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CONVERGENCE OF A FINITE-VOLUME SCHEME FOR A
DEGENERATE-SINGULAR CROSS-DIFFUSION SYSTEM
FOR BIOFILMS

ESTHER S. DAUS, ANSGAR JUNGEL, AND ANTOINE ZUREK

ABSTRACT. An implicit Euler finite-volume scheme for a cross-diffusion system modeling
biofilm growth is analyzed by exploiting its formal gradient-flow structure. The numerical
scheme is based on a two-point flux approximation that preserves the entropy structure
of the continuous model. Assuming equal diffusivities, the existence of nonnegative and
bounded solutions to the scheme and its convergence are proved. Finally, we supplement
the study by numerical experiments in one and two space dimensions.

1. INTRODUCTION

Biofilms are organized, cooperating communities of microorganisms. They can be used
for the treatment of wastewater [11, 22|, as they help to reduce sulfate and to remove
nitrogen. Typically, biofilms consist of several species such that multicomponent fluid
models need to be considered. Recently, a multi-species biofilm model was introduced by
Rahman, Sudarsan, and Eberl [24], which reflects the same properties as the single-species
diffusion model of [16]. The model has a porous-medium-type degeneracy when the local
biomass vanishes, and a singularity when the biomass reaches the maximum capacity,
which guarantees the boundedness of the total mass. The model was derived formally
from a space-time discrete walk on a lattice in [24]. The global existence of weak solutions
to the single-species model was proved in [17], while the global existence analysis for the
multi-species cross-diffusion system can be found in [15]. The proof of the multi-species
model is based on an entropy method which also provides the boundedness of the biomass
hidden in its entropy structure. Numerical simulations were performed in [15, 24|, but no
numerical analysis was given. In this paper, we analyze an implicit Euler finite-volume
scheme of the multi-species system that preserves the structure of the continuous model,
namely positivity, boundedness, and discrete entropy production.
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The model equations for the proportions of the biofilm species u; are given by
u;ig(M)
p(M)

where Q C R? (d > 1) is a bounded domain, a; > 0 are some diffusion coefficients, and
M = %", u; is the total biomass. The proportions u;(z,t) are nonnegative and satisfy
M < 1. We have assumed for simplicity that the functions p and ¢ only depend on the
total biomass and are the same for all species. The function p € C*([0, 1]) represents how
favorable the current location is for incoming biofilm species. If the surrounding location
is not able to accomodate more biomas, i.e. M = 1, then the species cannot move, i.e.
p(M) = 0. In particular, the function p is decreasing. To recover the single-species model
of [16] (see (5) below), we choose

00 [ e as
2 00 =5 [ s >0

where a, b > 1 (see the Appendix for details). Equations (1) are complemented by initial
and mixed boundary conditions:

(1) O +divF; =0, F;=—a;p(M)*V inQ, t>0,i=1,...,n,

(3) w(0)=u) inQ, i=1,...,n,
(4) w=uP’ onl? VF-v=0 onI?V,
where u” = (uP, ..., uP) is a constant vector such that Y .  uP < 1, TP is the contact

boundary part, I'V is the union of isolating boundary parts, and 9Q = I'P? UTY. We refer
to Appendix A for details on the modeling assumptions and the derivation of the model.
We recover the single-species model of [16] if all species are the same and all diffusivities

a; are equal, oy = 1 for i = 1,...,n. Indeed, summing (1) over i = 1,...,n and using
definition (2), it follows that
, Mq(M) . Mo
5 oM =d M?*V——-> | =div|( ———=VM
©) =i (oo ) = v (2w ).

which makes the degenerate-singular structure of the model evident.
Equations (1) can be written as the cross-diffusion system

(6) Oyu; — div (ZAZ']‘(U)VU]') =0 inQ, t>0,

j=1
where the nonlinear diffusion coefficients are defined by
(1) Aij(u) = idip(M)g(M) + aju; (p(M)g' (M) — p'(M)q(M)), i,j=1,...,n.

Due to the cross-diffusion structure, standard techniques like the maximum principle and
regularity theory cannot be used. Moreover, the diffusion matrix (A;;(u)) is generally
neither symmetric nor positive definite.
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The key of the analysis, already observed in [15], is that system (6)-(7) allows for an
entropy or formal gradient-flow structure. Indeed, introduce the (relative) entropy

H(u) = /Qh*(u]uD)da:, where
W (ulu®) = h(u) = h(u?) = ' (u?) - (u —u),

n M

h(u) = Z (ui(logu; —1) +1) + i log Z%ds,

defined on the set

(8) (’):{u:(ul,...,un)E(O,oo)”:éui<1}.

A computation gives the entropy identity [15, Theorem 2.1]

2

uig(M) dz = 0.

p(M)

Thus, H is a Lyapunov functional along the solutions to (1). Moreover, under some
assumptions on p, the entropy production term (the second term on the left-hand side)
can be bounded from below, for some constant C' > 0, by

> [ porr|oy 200
9) > c/ (]y_ 1|vi/ﬂid +Z/ M)|V /w2 de,

yielding suitable gradient estimates. Moreover, it implies that (1 — M)1~°~* is integrable
for some k > 0, showing that M < 1 a.e. in 2, ¢ > 0, which excludes biofilm saturation
and allows us to define the nonlinear terms.

Another feature of the entropy method is that equations (1), written in the so-called
entropy variables w; = Oh*/0u;, can be written as the formal gradient-flow system

Oru — div(B(w)Vw) =0

with a positive semidefinite diffusion matrix B. Since the derivative (h*)' : O — R" is
invertible [15, Lemma 3.3], u can be interpreted as a function of w, u(w) = [(h*)]~}(w),
mapping R"” to O. This gives automatically u(w) € O and consequently L*> bounds
without the use of a maximum principle. This property, for another volume-filling model,
was first observed in [7] and later generalized in [19]. The aim of this paper is to derive and
analyze a finite-volume scheme for (1)-(4) which preserves the above-mentioned features
of the continuous equations.

In the literature, there exist also other biofilm models. For instance, the authors of [26]
proposed a biofilm growth model, surrounded by fluid flow, which takes into account the
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growth, decay, detachment, and adhesion of biofilms. Using a finite-volume method, the
authors studied numerically the evolution of biofilms for different strengths of the flow.
Finite-volume-based schemes were developed in [25] for the simulation of biofilm processes
in closed conduits, like a piper. The authors studied numerically the properties of their
scheme and in particular its sensitivity to the variation of some numerical (time step, grid
size) and physical parameters (length of the piper, initial thickness of the biofilm).

Finite-difference schemes were also proposed in the literature for the discretization of
hyperbolic biofilm models. In particular, one-dimensional simulations are presented in
[27] for a phase-field model, which takes into account the biofilm growth, its deformation,
and the detachment phenomena, while in [28] the authors exhibited some two-dimensional
simulations for the same model. We also mention [13], where a nonlinear hyperbolic system
for the formation of biofilms was derived. Using an explicit-implicit method in time and a
finite-difference method in space, the authors showed simulations of their model in three
space dimensions.

Closer to our numerical study is the work [23], where the authors proposed a finite-
volume discretization of single-species biofilm models including degenerate, singular, and
cross diffusion terms. One of these diffusion effects is given by (5). However, no numerical
analysis was performed in [23]. Such an analysis is provided in this paper.

To this end, we propose an implicit Euler scheme in time (with time step size At) and
a finite-volume discretization in space (with grid size parameter Ax), based on two-point
approximations. The challenge is to formulate the discrete fluxes such that the scheme
preserves the entropy structure of the model and to design the fluxes such that we are
able to establish the upper bound M < 1 a.e. in €2, ¢t > 0. We suggest the discrete fluxes
(19), where the coefficient p(M)? is replaced by (p(Mg)? + p(M)?)/2, and K and L are
two neighboring control volumes with a common edge (see Section 2.1 for details). We
establish a discrete counterpart of (9) in Lemma 4.3. This result is proved by exploiting
the properties of the functions p and ¢ (see Proposition 4.1 and [15, Lemma 3.4]) and
distinguishing carefully the cases M <1 —0 and M > 1 — ¢ for sufficiently small 6 > 0.
However, due to the lack of chain rule at the discrete level, we cannot conclude that the
“discrete” biomass satisfies M < 1. To overcome this issue, we need to assume that the
diffusivities are all equal. Then, summing the finite-volume analog of (1) overi =1,...,n,
we obtain a discrete analog of the diffusion equation (5) for M that allows us to apply a
discrete maximum principle, leading to M < 1.

Our results can be sketched as follows (see Section 2.3 for the precise statements):

(i) We prove the existence of finite-volume solutions with nonnegative discrete propor-
tions u; x and discrete total biomass My < 1 for all control volumes K.
(ii) The discrete solution satisfies a discrete analog of the entropy equality (which be-
comes an inequality in (24)) and of the lower bound (9) for the entropy production.
(iii) The discrete solution converges in a certain sense, for mesh sizes (Az, At) — 0, to
a weak solution to (1).

