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Abstract

We analyze nonlinear degenerate coupled PDE-PDE and PDE-ODE systems that arise,
for example, in the modelling of biofilm growth. One of the equations, describing the evo-
lution of a biomass density, exhibits degenerate and singular diffusion. The other equations
are either of advection-reaction-diffusion type or ordinary differential equations. Under very
general assumptions the existence of weak solutions is proven by considering regularized
systems, deriving uniform bounds and using fixed point arguments. Assuming additional
structural assumptions we also prove the uniqueness of solutions.

Global-in-time well-posedness is established for Dirichlet and mixed boundary conditions,
whereas, only local well-posedness can be shown for homogeneous Neumann boundary con-
ditions. Using a suitable barrier function and comparison theorems we formulate sufficient
conditions for finite-time blow-up or uniform boundedness of solutions. Finally, we show that
solutions of the degenerate parabolic equation inherit additional global spatial regularity if
the diffusion coefficient has a power-law growth.
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1 Introduction

This paper investigates the well-posedness and qualitative properties of weak solutions of a wide
class of quasilinear parabolic systems where one of the equations shows degenerate and singular
diffusion. We also consider couplings of such degenerate parabolic equations with ordinary
differential equations (ODEs). The motivation for our work is models describing the growth of
spatially heterogeneous biofilms in dependence of growth limiting substrates. The models are
either formulated as systems of partial differential equations (PDEs) or as coupled PDE-ODE
systems, e.g. see [6,7]. Their characteristic and challenging features are the degenerate and
singular diffusion effects in the equation for the biomass density and the nonlinear coupling of
this equation to additional ODEs and/or PDEs for the substrates.

Let Q@ € R d € N, be a bounded Lipschitz domain and 7' > 0. We denote the parabolic
cylinder by @ := © x (0, T]. Throughout this study, for a fixed k € N, j € {1,..., k} will denote

an integer, and @ = (w1, ..., wy) a k-dimensional vector. We consider the following problem in
Q,
M =V - [Do(M)VM] + fo(M, S), (1.1a)
9:S; = vV - [D;(M, S)VS; +v;S] + f;(M, 5), (1.1b)
for j=1,...,k, where M : Q — R denotes the biomass density and the vector-valued function

S Q — RF the substrate concentrations. The biomass density M is normalized with respect
to the maximum biomass density and hence, it takes values in [0,1). The biomass diffusion
coefficient Dy : [0,1) — [0,00) is degenerate, it satisfies Do(0) = 0 and lim,, »; Do(m) = oo.
Although, we remark that large parts of our analysis are also valid for non-degenerate functions
Do. The diffusion coefficients of the substrates D; : [0,1] x R¥ — [0, 00) are non-degenerate, i.e.
they are bounded from above and below by positive constants. The constants v; > 0 will be
referred to as the mobility coefficients of the substrates. It is important to point out that the



case of immobilized substrates (v; = 0) is included in our setting which leads to a coupling of
Equation (1.1a) with ODEs in (1.1b). Moreover, v; : Q — R? is a given flow-field. Finally, the
reaction terms fo, f; : RF1 — R describe the complex interplay between the substrates and
biomass.

In biofilm modelling applications, it is important to allow for mixed Dirichlet-Neumann or
homogeneous Neumann boundary conditions for M. To this end, we divide the boundary 052 into
two disjoint parts I'; and T's that are both Lipschitz boundaries. We complement (1.1a)—(1.1b)
with the following initial and boundary conditions for M and S ,

M(O) = Mo, §(0) = §07 (11C)
.Z\4|I‘1 = ho, [VM . ’FL”I‘2 = 0, I/ij’@Q = l/jh]’, (11(1)

where 7u denotes the outward unit normal to 92 and My : Q@ — [0,1), Syt Q= R*, hy :
I't — [0,1) and h; : 9Q — R are given. We remark that the case I'1 = () is allowed in our
setting which corresponds to homogeneous Neumann boundary conditions for M. The case
I's = () is also included which corresponds to Dirichlet boundary conditions for M. Note that in
(1.1c) we do not prescribe boundary conditions for immobilized substrates Sj, i.e. if v; = 0 for
some j € {1,...,k}. To simplify the presentation of our results we assume Dirichlet boundary
conditions for the substrates, but the analysis remains valid if we impose mixed boundary
conditions for the substrates, see Remark 2.4.

In models for biofilm growth, the actual biofilm is described by the region where M is
positive,

QF(t) ={r € Q: M(t,z) > 0}.

Due to the degeneracy of the biomass diffusion coefficient, Dy(0) = 0, there is a sharp interface
between the biofilm and the surrounding region, and the interface propagates at a finite speed.
The additional singularity in the diffusion coefficient, lim,, 1 Dy(m) = oo, ensures that the
biomass density does not exceed its maximum value, i.e. M remains bounded by a constant
strictly less than 1.

In Figure 1 typical situations modelled by (1.1) are sketched for biofilm colonies depending
on a single substrate. In the left figure the substrate is dissolved in the spatial domain ) and
transported by diffusion and convection. The biofilm colony grows into the aqueous phase.
In the right figure the substrate is immobilized and contained in the spatial domain 2. The
bacteria consume and degrade the substrate, a biofilm front develops and propagates through
the substratum.

A system of the form (1.1) with a single dissolved substrate S = Sp, i.e. k=1 and v; > 0,
was first proposed in [7] to model biofilm growth in an aqueous medium. In this case,

Ma

DO(M) :d2m, Dl(M, S) :dl, (12&)
SM SM
Jo(M, S) = kzsk4 g kM, fi(M,S) = _klm» (1.2b)

for some constants ki, ko, k3, kq,d1,d2 > 0 and a,b > 1, and vy is a given flow field. An ODE-
PDE system of the form (1.1) with a single substrate was used in [6] to model cellulolytic biofilms
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Figure 1: Schematic figures illustrating biofilm growth in dependence of a single nutrient S in
an aqueous medium (a) and in an immobilized medium (b). The biofilm is represented by the
region where M (x,t) > 0, which is separated by the surrounding region by a sharp interface.
Nutrients are consumed by bacteria resulting in the production of biomass. The parts of the
boundary where homogeneous Dirichlet and Neumann conditions are specified are also marked
in the diagrams, I'; (Dirichlet) in blue and I'y (Neumann) in red.

(a) PDE-PDE systems [7]: The biofilm colonies grow in a liquid containing substrates. The
substrates diffuse and are transported by a flow field v. The diffusion coefficient of the substrate
might depend on M, i.e. it differs inside and outside the biofilm.

(b) PDE-ODE systems [6]: The bacteria degrade and consume an immobilized medium which
is the case, e.g. for cellulolytic biofilms. The biofilm colony propagates consuming the immobile
cellulose, leaving at its wake a region of low substrate concentrations.



degrading an immobilized cellulose material. In this case, the functions Dy, fy and f1 are as in
(1.2) and D1 =0, v1 = 0.

The existence of weak solutions of scalar nonlinear degenerate parabolic equations such as
(1.1a) was shown in the seminal papers [1,2], however, for bounded diffusion coefficients D.
Uniqueness of solutions was proven in [21] using L!-contraction. The existence of weak solutions
for the biofilm model [7] with the diffusion coefficients and reaction functions in (1.2) and v =0
was proven in [9] under the assumptions of homogeneous Dirichlet boundary conditions for M,
ie. I'os = () and hg = 0. The existence of the global attractor for the generated semigroup in
L'(2) was also shown. The well-posedness theory was generalized in [15] where more general
functions Dy, fo and f; and mixed Dirichlet-Neumann boundary conditions were considered.
The Holder continuity of solutions was studied in [14].

Several extensions and variations of the single species biofilm growth model [7] have been
proposed and analyzed. Most works are simulation studies and only few analytical results have
been obtained. The well-posedness of multi-substrate biofilm models with k£ > 1, v; > 0in (1.2),
appearing in antibiotic disinfection and quorum sensing applications, was established in [10,25].
A PDE-ODE system with an immobile substrate, i.e. & = 1 and vy = 0, was proposed and
numerically studied in [6]. The simulations reproduced many experimentally observed features of
cellulolytic biofilms. The existence and stability of travelling wave solutions for this model were
shown in [19], but the well-posedness of the model remained an open problem. Many examples
of semilinear coupled PDE-ODE models appearing in biology are discussed in [20, Chapter 13].
For a PDE-ODE model for hysteretic flow through porous media with a diffusion coefficient Dq
depending on both M and S, the existence of solutions was shown in [18].

