrete energy. However, different shapes can
be observed for the aggregates.

Figures 5(al, a2, a3) show the evolution of the solution through time for the small initial mass n° = 0.05.
Starting from a uniform random distribution of the cell density in the domain, the solution evolves into a more
organized configuration. Progressively, a separation of the two phases of the mixture occurs. At the end of the
simulation, small clusters are formed. They display a circular shape and are of similar width. The organization
of the clusters in the domain tries to maximize the distance between each other. Using the Figure 6 (left),
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FIGURE 6. Evolution of discrete energy through time for the 3 initial conditions (from left to
right n® = {0.05,0.3,0.36}).

we observe a drop of the energy in the first moments of the simulation denoting a fast reorganization of the
randomly distributed initial condition. Then, the solution appears to evolve very slowly, i.e. a meta-stable state
was reached. A second drop of the energy follows around ¢ ~ 15, the system enters the “coarsening” phase:
the small aggregates become more dense and merge with others. At the end, the evolution is very slow. The
system continues to rearrange but due to the degeneracy of the mobility and the small amount of initial mass
this process is very slow.

Figures 5(b1, b2, b3) show the evolution of the solution for n® = 0.3. The two phases that are the spinodal
decomposition and the coarsening are retrieved. Between the Figures 5(bl) and 5(b2), we observe that the
solution evolves from a random uniform configuration to an organization in small aggregates that are not
saturated. Then (Fig. 5(b3)), the cell density is distributed in elongated and saturated aggregates. The separation
of the two phases is clear. However, using Figure 6 (middle), we observe that at the end of the simulation the
cell density continues to rearrange. Due to the degeneracy of the mobility, this evolution is very slow.

In Figures 5(cl, ¢2, ¢3), we can observe the evolution of the solution for n® = 0.36. Again, the solution goes
through the spinodal decomposition and coarsening phases. The only difference that needs to be highlighted for
this simulation is the different shape of the aggregates at the end. Indeed, the initial mass being n" = 0.36 >
n*/2, the aggregates are wider and more connected to each others.

Therefore, depending on the initial mass of cells in the domain, the 2D simulations of the model show very
different spatial organizations of the cell density.

Compared to the reference work [2], the organizations of the cells for the different initial cell densities are
the same. No clear difference can be established regarding the simulation involving the relaxed model and the
original one.

The three regions corresponding to a steady-state described in [32] are retrieved at the end of the simulations
for these 2D test cases.

5.2. Effect of the relaxation parameter o

In this section we evaluate the effect of the relaxation parameter o for the stability of the scheme, and in
particular to satisfy the CFL-like condition (4.5). This conditions is necessary to preserve the nonnegativity of
the solutions of the linear discrete scheme. To evaluate the effect of this parameter on the choice of the time
step At, we compute the amplification matrix H defined by

k
Xkl — gx*  with X% = Ek] .
Here, X* is called the state vector. Using the matrix form of the scheme (4.1a) and (4.1b) we can decomposed
the amplification matrix by H = Hlez with

0 oQ + Ml:| H, = [’YQ = (1 =n*)M; £(1 = n*)M, '

Hy=1an 4 Atk AU M, 0
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FIGURE 7. Spectral radius as a function of At for o = 1075(left) and o = 10~* (right).

We denote by \;,i = 1,..., Ny, the eigenvalues of the amplification matrix H.
To analyze the stability of the numerical scheme due to the relaxation parameter, we compute the spectral

radius of the amplification matrix
p(H (A1) = max(]\]),

for a smooth initial conditions. The scheme is stable when the maximum value of the modulus of the eigenvalues
is less or equal to 1. Figure 7 represents the spectral radius in function of the time step At for two values of o
(the other parameters are the ones taken from the one dimensional test cases with n® = 0.3). We can observe
that the scheme remains stable when At is small for the two test cases. However, we see that increasing o allows
to take larger time steps while remaining stable. This result can be explained due to the fact that increasing o
diminishes the value

k+1 k+1
max . — .
max (¢ k)
OL‘jEAi

present in the stability condition (4.5). Therefore, the regularization induced by the relaxation parameter allows
for faster simulations, but it has an effect on the accuracy of the solution compared to the solution given by
the non-relaxed model. However, at the moment it remains unclear how to compare the solution given by a
simulation of the relaxed model and a solution of the original degenerate model (without relaxation). This will
be the subject of a further work.

6. CONCLUSION

We described and studied a finite element method to solve the relaxed degenerate Cahn-Hilliard equation
with single-well logarithmic potential. We considered two time discretization schemes: nonlinear semi-implicit
and linear semi-implicit.

We showed that the nonlinear scheme preserves the physical properties of the solutions of the continuous
model. We proved that this scheme is well-posed and convergent in dimension d = 1, 2, 3. The nonnegativity of
the solutions is retrieved thanks to the use of an upwind method adapted within the finite element framework.
The linear semi-implicit scheme allows faster simulations and we proved that it is well-posed and preserves the
nonnegativity of the solutions as well. We presented some numerical simulations using this linear scheme in one
and two dimensions. The numerical simulations validated the nonnegativity-preserving and energy decaying
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properties of the scheme. The numerical solutions of the finite element approximation of the RDCH model are
in good agreement with previous works dealing with the non-relaxed model. We showed that the relaxation
parameter o allows us to take a larger time step in the scheme (as long as the condition for the nonnegativity is
preserved and o < 7). We point out that thanks to the spatial relaxation, our numerical scheme can be easily
implemented and simulations of the relaxed degenerate Cahn—Hilliard model can be computed efficiently using
standard softwares.