There are several finite-volume schemes for other cross-diffusion systems in the mathe-
matical literature. Most of the works exploit the entropy structure of the equations, except
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[21] where the Laplacian structure of a population model is exploited to design a conver-
gent linear finite-volume scheme. For instance, in [2, 3, 4], the sum of the L*norm of the
population densities is used as a Lyapunov functional to perform a numerical analysis for
finite-volume schemes for various cross-diffusion models. Closer to the framework of this
paper are the works [1, 8, 10], where the authors used, roughly speaking, a Boltzmann-type
entropy functional to prove the convergence of some two-point flux approximation schemes
for a seawater intrusion model [1], a model which describes the physical vapor deposition
process [10], and an ion transport model [8].

One of the main difference, and also one of the main difficulty, of this work compared
to the literature comes from the strategy used for the existence proof. Indeed, in [1, 8, 10]
the authors are able to prove the nonnegativity (as in [2, 3, 4]) and upper bounds on
the solutions to their schemes thanks to some weak maximum principle, and they deduce
the existence of finite-volume solutions via a topological degree argument. Then they
established a discrete version of the entropy-dissipation inequality which enables them to
obtain uniform estimates needed for their convergence proofs. However, for system (1)-(4),
even if the assumption on the diffusion coefficients provides an upper bound for M, no
a priori estimates are available to show the nonnegativity of the densities u; by using a
maximum principle.

Instead, we adapt at the discrete level the so-called boundedness-by-entropy method
[7, 19]. In this method, we use the (relative) entropy density h* to prove the nonnegativity
and the existence of a solution to the scheme thanks to a discrete entropy inequality and
the application of a topological degree argument; see Theorem 2.1. The adaptation of this
technique to the discrete level represents the first main originality of this work. We remark
that this strategy is also applied in [20] to prove the existence (and the convergence) of a
finite-volume scheme for a population cross-diffusion system.

The second difficulty is the derivation of suitable discrete gradient estimates by proving a
lower bound for the entropy production. We are able to “translate” (9) to the discrete case;
see Lemma 4.3. This proof uses a Taylor expansion of z — +/¢q(x)/p(x) and a monotonicity
property of this function. This is the second main originality of the paper.

The paper is organized as follows. The notation and assumptions on the mesh as well as
the main theorems are introduced in Section 2. The existence of discrete solutions is proved
in Section 3, based on a topological degree argument. We show a gradient estimate, an
estimate of the discrete time derivative, and the lower bound for the entropy production in
Section 4. These estimates allow us in Section 5 to apply the discrete compactness argument
in [5] to conclude the a.e. convergence of the proportions and to show the convergence of
the discrete gradient associated to V(u;q(M)/p(M)). The convergence of the scheme is
then proved in Section 6. In Section 7, we present some numerical results in one and
two space dimensions. They illustrate the L?-convergence rate in space of the numerical
scheme, show the convergence of the solutions to the steady states and the evolution of
the relative entropy functional.
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2. NUMERICAL SCHEME AND MAIN RESULTS

In this section, we introduce the numerical scheme and detail our main results.

2.1. Notation and assumptions. Let 0 C R? be an open, bounded, polygonal domain
with 00 = TP UTN € C%, TP NTY = ), and meas(I'?) > 0. We consider only two-
dimensional domains {2, but the generalization to higher dimensions is straightforward.
An admissible mesh M = (T,&,P) of Q is given by a family 7 of open polygonal control
volumes (or cells), a family £ of edges, and a family P of points (zx)xer associated
to the control volumes and satisfying Definition 9.1 in [18]. This definition implies that
the straight line between two centers of neighboring cells Tx 7, is orthogonal to the edge
o0 = K|L between two cells K and L. The condition is satisfied by, for instance, triangular
meshes whose triangles have angles smaller than 7/2 [18, Examples 9.1] or Voronoi meshes
[18, Example 9.2].

The family of edges £ is assumed to consist of the interior edges o € & satisfying o € €2
and the boundary edges o € & fulfilling o C 0€2. We suppose that each exterior edge
is an element of either the Dirichlet or Neumann boundary, i.e. Eo = E2, U ELY,. For a
given control volume K € T, we denote by Ex the set of its edges. This set splits into
Ex = Emx UED et J¢ U EN ext,fc- Tor any o € &, there exists at least one cell K € T such that
o € Ek. We denote this cell by K,. When ¢ is an interior cell, 0 = K|L, K, can be either
K or L.

The admissibility of the mesh and the fact that €2 is two-dimensional implies that

(10) SN m(o)d(zk,0) <2 m(K) = 2m(€Q),
KeT o€l KeT

where d is the Euclidean distance in R? and m the 1 or 2-dimensional Lebesgue measure.
Now, let 0 € £ be an edge. We define

d. — d(fﬂK,.TL) ifO':K‘LEEint,
77 d(zk,o0) it 0 € Eext k>

and the transmissibility coefficient is defined by
M
d, ’
Figure 1 illustrates an admissible mesh of = (0, 1)? composed of triangles.

We assume that the mesh satisfies the following regularity requirement: There exists
& > 0 such that

(12) d(zg,0) >&d, forall K eT, o€ k.

(11) Toe =

The size of the mesh is denoted by Ax = maxger diam(K).

Let N7 € N be the number of time steps, At = T'/Nr be the time step and set ¢, = kAt
for k = 0,..., Np. We denote by D an admissible space-time discretization of Qr =
2 x (0,7) composed of an admissible mesh M of Q and the values (At, Nr). The size of
D is defined by 1 := max{Az, At}.
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o = K|L € &t
gint

K

FIGURE 1. Example of an admissible mesh composed of triangles (inspired
by an illustration in [9]).

As it is usual for the finite-volume method, we introduce functions that are piecewise
constant in space and time. A finite-volume scheme provides a vector vr = (vg)ger € R#T
of approximate values of a function v and the associate piecewise constant function, still

denoted by v,

v = Z VK 1K7

KeT

where 1k is the characteristic function of K. The vector vy, containing the approximate
values in the control volumes and the approximate values on the Dirichlet boundary edges,
is written as vy = (vr,vep), where vep = (Uo—)o.eth € R#Es. For a vector vy, we
introduce for K € T and o € £ the notation

Uy, lfO':K|L egint,K;
(13) VKo = Vo ifoe ggct,Kv

vg  ifoe&lk
and the discrete gradient
(14) D,v = |Dg,v|, where Dk ,v = vk, — Vk.

The discrete H'(€2) seminorm and the (squared) discrete H'(£2) norm are then defined by

1/2
15 Jomlizm = <Z%(Dav)2) s ol o = loamdB o + loalf o,
oe&
where || - |lopm denotes the LP(€2) norm

1/p
londllopat = ( 3 m<K>|vK\P) Vi<p<oo

KeT

2.2. Numerical scheme. We are now in the position to define the finite-volume dis-
cretization of (1)-(4). Let D be a finite-volume discretization of Q7. The initial and
boundary conditions are discretized by the averages

o _ 1 / 0
(16) ui’K_m(K) Kui(x)dx for K €T,
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1
(17) ul = /ulpds forocc&l, i=1,...,n

1,0 HI(O') ext’

We suppose for simplicity that the Dirichlet datum is constant on I'” such that ufg = uP

for i = 1,...,n. Furthermore, we set u}, = u for o € £L, at time ;.
Let uf; be an approximation of the mean value of u;(-, %) in the cell K. Then the
implicit Euler finite-volume scheme reads as

(18) D) ki) + Y Fhea =0,

oe€i
Eg(MF)

19 k :_UikQDo_uzq<

( ) 'Fz,K,a T@(pa) K, ( p(Mk) )

where K € T, 0 € £k, i =1,...,n, and the value p* is defined by

p(MFE)? + p(M ,)?
2 b

(20) () =

recalling definition (11) for 7, and notation (13) for M .

Observe that definitions (13) and (14) ensure that the discrete fluxes vanish on the
Neumann boundary edges, i.e. Ffr, = 0forall o € £Y, f, k € N, and i = 1,...,n. This
is consistent with the Neumann boundary conditions in (4)

For the convergence result, we need to define the discrete gradients. To this end, let
the vector uys = (ur,ugn) as defined before. Then we introduce the piecewise constant
approximation up = (u1p, ..., U, p) by

(21) UZD x, t Z uzKlK for x € Q, te (tk_l,tk],
KeT
(22) wp(r,t) =u forzelPi=1,...,n.

For given K € T and o € &k, we define the cell Tk, of the dual mesh as follows (see
Figure 2):

o If o = K|L € &t i, then Tk, is that cell (“diamond”) whose vertices are given by
Tk, rr, and the end points of the edge o.

o If 0 € Ext i, then Tk, is that cell (“triangle”) whose vertices are given by xx and
the end points of the edge o.