We aim to develop a unifying solution theory for a large class of systems with degenerate
diffusion that is motivated by models for biofilm growth, but the analysis is not limited to these
applications. In fact, we expect that such models can also be used, e.g. to describe cancer cell
invasion or the spread of wildfires. In our paper we extend previous well-posedness results in
the following directions:

(a) Well-posedness results for PDE-PDE systems: our results extend the theory developed
for systems with one substrate in [15] to systems with an arbitrary number of substrates k € N.
Moreover, the existence of weak solutions is proven for a broad class of diffusion coefficients Dy
and Dj, reaction terms f;, and allows for flow-fields v; which has not been considered in earlier
works.

(b) Well-posedness of PDE-ODE systems (v; = 0): The well-posedness of PDE-ODE sys-
tems of the form (1.1) with a degenerate and/or singular diffusion coefficient Dy has been an
open problem. The theory we develop applies to the cellulolytic biofilm model [6] and implies
its local well-posedness.

(¢) Mized as well as homogeneous Neumann conditions for M: Global well-posedness is
shown for mixed Dirichlet-Neumann boundary conditions and a local well-posedness result is
established assuming homogeneous Neumann boundary conditions for M. Moreover, apart from
well-posedness results we also analyze qualitative properties such as boundedness or blow-up of
solutions.

(d) Global spatial reqularity of M: We further show that under certain porous medium type
growth conditions on Dy close to zero, the biomass concentration M inherits some global spatial
regularity.



The outline of our paper is as follows: In Section 2 we introduce notation, state our assump-
tions on the data and introduce the concept of weak solutions. In Section 3 we prove global
well-posedness for systems with Dirichlet or mixed Dirichlet-Neumann boundary conditions for
M. In Section 4 we establish local well-posedness for systems with homogeneous Neumann
conditions for M. We also derive criteria ensuring finite-time blow-up of the model and discuss
some important examples. In Section 5 we show that even in the degenerate case, the biomass
density M possesses some global spatial regularity.

2 Problem formulation

In this section, we introduce notation and a suitable functional framework. We state the prop-
erties of the coefficient functions and the boundary and initial data for system (1.1) that will be
assumed throughout the paper. Moreover, we introduce weak solutions of the problem.

2.1 Preliminaries

Functional setting: Let Q@ C R? be a bounded Lipschitz domain. The boundary 9 is
divided into two regular open subsets I'y and I's that are both Lipschitz boundaries and such
that 0Q = Ty UTy and Ty NI = 0, e.g. see [22]. We denote by (-,-) and | - || the L?()
inner product and norm. The norm of any other Banach space V' will be denoted by || - ||y. For
1 < p < oo, let WLP(Q) denote the Sobolev space of functions u € LP(£2) such that the weak
derivative Vu exists and Vu € (LP(2))¢. For r € (0,1) and p € [0, 00), the Sobolev-Slobodeckij
space WP() is the set of functions v € LP(Q2) such that

sy =l + | [ 8 ey < o. (2.1)
We define H"(Q) := W2(Q) for r € (0,1]. Let H}(£2) denote the closure of C°(2) in H(Q),
which is equipped with the norm ||u|| HLQ) = |IVul|. Similarly, we define
H = {uec HY(Q): tr(u) =0in T;} with the norm ||u||51 := lull 71 (02)- (2.2a)
The dual spaces of H}(2) and H! are defined as:
H':=(H}Q)* and H 1= (HYH" (2.2b)

Observe that,
if 'y = 0 then H' = HY(Q), if Ty = 0 then H' = H}(Q). (2.2¢)

Let (-,-) denote the duality pairing of H' and H~!. The duality pairing of any other Sobolev
space V will be denoted by (-, )y y=.
Finally, we introduce the following Bochner spaces that are important for our analysis:

W = L>(0,T; L>®(Q)) N HY(0,T; H~ 1) nC([0,T]; L*(Q)), (2.3a)
X = L*0,T;HY N HY0,T; 1Y), (2.3b)
Y= L®0,T; HY(Q)) n HY(0,T; L*(Q)), (2.3¢)
Z = C([0,T]; (LA(Q)F). (2.3d)



Note that we have the continuous embedding X < C([0,T]; L?(f2)).

Inequalities: Note that the Poincaré inequality, i.e. |jul| < Cq|Vul| for u € H}(2), where
Cq > 0 denotes the Poincaré constant, also holds for functions v € H! if T'y # (.
We recall Young’s inequality stating that for any ¢ > 0 one has

1 9 0.9
< — — R. 2.4
ab_2oa +2b Va,b € (2.4)

We W111 also frequently use Gronwall’s Lemma stating that if u, a, b € C'(R) are non-negative,
then wu(t )+ fo 0) do implies that

ut) < aft) + [ alo)be)e " ag (2.5)

for all t > 0; and the discrete counterpart of the Gronwall Lemma Let {un}nen, {an}nen,
{bn}nen be non-negative sequences such that u, < a, + Zk 1 brug. Then

n—1
Up < ap + Z agby, exp Z bj | - (2.5b)
k=1 k<j<n

Finally, for a convex n € C(R™) with 7(0) = 0 we will use Jensen’s inequality and the super-
additivity property:

Jensen’s inequality: <|QI / \f|> < Q/ (17D for f € LY(Q); (2.6a)
Super-additivity: n(a) +n(b) < n(a+0b) for all a, b > 0. (2.6b)
Further notation: We denote by [-]+ and [-]- the positive and negative part of functions,
ie. []+ := max{-,0} and []- := min{-, 0}, respectively. By C > 0 we refer to an undisclosed

constant in the estimates that may vary in each occurrence and from line to line. Finally, the
notation

a Sb  implies that a < Cb  for some constant C' > 0 (2.7)

which does not depend on a parameter € > 0 (to be specified later).

2.2 Assumptions on the data

We specify the hypotheses on the data associated with (1.1).

(P1) The diffusion coefficient Dy : [0,1) +— [0,00) is a continuous function that is strictly
increasing in [0, €p) for some €y € (0, 1], and satisfies

Dy (0) =0, ligl1 Do(m) =00 and Dy(m) > 0 for all m € (0,1).
m



The primitive of Dy, expressed by the Kirchhoff transform function ® : [0,1) — [0, 00),
d(m) = fom Dy(p) do, satisfies

71111/131(1)(771) = 00. (2.8)

(P2) The diffusion coefficients D; : [0,1] x R* — [Dmin, Dimax), 7 = 1,...,k, with constants
0 < Dpin < Dpax < 00, are Lipschitz continuous with respect to both variables.

Remark 2.1 (Biofilm models). In models for biofilm growth, see e.g. [6, 9], the diffusion co-
efficient Dy is given by the function in (1.2), and the diffusion coefficient Dy for the (single)
substrate is assumed to be constant. These functions satisfy all assumptions in (P1)-(P2).

Remark 2.2 (Generalizations of the assumptions (P1)-(P2)). Our analysis can be extended to
systems where the diffusion coefficient Dy is piecewise constant, non-degenerate, and/or has a
porous media type degeneracy, e.g., Do(m) = m®, for some constant a > 1. To keep the analysis
uniform and self-contained, we only analyze the case (P1) which is more involved and arises in
models for biofilm growth.

We could also allow for degenerate diffusion coefficients D; if they only depend on the sub-
strate S;. Some additional assumptions are required to cover this case which are discussed in
Corollary 3.2.1.

For the flow-field and reaction terms we make the following assumptions:

(P3) The flow-field satisfies v; € (L®°(Q))4, j =1,...,k.
(P4) The functions fo, f; € C([0,1] x R¥) are uniformly Lipschitz continuous. They can be
extended to uniformly Lipschitz continuous functions on R¥*! which (to simplify notation)

we will also denote by fo, f;. The constant C;, > 0 is the maximum of the Lipschitz
constants of fo, f1,..., fr. Moreover, fo(0,5) > 0 for all 5¢ R*.