APPENDIX A. PROOF OF THEOREM 3.14

First, we choose a test function x € C>(Qr,R") with x(7,-) = 0. Then, we multiply equation (3.9) by
Aty x (i, tF) = Atmxf, sum over the x; € J, and over the k = 0,..., N7 — 1 to obtain

Bm+cm+Dm+Em+Fm+Gm—

with
- h
Z (nitt —nkxh) (A1)
vzv ~
=23 80,3 Y 0] (B’““( ) =[BT ) ) (- ) (A2)
k=0 i= OIJEA
’YN
Dn=l Y5 w3 S VBT -0 - ), (4.3
k=0 =0 x;EN;
Nr— k+1
By = Z Qi ( Bwl) (n§+1_n§+1)_ (Bwi) (CFH - c’-““)) 0 —xb), (A9
i=0 x;€A;

=0 x

mz PRV Bi/ﬁ G = GHOE =X, (A.5)
,EA

=
Il
Zw
q\e HM M

Gp = — Z At Z Bk+1 Qi (whH — §+1)(X§ _ X?) (A.6)
k=0

1= O.LJEA

Next, we show the limit of each quantity when m — oc.
For B,,, since XhNT = 0, we have (see [24])

Nr—1 Nr N .
Br= Y (nf" )" = ()" — (nd,40)
k=0 k=1

Nr—1 k+1 _ _k
- - Z Atm, k+1 Xh Xh - (n?wX?L)h .
k=0 Atm
From the strong convergence (3.25) and the regularity of x, we obtain

0
B, — — n—dedt—(nO,xo), as m — oo.
ap Ot

For C},, we aim to show that C,, — 0 as m — oco. To do so, we rewrite

Nr—1

=1 DY S S l0ul B (JB’T \/’““) Btk k)

i=0 x;EN;
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where

2
k+1 k+1
O : k+1 k+1
mp (i) o o
Sk-+1 . k+1 _ _k+1
B, if n; =n;" .
From the Cauchy—Schwarz Inequality, we have
Npo1 1/2
\Cm|§g Z At, Z Z ‘Q”|Bk+1 k+1 _ §+1)2
= OxJEA
Np—1 1/2
y Z AL, Z 3 |Q”|( [ - /5 ) B )2
=0 x;EN;

The first term on the right-hand side is bounded from (3.15). The second term, that we denote by R,,, is
handled using Lemma A.1 in [14]. Indeed, we denote for each K € T"m,

—k+1 k+1 k+1
= max
UN7e GK(nh ) )

T

S k+1
My = mmin (,70),

and we define the uniformly continuous function /b o7, defined on the interval [0,7(1)], such that for each
K ¢ Thn,

BE — M=), Ve KN,

Therefore, we have

—kZ_ 5> 5 1wl (VBT VBT -y

i= OxJeA
-1 Np,

k+1 K k+1 _  k+1

< Atmz((n; “)ZZICM k)2,

k=0 KeThm 1=0 x;EA;
From the regularity of y, we know that Zivzho ;€A |Qij] (X';H'1 — X?H)Q is bounded and we obtain
Ry <C | wmd =) de dt.

Qr

From Lemma A.1 in [14], we obtain R,, — 0, as m — oo, hence, Cy,, — 0. Using similar arguments, we have

FE,, — 0, as m — oo.
We now turn to the convergence of D,,. To this end, we define two piecewise constant quantities on each

element K € Thm
Ohp.aty = Voo (Th,ae,), and T ae, (63) =04, A, (bor), Vo e K, te (" 5.

Then, we define

!

Dm = _ C—)hmyAtnzvnhnuAtn‘L . VxhnnAtvn d'/E dt’
Qr

Nr—1

=1 At Y Onan 30 D 1Qul (0 =0 =),
k=0

KeThm €K ;€ KNA;
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From a generalization of Lemma A.1 in [14], and the boundedness of the two previous quantities, we have, as
m — 00,

@hvatm — \/b(n), in LQ(QT),
Lh,..at, — n(n), in L*(Qr),

from which we conclude

D, — g A Vb(n)Vn(n) - Vx dz dt, as m — occ.
T

However, we need to show that |D,,, — D/,| — 0 as m — oo. We use similar arguments as to show that C,,, — 0.
Indeed, we rewrite

Nr—1

DDy =2 5 A, Yy Qul (VBET - Vel ) (= i - )

1=0 KeThm:x;cK x; EKNA;

with /ay abtl = G)’H'1 we are in position to repeat the arguments presented for the convergence of C,, — 0 and
we do not repeat them here. Therefore, we obtain, as m — oo,

D,, — — \/ n)Vn(n) - Vx do dt.

The same arguments are also applied to the convergence of F;, to obtain, as m — oo,

\/ b)Y (n)V¢(n) - Vx dz dt.

The last term of the first equation to analyze is G,,. We repeat again the same arguments. We use the previously
defined quantities Oy, a¢,, and I'y, a¢,, . Then, we define

ms ms m

G, = l/ (Ohp,atn)*Vwh,, At - VXAt Az dt,
g Qr
Nr—1
_ 7 S A © k+1 k+1 k. k
== D At Y Onean)? Y, Y 1@yl Y = xb),
k=0 KecThm ;€K x; €KNA;

and we have, as m — oo,
G, — x b(n)Vw - Vx dz dt.
ag Qr
We still have to prove that D,, — D/, — 0 as m — oco. Since we have

P+ 2 2| k1 k+l
B = (On,,.at,) ’SCW ‘UKJr 77K+ ;

we obtain the result using similar arguments as for the convergence of R,,. In the limit m — oo, we obtained
the first equation of the weak system defined in (1.1).

For the second equation, we obtain the limit equation using the weak convergence of wy,, a¢,, given by (3.26),
the strong convergence of wy,, ¢, given by (3.25), the continuity of ¢’ (-), and the strong convergence of
N, At,, given by (3.27).

This concludes the proof of Theorem 3.14.
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