An example of a construction of such a dual mesh can be found in [12]. The cells Tk,
define a partition of 2. The definition of the dual mesh implies the following property. As
the straight line between two neighboring centers of cells Txgz is orthogonal to the edge
o = K|L, it follows that

(23) m(o)d(zg, ) =2m(Tk,) forall o = K|L € En k-
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<> edges of the dual mesh

FIGURE 2. The dual mesh associated to the primal mesh of Figure 1 (in-
spired by an illustration in [9]).

We define the approximate gradient of a piecewise constant function up in Q7 given
by (21)-(22) as follows:

m(c)
m(TKJ)

where the discrete operator Dy, is given in (14) and vk, is the unit vector that is normal
to o and points outward of K.

VDUD(JI,t) = DK’UUk VK o for xz € TK,U; t e (tk—btk];

2.3. Main results. Our first result guarantees that scheme (16)-(20) possesses a solution
and that it preserves the entropy dissipation property. Let us collect our assumptions:

(H1) Domain: © C R? is a bounded polygonal domain with Lipschitz boundary 9Q =
rPyry, 1PNy =@, and meas(oT'”) > 0.

(H2) Discretization: D is an admissible discretization of Q7 satisfying the regularity con-
dition (12).

(H3) Data: u® = (uf,...,u) € L*(Q;[0,00)") , uP = (uP, ..., uP) € (0,00)" is a constant
vector, Y o ud <1in§Q, > uP <1,and aq,...,a, >0, a,b>1.

(H4) Functions: p € C'([0,1]; [0, 00)) is decreasing, p(1) = 0, and there exist ¢, x > 0 such
that limps_,1(—(1 — M) *p/(M)/p(M)) = c. The function ¢ is defined in (2).

For our main results, we need the following technical assumption:

(A1) The diffusion constants are equal, o; =1 fori =1,...,n.

Remark 2.1 (Discussion of the hypotheses). The assumption on the behavior of p when
M — 1 quantifies how fast this function decreases to zero as M — 1. An integration
implies the bound

p(M) < Kyexp(—Ko(1—M)™™) for 0 < M <1,

with K and K5 some positive constants. We imposed this technical assumption to show a
discrete version of (9), following the proof of [15, Lemma 3.4]; see Lemma 4.3. The lower
bound on the entropy production term is needed to prove the convergence result.

The upper bound for p is also used in [15] to deduce an estimate for (1 — M)1=°=" in
LY(2), impliying that M < 1 in Q. Unfortunately, this estimate requires the multiple use

of the chain rule which is not available on the discrete level. Therefore, we assume that



10 E. S. DAUS, A. JUNGEL, AND A. ZUREK

the diffusivities o, are equal and apply a weak maximum principle to the equation for M*
to deduce the bound MF < 1 for all K € T.

In [15], the parameters in the definition (2) of ¢ need to satisfy a, b > 1. We are able
to allow for the slightly weaker condition a, b > 1; this is possible since we allow for equal
diffusivities (condition (Al)). O

We introduce the discrete entropy
H(uly) = Y m(K)h" (ufelu”),
KeT
where
R (ujelu®”) = h(uf) — h(u®) = 1 (W?) - (uf —u”)

n

k
with h(uf,) = E (uf c(loguf x — 1 o als)
K) = i,k 108 U; ¢ ) + 1) + log p(s)ds
i=1 0

is the relative entropy density.
Theorem 2.1 (Existence of discrete solutions). Let hypotheses (H1)-(Hj) and (A1) hold.

Then there exists a solution (W) ke, k=0,..Ny With Wi = (uf ;... ul 1) to scheme (16)-
(20) satisfying

u?,KZOv Mﬁ:ZuiKSM* for K €T, k=0,..., Np,
i=1

where M* = sup,.o{MP, M°(z)} < 1. Moreover, the discrete entropy dissipation inequal-
ity

(24) H(ufy) + ALY Li(uhy) < H(uly'), k=1,...,Nr,
=1

holds with the entropy dissipation

(25) Ii(uky) _Zn,@f;f(a,( %))2 i=1,...,n.

oe&

For the convergence result, we introduce a family (D,),~o of admissible space-time dis-
cretizations of @ indexed by the size n = max{Ax, At} of the mesh. We denote by
(M,;))y>0 the corresponding meshes of 2. For any 1 > 0, let u, := up, be the finite-volume
solution constructed in Theorem 2.1 and set V" := VPn,

Theorem 2.2. Let the hypotheses of Theorem 2.1 hold. Let (D;)),>0 be a family of admis-
sible discretizations satisfying (12) uniformly in n. Furthermore, let (u,),>0 be a family of
finite-volume solutions to scheme (16)-(20). Then there exists a function u = (uy, ..., uy,)
satisfying u(z,t) € O (see (8)) such that

Uip = U ae nQr, t=1,...,n,
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n n
M, = Zum — M = Zu, <1 ae Q@
i=1 i=1

The limit function satisfies the boundary condition in the sense
wig(M)  uPq(MP)
p(M) — p(MP)

with H5(Q) :== {v € H*Q) : v =0 on TP} and it is a weak solution to (1)-(4) in the sense

€ L*(0,T; Hp(9)),

n

(26) z; < /O ' /Q w;0pidadt + /Q u?(x)gb(x,())dx)

= i/OT/Qp(M)QV(ugZ%)) v
for all ¢; € C§°(Q2 x [0,T)). -

We also need the assumption o; = 1 for7 = 1, ..., n for the proof of Theorem 2.2. Indeed,
due to the lack of chain rule at the discrete level, it is not clear how to identify the weak limit
of the term p(M,)*V"(u;,q(M,)/p(M,)). Another difficulty comes from the degeneracy
of p when M = 1, which prevents the proof of a uniform bound on V"(u; ,q(M,)/p(M,))
from the entropy inequality (24). Our strategy relies on the uniform upper bound satisfied
by M, obtained in Theorem 2.1. Thanks to this bound, the monotonicity of p, and the
inequality (24), we can establish a uniform bound on the L? norm of V"(u; ,q(M,)/p(M,))
and identify its weak limit. The numerical experiments in Section 7 seem to indicate that
the assumption «a; = 1 is purely technical and that the scheme still converges in the case
of different diffusivities.

3. EXISTENCE OF FINITE-VOLUME SOLUTIONS

In this section, we prove Theorem 2.1. To this end, we adapt the entropy method used
in [15] to the discrete level. The idea is to solve a regularized version of scheme (18)-(19) in
the entropy variable which ensures that the proportions u; of the biofilm species belong to
the set O, defined in (8). First, we define a fixed-point operator that provides the solution
to the linearized problem. Then the existence of a fixed point is shown by a topological
degree argument that is based on a discrete entropy inequality. Finally, we perform the
limit when the regularization terms vanish.

3.1. Proof of Theorem 2.1. We proceed by induction. For k = 0, we have v° € O with
uw) >0 for K € T,i=1,...,n by assumption and M° < M* = sup,.o{MP?, M°(z)} by
construction. Assume that there exists a solution ulj\/_l ! for some k € {1,..., Ny} such that

n
upr' >0, ME'=>"ull <MT for KeT.
=1
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The construction of a solution u%, is divided into several steps.

Step 1. Definition of a linearized problem. We introduce the set

7 = {wM = (Wipy -+ W) Wie =0 for o € EL
lwimll12m < oo fori=1,... ,n}.
Let € > 0. We define the mapping F. : Z — R by F.(wap) = wSy, with 0 = #T + #EP,
where wi, = (W] v, - -, w;, o) is the solution to the linear problem
: m(K)
(27) = > 7o Dicowf +m(K)wiy | = —( o (s — w5+ Y Fka ).
o€€k o€EK
forKGT,i:L...,nwith
3.bc| (28) ,=0 foroe&l i=1,...,n

Here, u; k is a function of w; , defined by

ui ik q(Mr) —log uPq(MP)
p(Mk) p(MD)

and F; i, is defined in (19). Note that F; x, depends on wpq via upy and M.

It is shown in [15, Lemma 3.3] that the mapping O — R", ux — wg, is invertible. For
the convenience of the reader, we recall briefly the argument. We rewrite (29) as

; UD Ui K Q(MK)/Z?(MK) .
(30) 775 SP(WiK) = 775 LD /p(MD) foral KeT,i=1,....n

sum this identity over i = 1,...,n, and introduce the function ®(M) = Mq(M)/p(M):

w
=

(29) w; i = log

1=1,...,n,

n

(M) = (M) Y 15

=1

(wi i) forall K eT.

Since @ is increasing, ®(0) = 0, and lim;,; (M) = oo, there exists a unique solution
My € (0,1) to this nonlinear equation. Using this value in (30), we obtain immediately
the invertibility of O — R", ux + wg. This shows that ux = u(wg) is well-defined and
ug € O. We infer that F; g, is well-defined too. Since My = Z?:l u; i, we infer that
0 < u;x < 1. Definitions (13) and (14) ensure that Dy w§ = 0 for all o € ) ;. The
existence of a unique solution w5 to the linear scheme (27)-(28) is now a consequence of
[18, Lemma 9.2].