(P4*) There exists a non-negative and locally Lipschitz continuous function fy,.. € C(R) such
that fo(-,5) < fmax(-) for all 5€ RF,

Remark 2.3 (Assumptions (P4)—(P4%*)). Assumption (P4) admits reaction functions fo(-,35),
fi(-,8) (for 5 € R¥) that have superlinear growth with respect to their first argument as long as
they are Lipschitz continuous within the interval [0,1]. This is because the physically relevant
solutions satisfy M € [0,1]. However, before proving the upper bound for M (in Lemma 3.2),
we need the functions fo and f; to be defined in R*+L (in Lemma 3.1) which is why we introduce
the extensions.

Assumption (P4%) is needed to derive the L™ bound for the solution M. This is important
in our setting since physically relevant solutions take values in [0,1), otherwise, the models are
not valid. Such L*° bounds may not be required in other applications, for example for porous
medium-type equations. We therefore explicitly state in all theorems and lemmas where this
assumption is required and where it can be omitted.

Under additional assumptions, the analysis can be generalized also to systems with reaction
functions that depend on x and t, e.g. see [15]. To simplify the presentation of our results, we
omit this dependency here.



Finally, we remark that the condition fo(+,5) < fmax(-) can be relazed to fo(-,5) < g(|5]) fmax(*)
for some g € C(RY). Then, for the proofs to go through, we need uniform L* bounds on the

solution (M, S) which can be established for a certain class of functions f;. For an example, we
refer to Corollary 3.2.1.

For the boundary and initial data we assume the following properties:

(P5) The initial data My € L*>°(£2) satisfies

M :=ess inf {My} >0 and M :=esssup{My} < 1.
e zcQ

The initial data Sy € (L>(Q))* satisfies

S := min essinf {Sy;} > —oc0 and S := max esssup{Sp;} < oo.
= agisk dnf {50} 1<j<k meg{ 7

(P6) The Dirichlet boundary data hg : Ty — [M, M] is such that there exists h§ € H1(Q)
satisfying h8|1‘17: ho in a trace sense. If I'y = () then set h§ = 0. For the Dirichlet data
hj : 0Q — [S, 5] there also exist functions h§ € H'(2) such that hlaa = hj in a trace
sense.

Remark 2.4 (Assumption (P6)). Observe that, under the assumptions in (PG), it is always
possible to choose the extensions to Q such that h§ € [M, M] and hs € S, S] a.e. in Q. For
example, consider h® = min{h§, M} € H'(Q). Then h¢® < M a.e. and h® = hg on 0. This
choice will implicitly be used in the proofs that follow. Similar arguments apply to the boundary
conditions h;.

To keep notations simple we only consider Dirichlet boundary conditions for the substrates
S. Mized Dirichlet-/Neumann boundary conditions with different divisions of the boundary
depending on j can also be assumed without major modifications in the subsequent arguments,

see e.g. [15].

2.3 Weak solutions
We introduce the following notion of weak solutions.

Definition 1 (Weak solution). The pair (M, S) with M € W (see (2.3)), ®(M) € L(0,T; H'(Q)),
S; € HY(0,T; H-1(Q))NC ([0, T); L*(Q)), and v;S; € L*(0,T; HY()), j = 1,...,k, is a weak so-
lution of (1.1) provided that M is bounded in [0,1) a.e. in Q, M(0) = My and S(0) = Sy a.e. in
Q, ®(M) = ®(hg) on Ty and vjS; = vjh; on O in the trace sense, and for all ¢ € L*(0,T;H'),
(e L2(0,T; (HE(Q))¥), we have
T T T .
| woon+ [Fvaan.ve) = [ (nr.5).0) (2.92)

T T . T _
/(gj,atsjméﬂlﬂj/ (Dj(M,S)vstjsj,vgj)_/ (F,(M,9),¢). (2.9b)
0 0 0



Remark 2.5. In Definition 1 we take v; S; € L*(0,T; HY(Q)) instead of taking S; € L*(0,T; H(12)).
This is required since v; = 0 is allowed in our setting, and in this case, S; might not possess
any spatial regularity. Similarly, we see that ®(M), and not M, possesses spatial regularity.
Therefore, the traces are also only defined for functions with sufficient spatial reqularity.

3 Well-posedness for Dirichlet and mixed boundary conditions

In this section, we prove the well-posedness of weak solutions for the case when I'y has non-
zero measure, i.e. M either satisfies Dirichlet boundary condition or mixed Dirichlet-Neumann
boundary condition. The main results of this section are stated in the following theorems.

Theorem 3.1 (Existence and boundedness). Let (P1)-(P6) and (P4*) be satisfied, and I'1 have
non-zero measure. Then, there exists a weak solution (M, S) of (1.1) in the sense of Definition 1.
Furthermore, a constant 6 € (0,1) exists such that 0 < M < 1—6 a.e. in Q.

Theorem 3.2 (Uniqueness). Let the assumptions of Theorem 3.1 hold. In addition, for each
Jj € {1,...,k}, assume that either v; = 0 or the diffusion coefficient D; depends only on S;.
Then, a unique weak solution (M, S) of (1.1) exists in the sense of Definition 1.

The proof of Theorem 3.2 is based on a contraction argument which, along with the existence
of solutions, guarantees uniqueness. However, a different argument based on Schauder’s fixed
point theorem is required for proving the existence of solutions in the more general setting of
Theorem 3.1.

For the proof of these theorems, we initially focus on the first equation in (2.9) for a given
S. In Section 3.1 we consider a non-degenerate approximation of (1.1a) and then discuss ex-
istence (Lemma 3.1) and boundedness (Lemma 3.2) of solutions. In Section 3.2, we pass the
regularization parameter to zero to show the existence of weak solutions of the original problem
(Lemma 3.3). We then consider the coupled system. In Section 3.3, the L' contraction prin-
ciple (Lemma 3.4) is applied to prove Theorem 3.2, and in Section 3.4, a Schauder argument
(Lemma 3.5) is used to prove Theorem 3.1.

We remark that Lemmas 3.1-3.5 hold for all boundary conditions including homogeneous
Neumann boundary condition. The proof of Lemma 3.1 is postponed to Section 4, due to
complications arising from homogeneous Neumann condition. Lemmas 3.2-3.5 are proven in the
general case.

3.1 A regularized problem

We introduce the following regularization of the Kirchhoff transform ®: for e > 0, let ®. € C'!(R)
be a non-degenerate approximation of ® satisfying

e<d./<e ! and liné ®.(m) =®(m) for allm € [0,1). (3.1)
e—
A specific choice of ®. that will be used in the sequel and in Section 5 is

O.(m) := /Om min {max{e, D(0)}, 6_1} do. (3.2)

Then, recalling the functional spaces defined in (2.3), the following lemma holds.

10



Lemma 3.1 (Existence for a regularized problem). Let (P1)-(P6) hold. Let § € Z be given
and € € (0,1) be sufficiently small. Then there exists a unique M. € X + h§ which satisfies
M; c(0) = My, and for all p € L*(0,T;H'),

T T
[ ot [ e0n0,90 = [ Guee 5,0 (33)
Moreover, Ms. € C([0,T]; L*(Q)), and for all t € [0,T] we have
1]

T
ST+ [ (P 412001 + (1 + 00L @) 6y (34)

T
M) + / V(M. + |90

Furthermore, if My € HY(Q) in (P5), and My|r, = hg in the trace sense then, in addition, it

holds that
VD, (M, (£))]* + //’at M”P

T
SIIVE(Mo)|? + [|PL(Mse)ll (@) [1+/0 ||§1|2] (3.5)

The proof of Lemma 3.1 is postponed to Section 4.1. For I'; having non-zero measure, the
existence of M. € X + h§ follows immediately from [1] since ®.’ satisfies the uniform ellip-
ticity condition. However, the result in [1] does not cover the case of homogeneous Neumann
conditions, i.e. the case I'; = 0.