Step 2. Continuity of F.. We fix i € {1,...,n}. We derive first an a priori estimate for
w; o Multiplying (27) by w; g, summing over K € 7 and using the symmetry of 7, with
respect to o = K|L, we arrive at

ey To(Dowf)? +e Y m(K)|wfp|* = —ngj)(uix—uzk — Y Fikoew

e KeT KeT oe&

K=K,
(31) =i+ Jy,
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where in the term J; the sum is over all edges o € £, and to each given o we associate the
cell K = K,. For the left-hand side, we use the definition (15) of the discrete H'(€) norm

e To(Dowf)* + 2 Y m(K)|wf e |* = eflwf uqllF o0
el KeT

By the Cauchy-Schwarz inequality and definition (19) of F; k,, we find that

< 5 2 () uarc = ) 1/2( > ) i) "

1 _
< EHW’M — uf llozom 11wl 12,0,

o (5o

o€

=K,

< (S (o)) ()

el el

| Jo]

IN

Since My € (0,1) for all K € T, w; k ¢q(Mg)/p(Mk) is bounded. Moreover, p, < p(0) as p
is decreasing. Hence, there exists a constant C'(M) > 0 which is independent of w; , such
that [Jo] < C(M)||w; (1,20 This constant does not depend on u; x € [0,1). Inserting
these estimations into (31) yields

(32) Vellw; pmllrzm < C(M),

where C'(M) > 0 is independent of w; .

We turn to the proof of the continuity of F.. Let (w}y)men € Z be such that w — way
as m — oo. Estimate (32) shows that w}y" := F.(w}y) is bounded uniformly in m € N.
Thus, there exists a subsequence of (wf") which is not relabeled such that wiy" — w,
as m — oo. Passing to the limit m — oo in scheme (27)-(28) and taking into account
the continuity of the nonlinear functions, we see that wf ,, is a solution to (27)-(28) and
wi, = F.(wa). Because of the uniqueness of the limit function, the whole sequence
converges, which proves the continuity.

Step 3. Existence of a fixed point. We claim that the map F. admits a fixed point.
We use a topological degree argument [14], i.e., we prove that §(I — F., Zg,0) = 1, where
0 is the Brouwer topological degree and

Zr={wm € Z: wiml|igm <R fori=1,...,n}.

Since § is invariant by homotopy, it is sufficient to prove that any solution (w5, p) €
Zp % [0,1] to the fixed-point equation ws, = pF:(wS,) satisfies (wi,, p) &€ 0Zg x [0, 1] for
sufficiently large values of R > 0. Let (w5, p) be a fixed point and p # 0, the case p =0
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being clear. Then wy ,, solves

(33) ( Z TJDKJUJ +m(K) ZK> = _p(mé}:> (UZK _UlK Z )a

0EEK o€fk

where F ., is defined as in (19) with w4 replaced by v, which is related to wj, by (29).
The followmg discrete entropy inequality is the key argument.

Lemma 3.1 (Discrete entropy inequality). Let the assumptions of Theorem 2.1 hold.
Then for any p € (0,1] and € € (0, 1),

pH (u5 +5AtZszMH12M+pAtZ[ ) < pH(u,"),

=1 =1

usg(M)\\*
where I;(u 7, (p) ( U( ’—)) , i1=1,...,n,
M) Z p(Me)

el

with obvious notations for (pS)? and Me.

Proof. We multiply (33) by Atw;; and sum over i =1,...,n and K € T. This gives

gAtZ< Z ToW; e Dic oWy +Z |sz’2) + J3+ Jy, =0, where
i=1

aeS KeT

—No

i=1 KeT
J4—PAtZ Z P KoWiK-
i=1 Jf]%

By the symmetry of 7, with respect to o = K|L, the first term is written as

5Atz< Z ToW; i D oW; + Z |sz|2> _5At2|lszH12M
i=1

oef KeT
K=K,

=Ks

Inserting definition (29) of w; ;- and using the convexity of u +— u(logu —1) + 1, we obtain

ngpZZm(K) ZK—uzK)<logu x + log E%}ii;)

i=1 KeT
MD
_p;I;T ZK—uZK)(logu +longMD;>
> p 3" m(K) (h(us) - — ,OZ uf g — uf;)g—Z(uD)

KeT
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= p Y () (Aluf) — (u5e —uP) - W (uP))

KeT
—p Z Hl(K)(h(u];{_l) — (u’;{‘l —uP) h/(uD))
KeT
= 37 ) (0 (i) = 1 (e ) = p(H () — Hlk ).
KeT

We abbreviate vf ;- := uf  q(My)/p(Mf). Then

Jo=—pAtY " Fix,Dicol(us)

i=1 o€e€

=Ko

= pAt Z Z To (Pi)Q(UiE,K,g — 05 i) (log vf g — log i ).

i=1 o€ef
K=K,

The elementary inequality (z —y)(logz —logy) > 4(y/z — \/y)? for any x, y > 0 implies

that
n 2
ugq(Me)
Jy > 4pAt 7. (p5)? (Do< ’—)) :
2% 0T
Putting all the estimations together completes the proof. O

We proceed with the topological degree argument. The previous lemma implies that

A Y Wil [foun < pH(ulfY) < H(uf").
i=1

Then, if we define
H(uk1 1/2
pe ()
eAt
we conclude that wj, & 0Zg and 6(I — F;, Zg,0) = 1. Thus, F; admits a fixed point.

Step 4. Limit ¢ — 0. We recall that uj, € O. Thus, up to a subsequence, Uy — Upm € @]
as € — 0. We deduce from (32) that there exists a subsequence (not relabeled) such that
ew; g — Oforany K € T andi = 1,...,n. In order to pass to the limit in the fluxes F7x ,
we need to show that Mk = >  u;x < 1 for any K € T. To this end, we establish the
following result:

.borne.sup| Lemma 3.2 (L? estimate). Let the assumptions of Theorem 2.1 hold. Then for all € > 0,
there exists a constant C' > 0 depending on H(u'jv_tl), Q, At, the mesh T, and M* =
sup,e{MP, M°(z)} such that

.borne.sup| (34) Z m(K) ([M — M*]+)2 < C /e,

KeT

where zt = max{z,0}.
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Proof. Let € > 0 be fixed. Then, summing (33) over 4, we obtain

- £ € MIE( B Mik(_l
gz — Z To Dk ow; + m(K)wLK + m(K)T
i=1

o€k
+3 ) Fik,=0 forall KeT.

Multiplying this equation by A¢[M5 —M*]*, summing over K € T, and using (2% —y?) <
x(z — y), we obtain

m(K
2 (0 — MR~ M MR) < Tt ot

KeT

where

Js = —Atz Z Fir oMy — M4,

i=1 o€e&

=Ko

Jo = eAtEn: Y TeDrowi[Mi — M]*,

i=1 o€e&

Jr=—eAtY > m(K)w  [Mf — M*]*.
i=1 KeT
We use discrete integration by parts to rewrite J; as
Meqg(Me®
=t Y s (200

ocel p(ME)
K=K,

) Dy o [M*® — M*]*.

We assume that for 0 € & we have My, > Mj. Then, since the function M
Mq(M)/p(M) is increasing (see definition (2)), we deduce that Dy , (M q(M?)/p(M?)) >
0. We distinguish the following cases:

o M* > Mj, > My, = Dgo[M® — M*]" = 0;

o My, > M*> My = Dg o [M®— M*|" = M, — M* > 0;

o My, > Mj > M* = Dk [M®— M*|* = My, — Mg >0.
This implies that Dy ,(M®q(M?)/p(M?)) Dy o[M® — M*|* > 0 if Mj; , > Mg. A similar
argument shows that Dg ,(Mq(M®)/p(M¢®))Dg oM — M*|* > 0 also in the case M}, >
My, and we deduce that J; < 0.

For Jg, we apply discrete integration by parts and the Cauchy-Schwarz inequality:

n 1/2 1/2
| Jg| < /2 <5At SN TU(D,,wf)?) (At > 1o (D, [MF - M*]+)2) .

i=1 oc€€& oel
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It follows from Lemma 3.1 and the L* bound M} <1 for K € T that

1/2
| Js| < 2H (ub MY (1 + M) (AtZTg) el/2,

Finally, we use the Cauchy-Schwarz inequality together with Lemma 3.1 and then the L
bound M5 <1 for K € T to estimate J;:

1/2
| J7| < eV2H (uh )2 (At > m(K) (M5 - M*}*)Q)
KeT

< H( k— 1)1/2 (1—{—M*)Atl/2 (9)1/281/2.
Gathering all the previous estimates, we deduce the existence of a constant C' > 0 such
that (34) holds. d

We conclude from Lemma 3.2 that passing to the limit ¢ — 0 in (34) that
> m(K) ([Mx — MTH)* <0,
KeT

recall that M;, — My as ¢ — 0 for K € T. This shows that M < M* < 1forall K € T.
We can perform the limit € — 0 in (33), which completes the proof of Theorem 2.1.