The assumption (P4*) is not required in Lemma 3.1, but it is needed for the next result.

Lemma 3.2 (Boundedness for the regularized problem). In addition to the hypothesis of Lemma
5.1 we assume that (P4*) holds. Let M. € X +h§ denote the solution in Lemma 5.1. Moreover,
let M € CY(RT) denote the solution of the integral equation

t
NI(t) = 7T + /0 for (M (g))do, € [0,T].

(a) Then, 0 < M, (t) < M(t) a.e. in Q for all t € [0,T).
(b) If, in addition, I'y has non-zero measure, then a constant § € (0,1) exists such that

0< My (t) <1—0 ae inQ forallte[0,T].

Observe that the above lemma implies that M, . € L>(0,7; L>°(Q2)) and the family M, is
uniformly bounded with respect to e > 0 in L>(0,T; L>°(£2)).

Proof. The existence of M follows from the Picard-Lindeléf Theorem since fmax € Lip(R).
Moreover, it satisfies ;M = fnax(M) and therefore, M > M since fpax was assumed to be
non-negative in (P4%).

11



(Step 1) Mg, > 0: Inserting the test function ¢ = [M, ] in (3.3) implies that

T (P4) T
/ [0 (G1[Mse]-[17) + e VIMe]-|°] < CL/ [ Ms,e] ||
0 0

Since [M;(0)]- = [Mp]— = 0, we have ||[M; ] (T')|| = 0 using Gronwall’s Lemma (2.5a).
(Step 2) M. < M: Inserting the test function ¢ = [M, . — M]; € L*(0,T;H') in (3.3) we

obtain

T . T . . T . .
/ (M,. — N4, 0M,.) = / (M, — N+, 04 M, . — NI)) + / (M, — NI+, 0,N1)
0 0 0

= /OTat <;|[Ms,€ —M]+||2> +/OT(atM, (M — M)

(Ps) 1 - s (T . A
= §H[Ms,e - M}—F(T)H + 0 (OeM, [Ms,e - M]+), (3.6a)

T T
/ (VO (M), V[Ms . — M]y) = / ((I)J(MS?&)VMS,&V[MS@ — M];) >0, (3.6b)
0 0
and for the reaction term we obtain

T T
/0 (fo(Mzr ), [My e — M) = / (oMo, 3) — foNT.5) + fo(M,5), (M — M1,)

(P4),(P4*) T R 9 T R .
e /0 \[Mae — NP + /0 Funae (V) [ My — .. (3.6¢)

Combining the estimates in (3.6) it follows that
1 . T . R . T .
SNV — N1} (1) + / (M — funae (), [Mye — M14) < C, / |[Mae — M52 (37)
0 0

The second term is zero by the definition of M. Hence, using Gronwall’s Lemma (2.5a) we have
the result.

(Step 3) Mg, <1 —¢4: This is a generalization of Proposition 6 in [9] to the case of mixed
or homogeneous Neumann boundary conditions, see also the proof of Theorem 2.7 in [15]. For
fmax(+) introduced in (P4*), let @ € H! solve the elliptic problem

(Vi, V) = (C,¢) forall p € H', where C := Jnax Frmax (M (2)). (3.8)
The existence of a unique weak solution 4 directly follows from the Lax-Milgram Lemma. If
d = 1 (one space-dimension), then we immediately have & € L () from Morrey’s inequality [11,
Chapter 5]. Hence, let d > 2. Set ¢ = 2d/(d—2) for d > 2, and ¢ > 2 for d = 2. Then for m > 0,
inserting the test function ¢ = [i — m]+ € H! and denoting A(m) := {x € Q : a(x) > m} we
have the estimates,

IV[a —m]4|* < Cll[a —m]+ | o)

O DI
1@ = ml+ | o) < JAm)' 7 [@ = ml+ | pag) < C'JA(m)|" 5| V]a = m]. |,
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where the last inequality follows from the Sobolev inequality [11, Chapter 5]. Hence, we have
[ — m]llpy ) < C”?C|A(m)[", where v = 2 — % > 1. Thus, following the steps of [13,
Lemma 7.3] we conclude that @ € L*(€2). Hence, using the comparison principle [21], one has
D (Ms (1) <a+ M < oo ae. in Qforall e >0 and ¢ > 0, which concludes the proof. O

Remark 3.1 (Generalization to 5 € (L%(Q))*). Although Lemmas 3.1 and 3.2, and the fol-
lowing Lemma 3.3, assume § € Z to simplify the presentation, the results remain valid for all
§¢e (L2(Q))* as evident from the a-priori estimates (3.4)~(3.5). This observation will become
important in Lemma 3.5 which provides the setting for the proof of Theorem 3.1.

3.2 Existence of solutions of the degenerate parabolic problem

Lemma 3.3 (Existence for the degenerate problem). Let (P1)-(P6) and (P4*) hold. Let §€ 2
be given and let 0 < T™* < 0o denote the time, independent of § and € > 0, such that the solutions
M. € X + h§ of (3.3) remain bounded in [0,1) for allt <T*. Let T < T*. Then there exists
a unique My € W with ®(My) € L*(0,T; H*(Q)) satisfying M(0) = My, ®(Ms) = ®(hg) on I'y
in the trace sense, and

T

T T
/ (0, M) + / (VB(M,), V) = / (fo(Ms, ), 0), (3.9)
0 0 0

for all o € L*(0,T;HY). Moreover, 0 < My < 1—6 a.e. in Q for some constant § € (0,1).

Proof. In this proof, we will first assume that
My € HY(Q). (3.10)

This constraint will later be dropped. Lemma 3.2 and the assumption 7' < T*, imply the
existence of ¢ € (0,1) such that

M. €1]0,1—4], and consequently, ¢, :=®.(Ms.) € [0,®(1—6)] a.e. in Q, (3.11)

for small € > 0. The shorthand ¢. will be used to denote ®.(Mj, ) for the rest of the proof.

(Step 1) Convergence of M. and ¢., assuming (3.10): Taking (3.11) into account
which implies that ®.'(M;.) is bounded above independent of e, we conclude from (3.5) in
Lemma 3.1 that ¢. is uniformly bounded in ) (see (2.3)). Observe that ¥ C H'(Q). Using
the compact embedding H'(Q) << L?(Q), we conclude that there exists ¢ € H'(Q) and a
subsequence ¢, such that for ¢ — 0,

¢ — ¢ weakly in H(Q), (3.12a)
¢ — ¢ strongly in L*(Q). (3.12b)

Setting
My := &7 1(¢) € L>°(0,T; L=()) (3.13)

13



we claim that for ¢ — 0,

M, . — 0 M, weakly in L*(0, T; H™1(Q)), (3.14a)
M. — M strongly in L*(Q). (3.14b)

To see this, we consider a convex strictly increasing function € C*([0,1)) such that
n==®in [0,e), and nod!c Lip(RT), (3.15)

where ¢y € (0, 1) was fixed in (P1). Recall that Dy is strictly increasing in [0, €g), and therefore,
® is convex in [0, €y). For ¢ > €, ®'(0) = Do(p) is bounded away from 0, implying that (®~1)'(o)
is bounded for ¢ > ®(¢p). Hence, it is always possible to find such a function 7.

Using (3.11) and that 7 is strictly increasing and convex, we obtain

(1 R M!)Qﬁa) = [ ) 2 L [ mts) = o)
n\ A7 s,e — Vs > A n s,e — Vs > A7 M Mse) — 1{IMs
Q[ Jo Q[ Jo Q| Jg

(3.15)

S (M) = (M)l L1 () < 19(Mse) — ¢ellLi(q) + 1o — (M)l 11(g)
(3.1),(3.12b)
< H(I)(Ms,E> - (I)S(Ms,a)HLl(Q) + H¢a - ¢HL1(Q) —

More specifically, the term || ®(M; ) — ®c(M; )| 11() vanishes due to (3.2) and (3.11) since for
small € we observe that

0, fore 0.

(3.2),(3.11)

Ms ¢
DM, 2) — Be(M, )| P4 /0 (D(0) - max{e, D(o)}) dg| < Ce.

Then, the continuity of n implies that M. — M in L}(Q). Using (3.11) and (3.13), the
convergence also holds in L?(Q).

Since M. — h§ € X (see (2.3)), (3.11) and (M, — hS) € C([0,7]; L*(Q)) from Lemma 3.3
also imply that M. € W. It follows from estimate (3.4) in Lemma 3.1 and (3.11) that
M . is bounded in W, and the bound is independent of €. Hence, M, has a weak limit in
HY(0,T;H~1) N L*(Q) D W. The strong convergence M. — M in L?(Q) then implies by the
uniqueness of weak limits that (3.14) holds.

Next we show that M, € W, i.e. it remains to show that My € C([0,T]; L?(Q2)). From the
uniform boundedness of M; . in W we conclude that M; o(t) — M;(t) weakly in H~! for almost
all t € [0,T] since (Msc(t) — Ms(t), @) = fg(@t(Ms@ — M), p) — 0 for all p € H!, see (3.14a).
Hence, for all ¢ € L?(2) one has

|(Mse(t) = Ms(t), )| = [(Mse(t) — Ms(t), ¢ — @) + (Mse(t) — Ms(t), 9)|
< ([Mse @l + 1Ml — Il + [(Mse(t) — Mo(t), 2)[. (3.16)
Let p > 0 be arbitrary. Since M, (t) and M(t) are uniformly bounded in L*°(f2) by Lemma
3.2 and (3.13), one can choose ¢ € H' such that the first term on the right hand side in (3.16)

is less than p/2. Then, we choose £ small enough such that the second term is less than p/2
implying that

M, (t) — M(t) weakly in L*(Q2) for almost all ¢ € [0, T]. (3.17)

)

14



Finally to show the continuity of M, in time, we observe that for 7 > 0 one has

| M (t+7) — My(t)||> = (My(t +7) — M (t+7), Mg(t+7) — Ms(t))
+ (Mo e(t+7) — Mg (t), Ms(t +7) — My(t)) + (Mo (t) — Ms(t), Mg(t +7) — Ms(t)).

The first and last term on the right side are arbitrarily small for all sufficiently small ¢ due to
the weak convergence of M;.(t) in L?*(Q). The term in the middle vanishes as 7 tends to zero
since Ms. € C([0,T]; L*(Q)). This proves that My € C([0,T]; L*(Q)).

Using (3.12),(3.14) we can now pass to the limit in (3.3) and conclude that M; is a solution
of (3.9). This completes the proof for the case My € H(Q).

(Step 2) Existence for Mg € L1(Q) satisfying (P5): We postulate that for a given
My € LY(2) and p > 0, there exists M} € H*(Q) such that

0< MY <M <1ae. inQ, and |M{ — Mo||110) < p. (3.18)

The existence of M} € C2(R?) such that [[M}' — Mo||r1) < 3u follows from the fact that
O (R?) is dense in L'(R?), see Theorem 4.3 in [4]. Define MY = min{M, M}'} € H'(Q), where
M was defined in (P5). Then M} satisfies (3.18) since

MY — Mol 0y < |1ME = ME| 110 + I1ME — Mol| g
= [[[M§ — M)y |l p1 () + IME = Mol 11 (o)

(P5) -
< ||My — Mol| o) + 1My — Mo L1 () < g

Now, let ML € W be the weak solution corresponding to the initial data M£'(0) = M{' € H (),
p > 0, which exists by Step 1. Consider a sequence {ji,}nen C RT converging to zero. Then,
the L!-contraction result in [21] implies that there exists a constant C' > 0 independent of
such that

[ = ME™) ()|l @) < CIME™ = M™ 110 (3.19)

for all m,n € N, ¢t € [0,T]. Note that an L'-contraction result also holds for homogeneous
Neumann boundary conditions, see [3]. Hence, {M}"},cn is a Cauchy sequence in L!(),
and since Mf™ € L () is uniformly bounded with respect to p, (see Lemma 3.2), it is also
a Cauchy sequence in L2(f). Since Mi™ € C([0,T); L*(f2)), we conclude that there exists
M, € C([0,T); L?(£2)) such that

| ME™ — Msllcqor;c2@) — 0 asn — oo,

The uniform boundedness of MY™ in W and ®(ML™) in L2(0,T; H'(£2)) follow directly from
(3.4), Lemma 3.1. The strong convergence of M} — My and its uniform L°°-boundedness
away from 1 (the singular point of ®), implies that ®(M.™) also converges strongly to ®(Mj)
in L2(Q) for all ¢ € [0,7]. Hence, similar to before, passing the limit n — oo it follows that M;
solves (3.9). O
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3.3 A contraction argument for proving Theorem 3.2

We first show the existence of a unique weak solution under the additional assumptions stated
in Theorem 3.2 compared to Theorem 3.1. The assumptions in Theorem 3.2 demand that D;
depends only on Sj,ie. D; : R — [Dmin, Dmax]. This is unless v; = 0 in which case we can also
define D; as such. Hence, similar to (2.8), we introduce the function

S
S) :/0 Dj(o)do, for j € {1,...,k}. (3.20)

Observe that due to (P2), ®; is Lipschitz continuous and strictly increasing.

For a given § € Z let My, € VW be the corresponding solution in Lemma 3.3. Define the
operator 2 : Z — Z such that for all j € {1,...,k}, 2(5); satisfies v; A(5); € L*(0,T; H'()),
A(5); € H(0,T; HY(2)), and for all ¢; € L(0,T; H}()),

T

T
| [t 000y s+ (V8,200 +0,240,. V)] = [ 404.9.6). :210)
with (5);(0) = Sp; and v;(s); = v;h; on 0 in the trace sense. (3.21b)
To prove Theorem 3.2 we need the following lemma.

Lemma 3.4 (L'-contraction property of ). Under the assumptions of Theorem 3.2, define
®; : R = R by (3.20). Assume that T < T* for T* > 0 introduced in Lemma 3.3. Then the
operator A : Z — Z, introduced in (3.21), is well-defined. Moreover, there ezists a strictly
increasing function € € CY(RT) with €(0) = 0 such that for all t € [0,T] and 51, 52 € Z,

/ 14(51) — A(5) 1 e < € / 151 — Sall zr -

Proof. Since fj(Ms, 3) € C([0,T]; L*(2)), and D; is bounded from above and below by a positive
constant by (P2), the existence and regularity results in [1] imply that 4(5); is well-defined for
vj > 0 (similar to Lemma 3.1). If v; = 0, then 2A(5); is simply the solution of an ODE with
known right hand side. From (3.9), using the L!-contraction result in [3,21] and the Lipschitz
continuity of fp, it follows that for all t € [0, 7],

t
[(Ms, — Ms,) )| 21 () < / [ fo(Ms,,51) — fo(Ms,, 52) | 1)

Do / 151 — Sl sy + C / 1Moy — Mol (322)

Applying Gronwall’s Lemma (2.5a) we conclude that

t
(M, — M) ()| 1(0) < CLexp(CL t)/o 151 = S2ll (L1 () (3.23)
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We now apply the L'-contraction principle to (3.21) and use the Lischitz continuity of f; and
the previous estimate to get

t
1)) — 2@ Ol < [ 1Moy 5) — £ (May, ) 120
0
t t
<cp /0 15 — Sl s gy + O /0 1My — Mayl 110
t
< CL(1+Cptexp(Cr t))/ 151 = Sall (1 (Q))x- (3.24)
0

Note that this estimate also holds for the case v; = 0. Hence, setting €(t) = ECpt (1 +
Crt exp(Crt)) the result follows. O

Proof of Theorem 3.2. Choosing T' > 0 small enough such that €(7") < 1 the existence of a
unique weak solution (M, S) of (1.1) follows from Lemma 3.4 and Banach’s fixed point theorem.
Since Lemma 3.2 implies that T* = oo provided that I'; has a non-zero measure, the argument
can be repeated and solutions can be patched together to cover the interval [0, T'] for an arbitrary
T > 0, thus concluding the proof. ]

3.4 A fixed point argument for proving Theorem 3.1

In this section, we use Schauder’s fixed point theorem to prove the existence of solutions for
general diffusion coeflicients D; satisfying (P2). Since the case of ODE-PDE couplings, where
vj = 0, is already covered by the previous section, here we assume that v; > 0. Similarly as in the
previous section, we define the map B : (L?(Q))* — (L?*(Q))* such that for all j € {1,...,k},
B(3); € L*(0,T; HY(Q)) N HY(0,T; H1(Q)), and for all ¢; € L%(0,T; Hi(2)),

T T
| G0y -1 + iDL VB, 0, B3, = [ (0B,
(3.25a)
with B(5);(0) = So;, and B(s); = hj on 0N in the trace sense. (3.25b)

Lemma 3.5 (Schauder criteria for B). Let v; > 0 for all j € {1,...,k}. Then under the
assumptions of Lemma 3.3, the operator B : (L?(Q))* — (L*(Q))* introduced in (3.25) is
well-defined, continuous, compact, and ||B(5)||z is bounded for all § € (L?(Q))*.