4. A PRIORI ESTIMATES

In this section, we establish some uniform estimates for the solutions to scheme (16)-(20).
These estimates are needed to deduce the compactness of the sequence of finite-volume
solutions obtained in Theorem 2.1. In particular, we prove a discrete gradient estimate for
V/uF and an estimate for the discrete time derivative (u ke — uZ &)/ At

We first state some technical properties satisfied by the functions p and q.

Proposition 4.1 (Properties of p and q). The function M — +/q(M)/p(M) is strictly
increasing for M € (0,1). Moreover, there ezists a constant C, such that

_ p(M)q(M)
(35) M A

Proof. The result follows from a meticulous but rather straightforward analysis as done in
the proofs of [15, Lemma 3.1, Lemma 3.4] using Hypothesis (H4). O

= Cpy € (0,00).

4.1. Gradient estimate. We deduce the following gradient estimate from the entropy
inequality (24).

Lemma 4.1 (Gradient estimate). Let the assumptions of Theorem 2.1 hold. Then there
exists a constant Cy; > 0 only depending on H(u%,), Q, ¢, p, and the upper bound M*
defined in Theorem 2.1 such that

ZAt

1Mq M./\/l)

(M)

<Cy foralll <i<n.
1,2, M
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Proof. Let i € {1,...,n}. Thanks to the uniform L> bound for u%,, it is sufficient to show
that there exists a constant C' > 0 independent of Az and At such that

Nrp k 2

U M
3 ad et
k=1 p(MM) 1,2,M

To prove this estimate, we start from the following bound which comes from the discrete
entropy inequality (24):

(36) ZNZ“’( ( ’“(%9))2%'

el

Using the inequality 22 — y? < 2z(x — y) and uivK,U < 1, we can write

ZAtZ ( (W)) <4ZNZ ZKgéle%G)(D”( %))2

<4Zm;% - ( < %))

By Proposition 4.1 and the bound Mj < M* for K € T, we obtain q(M}; ,)/p(My ) <
q(M*)/p(M*). Therefore,

> o (o () ) < S Lo (v () %)

el ocel

In view of (36), this shows the lemma. O

4.2. Estimate for the time difference. To show the convergence of the scheme, we

need an estimate for the time difference uf , — uf P

Lemma 4.2 (Time estimate). Let the assumptions of Theorem 2.1 hold. Then there exists
a constant Cy > 0 not depending on Az and At such that for all i € {1,...,n} and

¢ € O(C))O(QT)7

Z At Z —ul i ol te) < CoA|VO| oo r)-

k=1 KeT

Proof. We abbreviate ¢ := ¢(zx,t;) and fix i € {1,...,n}. We multiply (18) by Atk
and sum over K € T and k=1,...,Np

Nt
sz(K)(uﬁK_“zK ZAt Z TroPk = Ja.
k=1 KeT el

-K,



lem.lower

BIOFILM CROSS-DIFFUSION SYSTEM 19

Inserting the definition of F¥,  and using the symmetry of 7, with respect to o = K|L,
g o, K,o g y Yy

we find that
ukq(MF)
§t§jg Dk o| ——~—? | D 0"
A 7. (p) K(p<Mk>> Ko®

JES

- O'

Using the Cauchy-Schwarz inequality, we obtain |Js| < JgoJs1, where

Jso = (i Athwﬁ,Q,M) 1/2,
e (Egaen o ()

el

It follows from the mesh properties (12) and (10) that

Np 1/2
Jao < ||v¢||m<QT>(ZAth<a>da)

k=1 el

1/2
< Vel (ZAt > 3 mlo(ar.o) )

k=1 KeT oelk

21/2

1/2 2m(Q)T
< SI/QHWHMT(ZNZ ) = /2L 19010

KeT

By Lemma 4.1, Jg; < Cyp(0)%. This shows that |Js| < CoAt||V| =gy, concluding the
proof. O

4.3. Lower bound for the entropy production term. In this section we establish a
discrete counterpart of inequality (9).

Lemma 4.3 (Lower bound for the entropy production). Let the assumptions of Theorem
2.1 hold. Then there exists a constant C3 > 0 depending on p, q, a, b, and k such that for
k == 1, ey NT;

n 1 n Mk a—1 DoMk 2
EOND SVIUNEED 3) B UMV RN St o2
=1 o

i=1 oc€& ce€

where M} = 0, My 4 (1 — 0,) M, for some 6, € (0,1),
Be = min {p(Mg)g(My), p(Mg ,)a(M )},
and we recall that I;(u%,) is defined in (25).

Proof. To simplify the presentation, we omit the superindex k throughout the proof. Sum-

ming definition (25) for [;(up) over i = 1,...,n and setting f(z) = /q(x)/p(x), we
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obtain

I:= Z[i(uM) =3 3" mp(Dro(Vuif(M)))”.

i=1 o€e&

K,

We split the sum into two parts and use the product rule for finite volumes. Then [ =
Jgo + ng, where

Joo =" 3" b (Viike Dico(F(M)) + Do (V) f (M) Lty 20010

i=1 o€

=Ks

Jon =3 3" 7pA (VEx Do (F(M)) + Do (Vi) f(Mrc)) Lt <o)

i=1 o€f

=K,

A Taylor expansion of f around Mg, gives

JQO - Z Z Tcrp?y(\/ ui,K,UDK,U(M>f/(MU) + DK,O’(\/U_Z)JC(MK))Q]-{MK’GZMK}’

i=1 o€e&

=K,
. 2
Jor =Y Y 7opa(Vix Dico(M) (M) + Dico () f (Mic.0)) Vate <t
i=1 o€&
K=K,

where M, = 0, Mk, + (1 — 6,) Mg for some 6, € (0,1) and for K € T and o € Ek.
We consider the term Jyg first. Expanding the square gives three terms, Jog = Joo1 +
Joo2 + Joo3, where

n

Joo1 = Z ZTapg—f(MK)2(Da(\/u_i>)21{MK,UZMK}v

i=1 o€&
Joo2 = 2 Z Z ToDan/Wi Ko Dic.o (/1) f' (M) f (M) Drc.o (M) gty 0
1=1 o€ef

—No

n

Jooz = Z Z Tapgui,K,of/(Ma>2(DUM)Q]‘{MK,UEMK}

i=1 oc€&

= 1ePi Mo f (M) (Do M) Lty =011}

oe€

and in the last equality we used the identity Y " | u; ko = Mk,o.
Definition (20) of p? implies that p2 > p(Mg)?/2. Then, by definition of f,
1 < 2
Joo1 = 5 Z Z Top(MK)Q(MK) (Da(\/@) 1{MK,UZMK}'

i=1 og€&
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By Proposition 4.1, the function f is increasing. Together with xz(x —y) > %(xQ — %), this
gives

Joo2 > Z Z Tapg(uz',K,a - Uz’,K)f/(Ma)f(MK>DK,o(M)l{MK,gzMK}
i=1 o€e&
K

=Ks

- ZT”pi(DUM)2f/(Mcr)f(MK)l{MK,[,ZMK} > 0.

o€l

It remains to estimate Joo3. For this, we set Jooz = > ¢ Jooz(o), where

J903(J) = To'pg'MK7Uf/(MO')2(DU'M)Q]'{MK,UZMK}’

Thanks to Proposition 4.1, there exists § € (0,1/2) such that for all M, > 1 — 4,
p()a(M,) _ G
(1 — M,)t=btr = 27
where the constant Cp, > 0 is defined in (35). We distinguish the cases (i) 0 < M, <1—0
and (ii) 1 —§ < M, < 1.

Consider first case (i). Modifying slightly the proof of [15, Lemma 3.4], it holds that for
all0 < M, <1-4,

(38)

/ a p(l - (5)2Mg
f(My) > 2Maf<MU)’ p(Ms)q(My) > Wa—l-l)'

On the set {My, > Mg} we have My, > M, > Mg, and thus, p?2 > p(Mg)?/2 >
p(M,)?/2. Therefore, taking into account the definition of f,

M,)? a?
Joos(o) > Tap( 5 ) Mg o f(Ma)2(DaM)21{MK,g2MK}

&2 MK,J

= gTap<MJ)Q(MJ) 2

a’p(1 —9)? w1 M )

8ta+ p(op e g, (DM ot 2ai)
a’p(1 - 0)* a—1 2

> WTJMJ (Do M) 1 (ntye > M

where we used Mg, > M, in the last inequality. Since M, < 1—4, we have (1— M, )10+~ >

S and consequently,

a2p(1 o 5)251+b+n TaMg_l
8(a+ 1)p(0)2 (1 — M,)ltb+s

In case (ii), using Mg, > M, >1—§ and p2 > p(Mk)?/2 > p(M,)?/2, we find that

>

Joos(0) >

(DUM)Q]'{MK,UZMK}'

—_

Joos (o) > 5(1 — 5)T0p(M0')2f/<MU)2(DUM>2]‘{MK,a2MK}
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> %(1 — 0)7op(My)q(Ms) <§((]\]\;[:))

The proof of [15, Lemma 3.4] shows that there exists a constant Cy > 0 such that

2
> (Do M)*L(ar >0}

f’(iL’) 04 1
> for — 1.
o) 2 1= or 5 <<
Hence, together with (38), we infer that
1 o P(My)q(M,) —1—b—k 2
J903(0) Z 5(1 - 5)Cf4/7—0'(1 _ Mg)l_b_j’_n(]‘ - MU) (DUM> 1{MK,0'ZMK}
1
> 11— )0 O (L= My) (Do ML 2100y
1 Mafl
> Z<1 - (5>0qu27} - (DGM)21{MK,UZMK}7

(]_ _ Ma)l+b+n

where in the last step we used M, < 1 and a > 1. We have proved that in both cases (i)
and (ii), there exists a constant Cs > 0 such that

a—1

M
Jooz = Cs ZTa (1 — ]Wa )HH,,g (DUM)Z]‘{MK,UZMK}'
o€l 7

Similarly, we expand the square in Jg; such that Jg; = Jgi11 + Jg12 + Jo13, where

n

Jo11 = Z ZTapg—f(MK,o)2(Da(\/U_i))21{MK,g<MK}7

i=1 oc€&
Joz =23 3" iR Dico (V) ' (My) f (M) Do (M) Liaty <t
i=1 0—2616(‘0-
Jo13 = Z Z pog'ui,Kf,(Mo')Q(DO'M)Q]‘{MK,U<MK}'
i=1 o€&

Arguing as for the expressions Jgg; and Jyge, we obtain Jg19 > 0 and
1 n
Jo11 = 2 Z Z TO'p(MK,O')q(MK,U)<DU<\/u_i))Q]'{MK,a<MK}'
i=1 oc€&
The terms in Jg3 are studied as before for the cases 0 < M, <1 —¢ and M, > 1 — 9.
Similar computations lead to the existence of a constant C's > 0 such that

Ma—l
Jois 2 Co ZT" (1 — M,)+ots
oce€ e

(DUM>21{MK,J<MK}'

We put together the estimates for Jyg; and Jgiq,

1 .
(39) Joor + Jou1 > 5 ZTa min {p(MK)Q(MK>7p(MK,a)Q(MK,U)}(DJ\/u_i>2'

o€l
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and add Jggz and Jg;3,
Ma—l

(40) Jgog + J913 > min{C5, 06} Z To (1 M )1+b+n (DUM)Q.

el 4
Note that Jggo + Jg12 > 0. Then I > (Jgo1 + Jo11) + (Joos + Jo13) and inserting estimates
(39) and (40), we finish the proof. O

5. CONVERGENCE OF SOLUTIONS

Before proving the convergence of the scheme, we show some compactness properties
for the solutions to scheme (16)-(20). More precisely, we deduce from the compactness
criterion of [5] the almost everywhere convergence of w;,. This criterion can be seen
as a discrete “compensated compactness” result in the framework of Tartar and Murat.
Then we establish the weak convergence of (a subsequence of) the discrete gradient of
w;nq(M,)/p(M,) in L*(Qr) and the convergence for the traces in a weak sense.

Proposition 5.1 (Almost everywhere convergence). Let the assumptions of Theorem 2.2
hold and let (u,),>o0 be a family of discrete solutions to scheme (16)-(20) constructed in
Theorem 2.1. Then there exists a subsequence of (uy)yso, which is not relabeled, and a
function u = (uq, ..., u,) € L=¥(Qr)" such that, as n — 0,

Uip—u; >0 ae inQp, i=1...,n

Moreover, there exists M € L>(Qr) such that
M, = Zum — M = Zuz <1 a.e mQr.
i=1 i=1

Proof. Assumptions (Ax1l) and (A3) in [5, Theorem 3.9] are satisfied due to the choice of
finite volumes. Assumption (A;) is always fulfilled for one-step methods like the implicit
Euler discretization. Assumptions (a) and (b) are a consequence of the L> bound, while

Lemma 4.2 ensures assumption (c). Thus, the result follows directly from [5, Theorem
3.9]. O

The gradient estimate in Lemma 4.1 shows that the discrete gradient of u; ,q(M,,)/p(M,)
converges weakly in L?*(Qr) (up to a subsequence) to some function. The following lemma
shows that the limit can be identified with V(u;q(M)/p(M)).

Lemma 5.1 (Convergence of the gradient). Let the assumptions of Theorem 2.2 hold and
let (uy)y>0 be a family of discrete solutions to scheme (16)-(20) constructed in Theorem
2.1. Then, up to a subsequence, as n — 0,

V"(%]\%n) ) - v(uﬁ%)) weakly in L*(Qr),

where u; and M are the limit functions obtained in Proposition 5.1.
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Proof. The goal is to establish the limit

Ui nq(My) uinq(My) ..

V”(M)%bdxdt—l—/ IV divododt — 0 asn— 0
u/ip p(M,) + P(My)

for all ¢ € C(Qr) and @ = 1,...,n. Thanks to the proof of [12, Lemma 4.4], this

result is a direct consequence of the definition of the discrete gradient operator V" de-

fined in Section 2.2 and Lemma 4.1, which guarantees uniform estimates on the discrete
L*0,T; H'(2)) norm of u; ,q(M,)/p(M,) for i =1,...,n. O

Finally, we verify that the limit function u satisfies the Dirichlet boundary condition in
a weak sense.

Lemma 5.2 (Convergence of the traces). Let the assumptions of Theorem 2.2 hold and
let (uy)n>0 be a family of discrete solutions to scheme (16)-(20) constructed in Theorem
2.1 such that u, — w and M, — M a.e. in Qr asn — 0. Then
uig(M) — uPq(MP)
p(M)  p(MP)
Proof. Let us define v;,, := u; ,q(M,)/p(M,) for i =1,...,n. Then, using [6, Lemma 4.7]

and [6, Lemma 4.8|, we can prove, thanks to Lemma 4.1 and the L>-estimate, that up to
a subsequence, for all 1 < p < 400 as n — 0,

€ L*(0,T; Hp(%)).

u; q(M) : D .
Uiy = v = ———= strongly in LP(I'” x (0,7)), 1 =1,...,n,
n p(M) ( ( ))
see for instance the proof of [6, Proposition 4.9]. Then, up to a subsequence,
(41) vig —v; ae in [P x (0,T), i=1,...,n.
Moreover, by construction (21)-(22),
uf g(MP)
Vip(a,t) = ———2 for (z,t) €I'P x (0,T), i=1,...,n.
777( ) p(MD) ( ) ( )
Thus, we deduce from (41) that
up q(MP) D
v = ————> ae. inl” x(0,7), i=1,...,n,
p(MP) 0.7)
which concludes the proof. O

6. CONVERGENCE OF THE SCHEME

In this section, we identify, under the assumptions of Theorem 2.2, the limit function
u = (u1,...,u,) obtained in Proposition 5.1 as a weak solution to (1)-(4). For this, we
follow some ideas developed in [8, 12]. Roughly speaking, this approach consists of replacing
in the weak formulation (26) the weak solution by u, = (u1,,...,u,,). Then, applying
the convergence results proved in the previous section and passing to the limit n — 0, we
identify the function v as a weak solution. Finally, using the uniqueness result obtained
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n [15, Theorem 2.3], if a; = 1 for i = 1,...,n, we conclude that the whole sequence u,,
converges towards the weak solution of (1)-(4) when n — 0.

6.1. Convergence towards the weak solution. Let ¢ € C§°(Q2 x [0,7")) and choose
n = max{Ax, At} sufficiently small such that supp(¢) C {z € Q : d(z,0) > n} x [0,T).
In particular, ¢ vanishes in any cell K € T with K N9 # (). Again, we abbreviate
ok = p(x,ty,) and we fix i € {1,...,n}. Let

e(n) = Fiy + Fy,, where

T
Fly = —/ /uimﬁtqﬁdmdt—/uim(x,O)(é(x,O)dx,
Q

Fjy = / / (”;&% )> Vdadt,

Proposition 5.1 and Lemma 5.1 allow us to perform the limit n — 0 in these integrals,
leading to

lime(n) = —/T/ui8t¢dxdt—/ui(x,0)¢(:v,0)dx

= / / (uq% ))  Vdadt.

Therefore, it remains to prove that €(n —> 0asn—0.
To this end, we multiply (18) by Atqb and sum over K € T and k = 1,..., Ny, giving

F'+ F] =0, where

Nt
FY =% > m)(ufy —ui)oh

k=1 KeT

N
=Y Ay Y Fhok!

k=1 KeT o€,k

For the proof of e(n) — 0 as n — 0, it is sufficient to show that FJ”0 — F;7 —0asn— 0 for
j=1,2.
The arguments in [8, Section 5.2] show that

|FYo — FY| < CTm(Q)[[¢llcrgryn — 0 as n — 0.