Proof. (Step 1): Well-posedness, boundedness and compactness. Recalling Remark 3.1,
we have existence and boundedness of weak solutions My € W for any 5 € (L?(Q))*. We observe
that D; satisfies the ellipticity condition by (P2), v; € (L=(2))4, f;(-, s) is Lipschitz continuous,
and for h$ in (P6), we have

(P4)
[fi(Mg,hS)| < C(1+|hS| + [My]) € L*(Q) for a constant C > 0.

Consequently, B(3); € L?(0,T; H'()) N H*(0,T; H~1(£2)) is well-defined. This is also evident
from a Schaefer’s fixed point argument [11, Chapter 9] using the a-priori estimate obtained by
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inserting (j = B(8); — h{ in (3.25). For the first term this yields,

[IB(5(T)); = k511> = 11805 = B511°]

DN |

T
JRCICIEE
and for the diffusion and convection terms we obtain,
T
v; /0 (D;(My, 5)VB(3);, V(B(3); — b))
vy = e e
=5 | Di00 5 (VB 95+ 19083~ 1),

T
o [0 B0, 980, - 1)
0

24 w1912 0 0

T T
Vj Diin €
< e [P+ w5 [ v, - w1

Finally, we can estimate the reaction term by

T

T N -
/O (f5 (M, B(3)), B(3); — he) = /O (f5 (M. B(3)) — f5(Ma, F) + £3(My, F), B(3); — )

(2.4),(P4

) T T .
<O [ Im@— ke + [ 15OLFE
=1

Combining the above estimates, using Young’s inequality and summing from j = 1 to k, one
has

k

T T k
Z[||93<§<T>>j—h§||2+uijm O |vas<§>ju2]51+ /O S8 (3); - K.
i=1

J=1

Thus, using Gronwall’s Lemma (2.5a), we conclude that 2 (5) is uniformly bounded in L2(0, T; (H*(2))*)
and L>(0,T; (L?(2))¥). Moreover, from (3.25), we obtain

1068 (38); | 20,7581 (02))

T
= s [ D98, + v B VG) — (5 (033,
-

16112 0,713 52
< 1 (Dimax [VB(3);ll 12(q) + vl oo @) 1B (9);l £2()) + Ca llf5 (M, B(3)) |l 12(q) -

Hence B(5); — h§ € L*(0,T; H(Q)) and B(3); € HY(0,T; H1()) is bounded uniformly with
respect to 5 € (L2(Q))*. Due to the compact embedding L2(0,T; H} (Q)NH (0, T; H~1(Q)) ——
L?(Q) (see [23]), the mapping B is also compact. Moreover, due to the continuous embedding
L2(0,T; HY(Q)) N HY(0,T; H1(Q)) € C([0,T]; L*(2)), [|B(5)| z is bounded uniformly.

(Step 2): Continuity. Let the sequence {5'};cy converge to 5* in (L?(Q))*. Let M}
and M} denote the solutions of (3.9) for § = § and § = §* respectively. Then, by using the
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L'-contraction result (3.23) we have that ||(M! — M) )1y — 0 for all t € (0,7]. Since, M
are bounded in L>(2) (Lemma 3.3), one further has that

||§‘L — §*|’(L2(Q))k + ||M; — M;HC’([O,T];LQ(Q)) — 0 as1— o0. (326)

Observe that, since B(5*); € L*(0,T; H'()), for any given € > 0, there exists s;’* € O®(R%)
such that

1B(5%); — 557 | 20,7311 () < €/4Dmax- (3.27)
We consider the difference of B(5%); and B(5*), by subtracting two versions of (3.25). First,

we split up the diffusion term,

/0 (D;(M?,5)VB(5"); — D; (M, 5)VB(5);, V)

s? ERl

T
= [ (DU TBE), B + (DM F) = D08 ) TBE);. VG). (328
and use Holder’s inequality to estimate the second term as follows
I(D;j(My, 5) — Dj (M, 5))VB(5*)jll 12

< I(Dj(Mg, 5) = Dj (M, 5%)) Vs | 12(q) + (D;(Mz, 5°) — Dj (M, 5%))V(B(5™); = 577l 12(0)

€% i A * ok . % (3.26),(3.27)
< sy llen@l1Di (Mg, 8°) = Di(MS, 57| 12(@) + 2Pmax IV(B(); — 57Dy = &

(3.28b)

for all i > 4. 1, where i, 1 € N is large enough. Here we used the Lipschitz continuity of D;, see
(P2). Furthermore (3.26) implies for i > i, 2, where i 2 € N is large enough, that

, . (P4) .
I1f5 (Mg, B(5)) — f5(MZ,B(57) I 2) S €+ IB(5) = Bl (r2(0)r- (3.28¢)

Hence, defining 5s§ = B(5"); — B(57);, it follows from (3.25) that for i > max{i. 1,2},

T
| 160005 g1+ + (D (M3, )90 + 0,355, V)

(3.28)

T k
S /0 D 181G+ ellg I + el Ve
j=1

T k
S /0 D IBsEIIGH + & + & (NG + V1)
j=1

Finally, we insert the test function ¢; = 5s§- € L?(0,T; H}(Q)) and sum up the resulting estimates
from j =1 to k. Then for € > 0 small enough, one obtains using Gronwall’s lemma (2.5a)

k

T
> [||6s;-\|2+ /0 ||vas;-u2} <e

=1
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Hence, the right hand side can be made arbitrary small by choosing € > 0 small enough
which simply requires ¢ > max{i.1,%.2}. Passing to the limit ¢ — 0 we conclude that
1051 L2 (0,711 () + 1085]|z — 0 for all j =1,... k. This shows that the operator 9B is contin-
uous, thus, concluding the proof. O

Proof of Theorem 3.1. If v; > 0 for all j € {1,...,k}, then using Lemma 3.5 and Schauder’s
fixed point theorem, see [11, Chapter 9], we conclude that a fixed point §= 5 € Z C (L2(Q))
exists of the mapping B, i.e. ’B(S) S. It is easy to verify that this fixed point (Mg, S) is a
weak solution of (1.1).

If v; = 0 for all j € T C {l1,...,k}, then the theorem is proved by first applying the
contraction mapping in Lemma 3.4 for (1.1a) and (1.1b) with j € Z, followed by applying the
fixed point argument for j € {1,...,k} \ Z. The details are left for the avid reader. O]

The approach developed in this section can be extended to systems with degenerate diffusion
coefficients D; under some additional assumptions. Below we discuss an example of such a case.

Corollary 3.2.1 (Existence of weak solutions for degenerate D). Assume that (P1), (P3)-(P6)
and (P4%*) hold. For some ¢ € {1,...,k}, instead of (P2), assume that the diffusion coefficient
Dy satisfies Dy(m, 5) = Dy(sy) where

Dy : [0,00) — R is continuous and strictly increasing, with Dg(0) = 0.

Moreover, let essinf{Sp,} > 0,essinf{h;} > 0, v, = 0 in Q, fi(-,5) < fhax(s;) for some
function ft.. € Lip(RT) and fi,(m,5) >0 if s, = 0.