The remaining convergence for |Fy — Fy| is more involved. First, we rewrite Fy. By the
conservation of the numerical fluxes F; i, + Fi o = 0 for all the edges 0 = K|L € &y
and the definition of F}' ,, we infer that

Nr
=D ALY D Fli,Dred"!

k=1 KeT 0€&int,
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k ufq(M* k—1
_ZAthM > TJDKU< ?](W)))DKM

k=1 KeT Uegmt K

DI M S L G P

KETO'Egth
. M n

Inserting the definition of the discrete gradient V7 = V", we can reformulate Fy as

Nr S
FQOZZZP(M@Q Z DK,J<U EZ](\% ) (Ts) / /T Vo - vk dxdt.

k=1 KeT oe&m,K

Thus, using the monotonicity of p, we have

- r 0730 Y S i, (4000

k=1 KT 0€&nt, Kk

ty DKO’¢k 1 ) ‘
: — Vo - vigdx | dt|.
/tkl ( da' m(TK:o'> TK,o ¢ o

In view of the proof of Theorem 5.1 in [12], there exists a constant Ceopns > 0 such that

tr DK ¢k 1 / ) ‘
7T Vo viodr |dt] < CoonsAtn.
/t\kl ( do' m(TKp-) TK,a ¢ o 77

Applying this inequality and the Cauchy-Schwarz inequality, we obtain
1/2
1 2,/\/1) .

|F2?70 1’<p consn(ZAtZ o> (ZAt
el

It remains to use the mesh regularity (12), property (23), and the gradient estimate given

by Lemma 4.1 to conclude that, for some constant C' > 0,

X

quk)

(42) |[Foy — F3| < C(€,C3)p(0)>n — 0 asn — 0.

We turn to the estimate of Fy,. To this end, we use the definition of (p¥)? to rewrite Fy,
as Fy, = Fohy + Fyh,, where

Nr k)2 k\2 k k
p(M 70) — p(MF) uiq(M”) -
Fln=2 80, 2 =g Dra| Sy ) Prad™ Loy

k=1 KeT aeé‘im K

) p(M)? ufq(M* _
Fyhy = Z At Z Z Ta Dk o (W) DK,a¢k 11{M}“{§M}27g}'

KeT Jeglnt K
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It follows from p(Mp) < p(Mj; ) and the inequality 2 — y* < 2z(z — y) that

Nt
Pl < 200l cnon AT S 7

k=1 KeT 0€&int,

y ‘p(Mz"é,g)Q —p(My)* [uf g q(ME ) ( ubq(MF)
Ko YR
2 p(M )

A Taylor expansion, for M* = 6, M~ + (1 — 0,) M}, for some 0, € (0,1),
P(Mf.,)* = p(MR)* = 2/ (MF)p(MF) (M, — M),
and the Cauchy-Schwarz inequality gives

(43> |F27720| < 277||¢”Cl(@ F217200F2772017 where
qu(Mk) 2 1/2
= At p - B E ,
{Z Z( ( p(MF) )) }

At Mk 2 ZKO'Q(MKO') D_M)1 1/2
Fopor = Z > b W( oM) Lo 3¢

el

Inequality (36) shows that Fih, < p(0)H (ul,)/?/p(M*).

For the estimate of Fyhy,, we use uf ;- , <1 and C7 := supgc,<p P'(2)%/p(x) < 00

is finite since M* < 1) to infer that

Nrp 1/2
Fpor < {ZAtZTUq MK0>(D M) 1{Mk ME }}

k=1 el

= 3o A3 0 - M) o)

el
(Mg )"
X (1 _ MI]%J)I-HH-H

1/2
(D,M)*1 } /
o {M,’C(>MI’“<,U} .

p(MF) )1{M}“<>M1’“<,g} :

27

(this

Set M} = 0,M}. + (1 — 0,)M}. , as in the proof of Lemma 4.3. Using the inequality

(1—Mj )0 <1 together with the monotonicity of & +— z*~! /(1 —z)~ 707",

(Mg)*~"

we obtain

1/2
2201 = {ZAtZTﬂ MKU 1 a (MKO')( _ Mk)1+b+n (DUM>21{M§(>M}C<O}} '

o€l
By (37) and the bound
M*
Mk l1—a Mk: <
( K,o) q( K,o) — (a + 1)p(M*)2 (1 _ M*)b

for all o € &,
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this expression is bounded by the entropy production which is uniformly bounded due to
the entropy inequality. We have shown that Fj,, and Fj, are bounded uniformly in n
such that (43) implies that F3,, — 0 as n — 0.

Now we rewrite |Fy,| as

Nr
il < 200 cngn S0 S

k=1 KeT aGEim,K

u'ﬁKq(MIk{) uﬁK,aq(Mlkﬁo‘) 1
Vo pag,) )RR

Arguing as for the term |Fy),|, we see that Fyh; — 0 as n — 0.
The previous convergences and (42) imply that

|Foy — Fy| < |Foy — Fh |+ |F] = 0 asn — 0.

p(ME)? — p(My; ) |l q(M5)
p(MF)

To conclude the proof of Theorem 2.2, it remains to apply [15, Theorem 2.3] which shows
the uniqueness of the weak solution to (1)-(4) (in the case a; = 1 for ¢ = 1,...,n) and
which implies in particular that the whole sequence (u,),>o converges to the weak solution.

7. NUMERICAL EXPERIMENTS

We present some numerical experiments in one and two space dimensions, when the
biofilm is composed of n = 2 different species of bacteria and the function p satisfies
hypothesis (H4) (case 1) or not (case 2).

7.1. Implementation of the scheme. The finite-volume scheme (16)-(20) is imple-
mented in MATLAB. Since the numerical scheme is implicit in time, one has to solve
a nonlinear system of equations at each time step. In the one-dimensional case, we use
a plain Newton method. Starting from u*~! = (u’f‘l,ug_l), we apply a Newton method
with precision € = 107!° to approximate the solution to the scheme at time step k. In the
two-dimensional case, we use a Newton method complemented by an adaptive time step
strategy to approximate the solution of the scheme at time k. More precisely, starting
again from v*~* = (/7! ub™"), we launch a Newton method. Then, if the method did not
converge with precision € = 10710 after at most 50 steps, we half the time step and restart
the Newton method. At the beginning of each time step, we double the previous time step.
Moreover, we impose the condition 1078 < At,_; < 1072 with an initial time step set to
Ato =107°.

7.2. Test case 1. We introduce a function p that satisfies hypothesis (H4),
(44) p(z) = exp(—1/(1 —z)) forall z € [0,1),

and we choose a = b = 2. In this case kK = 1 and

fim (0= MR
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This definition of p allows us to compute explicitly the value of ¢(M)/p(M):

" 0 L (3 1Y ),

We consider a one-dimensional test case on Q = (0,1) with ' = {0}, TV = {1},

uP = ud = 0.1, and the following initial data:

ud(z) = uf +uflpoos (), us(®)=us +uylpsos().

In Figure 3, we illustrate the order of convergence in space of the scheme. Since exact
solutions to the biofilm model are not explicitly known, we compute a reference solution
on a uniform mesh composed of 5120 cells and with At = (1/5120)2. We use this rather
small value of At because the Euler discretization in time exhibits a first-order convergence
rate, while we expect a second-order convergence rate in space for scheme (16)-(20), due to
the approximation of p(M)? in the numerical fluxes. We compute approximate solutions on
uniform meshes made of respectively 40, 80, 160, 320, 640, 1280, and 2560 cells. Finally,
we compute the L? norm of the difference between the approximate solution and the
average of the reference solution over 40, 80, 160, 320, 640, and 1280 cells at the final time
T = 1073. Figure 3 shows the results for p defined in (44) and with different choices of the
diffusivities a; and ay. We observe that the scheme converges, even when oy # ay, with
an order around two.

1071 T T 1T 17171 T T T 1171717 1071 T T 1T 17171 T T T 1171717
—— U1 —o— U1
—— U2 —— U2

1072 11077 i

L2-norm
DO
DO
L2-norm

1075 | 1 | 1075 | 1 -

1077 11077 i

L LIl L] L LIl L]
102 103 102 103
Number of cells Number of cells

FIGURE 3. L? norm of the error in space with a; = ay = 1 (left) and oy = 1
and ay = 10 (right); p is defined in (44).

Next, we consider a two-dimensional test case on Q = (0,1) x (0,1) with I'? = {y = 1},
'V =00 \T'?, uP =ul =01, a; =1, ap = 5, and the initial data

u(z,y) = up +up Lo2os(2)lpoqg(y), us(z,y) =us +2us Los08(2)L00.4y).