Then a weak solution (M, S) of (1.1) exists in the sense of Definition 1, but with vy Sy €
L%(0,T; HY(Q)) replaced by v, fose Dy € L*(0,T; HY(Q)). The solution is unique if for all j €
{1,...,k} either v; = 0 or D; depends only on s;. Furthermore, Sy is non-negative and bounded
almost everywhere in Q.

If Dy = Dy(sy) is degenerate for some ¢ € {1,..., k}, without loss of generality we assume vy >
0. We define ®; as in (3.20) and fix all s; € C([0,T]; L*(Q)), j # ¢, for s, € C([0,T]; L*(Q)). Let
My € W be the solution of (3.9) from Lemma 3.3. Then, §, € H'(0,T; H~1(2))nC ([0, T]; L*(Q))
with ®,(3,) € L*(0,T; HY(Q2)) is defined as the solution of the following problem, for all ¢, €
L2(0, T; Hy (),

T
|G 00) gy 1+ (T 0(50). T )] = / (FoMa (51,15 510): o)

with §,(0) = Sp and ®(5p) = Pg(he) on 0 in the trace sense.

The existence and uniqueness of 5, then follows from Lemmas 3.1 and 3.3. Defining Sg(t) =
S+ fg fL. ., we have, similar to Lemma 3.2 that 0 < 5,(t) < Sy(t) a.e. in Q for all ¢ > 0.
Following Lemma, 3.4, we further conclude that 3, satisfies an L'-contraction result with respect
to sy since all other s;, j # /, are fixed. Finally, the arguments in the proof of Theorem 3.2
concludes the proof.
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4 Homogeneous Neumann boundary conditions

In this section, we show the existence of solutions for homogeneous Neumann boundary condi-
tions and present the proof of Lemma 3.1. The global existence of solutions cannot be guaranteed
for homogeneous Neumann boundary conditions, since the density M might reach 1 in finite
time. The local existence and uniqueness of solutions is analyzed in Section 4.1 and the finite
time blow-up in Section 4.2.

4.1 Existence of weak solutions

Theorem 4.1 (Local well-posedness for homogeneous Neumann conditions). Let I'y = (). We
assume that (P1)-(P6) and (P4*) hold. Then, there exists a positive time T* > sup{t : M (t) <
1} > 0, where M € C*(R") is defined in Lemma 3.2, such that for T € (0,T*), a weak solution
(M, §) of (1.1) ezists in the sense of Definition 1. Moreover, the solution is unique if either
vj =0, or D; depends only on S; for all j € {1,... k}.

This result essentially follows from the proof of Theorems 3.1 and 3.2. Indeed, note that
Lemmas 3.2 to 3.5 were proven for the general case, i.e., they also hold for homogeneous Neumann
boundary conditions. Hence, it remains to show Lemma 3.1 for the case that I'y = (). In this
subsection, we present the proof under more general assumptions that cover mixed as well as
homogeneous Neumann boundary conditions. The proof follows the Rothe method [16] that is
based on time-discrete approximations of the solutions. To simplify the notation for different
boundary conditions (see (2.2c))

without loss of generality we assume that hg = 0, implying hg = 0.

4.1.1 Well-posedness of backward Euler time—discretizations

We consider an equivalent formulation of (3.3) and discrtize it using the backward Euler scheme.
Following (3.1), we introduce

B :=®. ' suchthat e<p./ <& L (4.1)
Then replacing ®.(M;.) by u and M. by B:(u), we demand that u € L?(0,T; H') with S.(u) €
HY0,T;H~") and B.(u(0)) = My satisfies

T T T
/ (6, BuB-(u)) + / (Vu, Vi) = / Jo(Be(w). 3),) forall p € L0, TsHY)  (4.2)
0 0 0

and a given § € Z. For N € N; we denote by 7 := T//N the time-step size and set t,, := nr
for n € {0,1,...,N}. Then we define the time-discrete sequence {u,}\_; C H' recursively as
follows: setting ug := ®-(Mp) (i.e., B(uo) = Mp), let u,, € H! be the solution of

7 (Be(un) = Be(un-1),¢) + (Viun, VC) = (fo(Be(un), 5(ta)), () for all ¢ € H'. (4.3)

The following lemma implies the well-posedness of the time—discrete formulation.
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Lemma 4.1 (Well-posedness a semilinear elliptic problem). For a given F € L?(Q), there exists
a unique solution w € H' of the elliptic problem

(B(w), ) + (Vw, V) = (F,¢)  forall( € H . (4.4)

Proof. The proof is based on monotonicity arguments. Let the operator § : H! — H ™! be
defined by the inner product

(€ §(w)) == (Be(w), ¢) + (Vw, V(). (4.5)
Then § is strongly monotone since
(w =0, F(w) = F()) > efw — vl +[|V(w = )| > ellw — 0|3
Furthermore, § is Lipschitz continuous since, using the Cauchy-Schwarz inequality, we obtain

(E‘lllw — olllicl + IV (w = o) [V
1€l

Hence, invoking the nonlinear Lax-Milgram Lemma [26, Theorem 2.G] completes the proof. [J

[§(w) = F(V)[lp-1 < sup

) < 6_1Hw —0|qy1-
CeH!

Observe that the operator % : H! — H~! defined by the inner product
(¢, F(w)) = (B(w) = 7 fo(Be(w), 5(tn)), Q) + (Vav, V). (4.6)

is strictly monotone with respect to w if 7 < CZI by (P4) and Lipschitz continuous. Hence, ad-
justing the arguments in the proof of Lemma 4.1 to (4.3) we obtain the existence and uniqueness
of the time—discrete solutions.

Lemma 4.2 (Well-posedness of the time-discrete solutions). Let (P1)-(P6) hold. Then the
sequence {un }N_; C H' introduced in (4.3) is well-defined for T < C;'.

4.1.2 Interpolations in time

For a fixed N € N with 7 = T/N, we define the time interpolates i, € L®(0,7;H!') and
u, € O([0,T);H') from the time-discrete solutions {u,}_; C H! such that for t € (t,_1, ],
ne{l,...,N},

=, and i = B (Boun1) + 2 (Belun) — Belun1)) (4.7)
Observe that u, satisfies for all n € {1,..., N},

_ /Ba(un) - 65(“71—1)

T

Ur(tn) = un, and 0B(u,)

for t € (tn—1,tn)]. (4.8)
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Lemma 4.3 (Uniform boundedness of the time interpolates with respect to 7). Let (P1)-(P6)
hold. Then there exist constants 7*,C > 0, independent of T, such that for T < 7%,

T T
18 () 1? + / IVa,|? < C+C / (1512 + [ 12) | (4.98)
0 0
T T
18-(a) |12 + / IV |2 + 188 (@)% 1] < C + C / (1512 + e ]2) (4.9D)
0 0

The above inequalities imply the uniform boundedness of B:(i.), B:(ii;) € L°(0,T;L*(12)),
iy, Uy € L2(0,T;HY) and B-(u,) € HY(0,T; H™1) with respect to T < 7.