The mesh of Q = (0,1)? is composed of 3584 triangles.
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In Figure 4, we show the evolution of the biomass M at different times, illustrating the
convergence to the steady state. It is proved in [15, Theorem 2.2] that the convergence in
the L? norm is of order 1/t. Figure 5 (left) shows in logarithmic scale and for 7' = 110
that the convergence is slightly faster than 1/t. Numerically, we observe a convergence of
order 1/t* with w = 1.7. For larger times, the solution is close to the steady state and the
linear regime dominates.

We plot in Figure 5 (right) the behavior of the relative entropy functional H(u) versus
time. We approximate the integral between 0 and M7 of log(q(s)/p(s)), which appears in
the definition of H, by the midpoint quadrature rule according to

Mk
/ ’ log% ds ~ My log (64/<2-Mf<> (ME — 1)+ e2> — My (log ME +log2 — 1),
0
for all K € 7 and k > 0. The use of such a quadrature formula could explain why
k +— H(u*) does not converge to zero but stays “far away” from zero even for large times.

0.45

0.4

0.35

0.3

0.25

0.203
0.215

0.2025

0.21
0.202
0.205 0.2015
0.201

0.2005

0.215

0.21

0.205

0.215

0.21

0.205

-

0.214

0212

021
g 0.208
0.206
0.204

2 0.202

0.5
05
0 0

0.2012

0.201
0.2008
02006
02004
1 0.2002
0.5
0.5
0 o

FIGURE 4. Evolution of the biomass M at different times with p defined in
(44). Top left: t = 0, top right: ¢t = 1, bottom left: ¢ = 5, bottom right:

t = 10.
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1072
101 7\\\\\ T T \\HH\ T T \\HH\ T T \\HH\ | 6
s O
1076 | 14T il
o =17
—13 ] - 1 2 N
10 000 [[u(t) —uX|3
 — ~ 1/t
o 1/(1+1t)
—20 LT T T T T T T T T Lol 0 |
10 101 100 10! 102 0 5 10 15 20
t t

FIGURE 5. Convergence of the solution to the steady state in the L? norm
(left) and evolution of the relative entropy versus time (right) with p defined
by (44).

7.3. Test case 2. We use a function p that does not satisfy hypothesis (H4):

(46) p(x)=1—2z forall x €[0,1]

and take a = b = 1. Also here, we can also compute explicitly ¢(M)/p(M):
gM) M

p(M)  2(1—M)*

As before, we consider first a one-dimensional test case on Q = (0,1) with I'” = {0},
'V = {1}, v = u? = 0.1, and the initial data
ul(z) =up + U1D1[0.2,0.5} (z), ud(z)=uy + UZDl[O.E),O.S] (7).
We investigate the L?-convergence rate in space of the scheme for different values of o
and ap; see Figure 6. We use the same strategy as described in the previous section. In
particular, the scheme converges with an order around two.

Finally, we consider a two-dimensional test case on = (0,1) x (0, 1) with I'? = {y = 1},
'V =00\ TP, uP =ul =0.01, oy =1, ay = 5, and the initial data

2
1
U?(%ZU) :U?—i-max{l —82<x— g) —82(y— 5) —u{j,O},

5)° 1
uy(z,y) :u2D+max{1—82(a:—§) —82<y—§) —QUQD,O},

which is close to one in the interior of the domain; see Figure 7 (top left). Again, we choose
a mesh of Q = (0,1)? consisting of 3584 triangles.

In Figure 7, we show the evolution of the biomass M at different times. We observe
even in this case and with different diffusivities that the discrete biomass M stays strictly
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FIGURE 6. L? norm of the error in space with a; = ay = 1 (left) and oy = 1
and ap = 10 (right); p is defined in (46).

smaller than one. This is not surprising since the equation for the biomass is of fast-
diffusion type when 1 — M =~ 0 such that the diffusion is very fast. Because of the mixed
boundary conditions, the biomass converges to a nonconstant steady state.

In Figure 8 (left), we investigate the rate of convergence of the solution to the steady
state u® = uP and u® = uf. We show the (squared) L? norm of the difference between
u; and u$® in logarithmic scale with final time 7" = 130. Similarly to the previous case, the
rate of convergence in the L? norm seems to be better than that one obtained analytically
in [15, Theorem 2.2], which is of order 1/t. Numerically, we observe a convergence of order
1/t with a = 1.6.

Finally, for T' = 2, we illustrate the behavior of the relative entropy functional H; see
Figure 8 (right). The relative entropy can be computed explicitly thanks to

q(s) ;

ME ME
/ log ——ds = M} log (— + 1) —2(ME —1)log(1 — M},
0 p(s) 2

where K € T and k£ > 0. The numerical results indicate that H is also a Lyapunov
functional for system (1)-(4), even if the assumptions of [15] are not satisfied, and that

scheme (16)-(20) preserves the entropy structure of the model, even when the assumptions
of Theorem 2.1 do not hold.

APPENDIX A. MODELING

We briefly recall the modeling assumptions and the derivation of equations (1) from a
lattice model. For details and references, we refer to [15, Appendix A]. We consider the
evolution of the proportions ] of biofilm species on a one-dimensional spatial lattice with
the uniform cell distance h > 0, where ¢ = 1,...,n denotes the species number and j € Z
the number of the grid cell. In particular, the total biomass M7 = 3"  u! in the jth cell
is bounded by one. Assuming that the particles of the ith species in cell j move to one of
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F1GURE 7. Evolution of the biomass M at different times with p defined in
(46). Top left: ¢t = 0, top right: ¢t = 0.1, bottom left: ¢ = 1, bottom right:
t = 10.

the neighboring cells with transition rate Ti(j D and T,L»(j H)*, respectively, and that the
particles from the neighboring cells move to the cell j with transition rates 77 * the master
equations read as

atug — Ti(j_l”ujf_l + ﬂ(j+1)_uf+1 _ (Tij—k + Tij_)uf.

)

The transition rates are supposed to be of the form

T;‘j:t = ale(“’{? s 7u%)pi(u{il7 s 7u£b:t1)7
where a; = a;(h) measures how fast populations move between neighboring cells and the
nonnegative functions p; and ¢; describe the local movement of the species.

Macroscopic equations are derived in the (formal) limit A — 0. We assume that
limy, 0 i (h)h? = 04;-) > 0, and we introduce functions u; that interpolate the grid func-
tions, u;(jh,t) = ul(t). Performing a Taylor expansion of u;, inserting these expressions
into the master equations, and passing to the formal limit A~ — 0 (see [29] for details), we

i
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FIGURE 8. Convergence of the solutions to the steady state in the L? norm
(left) and evolution of the relative entropy versus time (right) with p defined

ntropTest2 by (46)'

arrive at

where

A(0) = Bypi0)a () + s 0 G 0) — ) ) ).

The same procedure can be applied in the case of several space dimensions, leading to the
same equations as above, replacing d/0x by V.

Our model is supposed to describe volume-filling effects. This means that the motivation
of the particles to leave a cell is small if the target cell is crowded and large if the departure
cell is crowded, i.e., if the total biomass M = )" | u, is close to the maximal cell capacity
(normalized to one). Thus, we assume that the functions p; and ¢; only depend on the total
biomass, p; is decreasing with p;(1) = 0, and ¢; is increasing. A further assumption is that
the biomass species have similar properties such that p = p; and ¢ = ¢; for ¢t = 1,... ,n.
Then we can write

- (Vs — 2 u;q(M)
> A ¥ =9 (),

which leads to (1).

The functions p and ¢ are chosen in such a way that the evolution equation for the total
biomass M is consistent with the single-species biofilm model of [16] (without reaction
terms),

a

M
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where a, b > 1. Thus, we choose p and ¢ such that

Mq(M)> . e

o0 ) "

p(M)QV(

This leads to

K e s
q(M) = M/o T 5 M >0,

defined in (2). For instance, assuming a linear dependency of the transition rate to leave
the cell with respect to the total biomass, we may choose p(M) =1 — M, yielding

1—-M M sids
M) = .
Q( ) Wi /0 (1 — S)b+2

Equation (47) is a degenerate-singular parabolic equation first suggested in [16]. It acts
as a porous-medium equation when the total biomass is small, M < 1, and as a fast-
diffusion equation when the total biomass is close to ist maximal value. The analysis in
[15] and our numerical results show that the singular value in fact is not reached, i.e.
M < 1 (if the initial total biomass is smaller than one). In real biofilms, the saturation
case M = 1 may occur but this is not covered by our model. The value M =1 is reached
in finite time in the model of [17, Prop. 7] in the case of pure Neumann conditions and for
suitably chosen source terms.

Model equations (1) are solved in a bounded domain with suitable boundary conditions.
We may assume that the biofilm fraction w; is fixed on the boundary I'” and that the
remaining boundary part I'"V is insulating, i.e., no biofilm species can exit or enter through
this boundary part. This leads to Dirichlet boundary conditions on I'” and homogeneous
Neumann conditions on I'V; see (4). Pure Neumann conditions represent the evolution of
the biofilm mixture in a closed container.
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