Proof. (Step 1) Uniform boundedness of ||5:(u;)|: We choose the test function ( =
Be(un) € H' in (4.3), yielding

(56(”71) - Be (un—l)a Be(un)) + T(vum Vﬂs(un)) = T(fO(ﬁE(un)a g(tn))a B&(un)) (4'10)
Observe from the identity 2a(a — b) = a® — b* + (a — b)? that

(Be(un) = Be(un—1), B(un)) = 5B (un) I — |18z (un—1)II* + || B2 (un) — B (un—1)[|°].
Moreover, one has for some constant C’ > 0 independent of € and 7 that

(P4)
(fo(Be(un), 3(tn)), Be(un)) < C'(1+[I5(ta)I” + 18 (un) 1),
(Vtin, VBe(un)) > €| V|2

Then, combining these inequalities we obtain
18 (un) |1 + 1182 (un) = Be(un—1)|I* + e[ Va|? < 1|8 (un—1)[1* +7C" (1 + ||snll® + |82 (un) %) -

Applying the discrete Gronwall Lemma (2.5b) for small enough 7 > 0, we have for a constant
C > 0 independent of N or ¢ that

N N
1B=(un)I” + > [ellVunl*7 + 18 (n) = Be(un—1)|%] < 1B=(uo) | + C + C Y [|5(ta)|*r.
n=0 n=0

(4.11)

For 7 > 0 small enough, one can estimate

ﬁjof\g(tn)HQT < <1+/0TH§H2)- (4.12)

Combining (4.11)-(4.12) we conclude that S.(ux) and, in extension of the method, all (. (uy)
are uniformly bounded in L?(f) with respect to N and e. Then, the definition (4.7) implies

that B:(ir) (= Pe(uy) for t € (t,—1,t,]) and Be(u,) (< max{fe(un), Be(un—1)} for t € (t,—1,1t,])
are uniformly bounded.
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(Step 2) Uniform boundedness of [|[Vur| 2 1;1): Let us now test (4.3) with ¢ = u, €
H!. This yields

(Be(n) = Be(un—1),un) + 7| Vun|* = 7(fo(Be(un), 8(tn)), wn)- (4.13)
Now, from the convexity of the function [ ®. (see (3.1)), one has

Bs(un)
/ﬂ o, < (I)e(ﬁe(un))(ﬂs(un) - ﬁs(unfl)) = Un(ﬂe(un) - ﬁs(unfl))-

s(unfl)

For the last term, we observe that

(2.4) 1 5 2 2 (P4) 2 — 2 2
(fo,un) < Sl fo(Be(un), SEN + llun "] < CIL+1Be (un)[* + 157 + lJual7]. - (4.14)

Hence, summing the inequalities from n = 0 to n = N, using the uniform boundedness of
|| Be (uy,)|| from (4.11), and

N ,Bs(un) /35 (UN) /35 (UO)

Z / o, = / Q. — / P,

n—1 e (Un—1) 0 0
the estimate becomes

Be(un) N ) Mo N ) 9
// .+ 3 [ Vun Tg// Dot CT+CY (I5() + [unl?) 7. (4.15)
QJ0 n=0 QJ0 n=0

Hence, noting that [) [[a-[> = S0 7llun|? we have that [ [Vi | = SN [Vl 7 is
bounded as stated in (4.9a), and correspondingly, following its definition, the other interpolate
i, is also bounded in L2?(0,T;H!) as in (4.9b).

(Step 3) Uniform boundedness of |0;3:(ur)| 12(0,7;2-1): We have from (4.3) that

1 _
108+ 1380 = B s = s 2Ol 1)
= sup VU VO & JolBeltn): 80n)): ) oy, 4 (1 + 180201 + 18 (un)])-
CeH! IIQET!

The bound in (4.9b) for 0;5-(u,) now follows from Steps 1 and 2.

Observe that, since (. satisfies (4.1), the fOT |4, ||* terms on the right hand side of (4.9a)—
(4.9b) can be bounded above using the Gronwall Lemma in (4.9a), which yields the uniform
boundedness of the quantities stated in (4.3) in their respective spaces with respect to 7. How-
ever, note that the bounds may still depend on € > 0. O

Lemma 4.4 (Higher regularity of the time interpolates for My € H'). Let the assumptions of
Lemma 4.3 hold. If, in addition My € H', then for a constant C > 0 independent of T, one has

T T
IVa- ()] + 5/0 10:5<(r)||* < V@ (Mo)|* + C + C/O 1511°. (4.16)
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Proof. We insert the test function ¢ = u,, — u,—1 in (4.3). This gives term-wise

Be(un) - Ba(un—l) 2

T

(4.1) 9 (4.8) o 12
(Be(un) — Be(un—1),un — Un—1) > €T o =" 77| 0B:(ur)]%,
T(Vitn, V(un = un-1)) = 5[ Vual* = [Vtn—1]* + |V (tn — un—1)]],

72 2 g3 2 (4.1)7(4'8) T2 2 er? — 2
T(fo,un —un—1) < 351 oll” + Sllun —uaaall® < gsllfoll” + 51108 (ur)|I7.

Similarly to (4.14), we obtain

1ol < C+ 15t I* + 1182 (un)?Il) < C

N
IR ECSIEESY Hé‘(tn)IIZT] :
n=1

where we used Lemma 4.3. Finally, summing the resulting inequalities from n =1 ton = N
and cancelling out 7 one has

N N
IVan® +§ D 10e8e (@) P < IV(Mo)[* +C Y (1 + [|5(ta) %) 7, (4.17)

n=1 n=1
which proves the lemma. ]
Remark 4.1 (Covering homogeneous Neumann condition). The above lemmas cover both ho-
mogeneous mixed boundary conditions and homogeneous Neumann conditions. In the latter case,
H' = HY(Q). To cover the case of inhomogeneous mizved boundary conditions, we have to test
with ¢ = Be(uy) — hf in Step 1 of Lemma 4.3 and with ( = u, — ®.(h§) in Step 2. The details
are straightforward, and hence, omitted.

4.1.3 Proof of Lemma 3.1

(Step 1) Existence: Note that (. is Lipschitz and strictly increasing by (4.1). Using this
fact and applying Gronwall’s Lemma to (4.9a) implies that 4., 8:(t%,) are uniformly bounded
in L>(0,T; L?(Q)) with respect to 7. Consequently %,, 3.(&,) are uniformly bounded as well
by (4.9b). Thus, using (4.9b) we obtain the uniform boundedness of 5. (u,) € X. Due to the
compact embedding of L?(Q) in X [23], there exists u € X such that along a subsequence 7 — 0,

Be(tiy) = Be(u) weakly in X = L2(0,T;HY) N HY (0, T; H™1), (4.18a)
Be(tr) — Be(u) strongly in L*(Q). (4.18b)

Using (4.11), one has

T ) s N tn
/0 I9:(00) = )l = 3 /
N

N tn
= 3 Betun) = B DI [ () e = § D 5elun) — Beluan)|P 0.
n=1 tn—1

n=1

b=t (8, (up) — Be(un—1))||* dt
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This, along with the uniform bound with respect to 7 of @, %, in L?(0,7;H") in (4.9) and
the strict monotonicity of B in (4.1) implies that

Gy, Gy — u weakly in L2(0,T; M), (4.18¢)
Gy, Uy — u strongly in L*(Q). (4.18d)

Observe from (4.3) and (4.7) that 4, and ., satisfy

T T
/ (¢, 0uB-(8)) + (Viy, V)] = / (Fo(Bo(itn), 8), ). (4.18¢)
0 0

for all ¢ € C([0,T]; H') which is dense in L?(0,T;H"). Passing to the limit 7 — 0 we conclude
from (4.18) that u solves the system

T T
/ (¢, 0uB-(w) + (Vu, V)] = / (fo(Be(u), 8), ).
0 0

Defining M; . = f3:(u) we obtain the desired solution. We conclude that M. € X — C([0,T]; L*()),
see [11, Section 5.9] for the continuous embedding result.

(Step 2) A-priori bounds: The a-priori estimate (3.4) follows by inserting ¢ = M, . and
@ = & (M) in (3.3) and proceeding similar to the steps of the time-discrete case in Lemma 4.3.
Lemma 4.4 shows that if in addition My € H'(Q) then ;M. € L?(Q) which implies by the
definition of weak derivatives that

A® (M, ) = (8: M. — fo) € L*(Q).

Multiplying the above equation with 0;®.(M;.) = dyu € L*(Q), integrating in Q, and using
integration by parts we conclude that

T
[ o == [T aIvul) = Hive.u)l* — Ivun)
which proves (3.5). The detailed steps mimic its discrete counterpart in Lemma 4.4.

4.2 Finite time blow-up

The model (1.1) breaks down when M reaches 1. Henceforth, we will refer to this as blow-up.
Unlike in the case of Dirichlet or mixed boundary conditions, this situation cannot in general
be excluded for homogeneous Neumann conditions. Whether a solution will blow-up in finite
time or not depends on the initial values M, go. One can construct cases when the solution
will definitely blow-up in finite time. We give a simple example below.

Example 4.1 (Constant initial states). Let us focus on the cellulolytic biofilm model with a
single substrate [6], i.e., we look at the system

M = AD(M) + fo(M,S;) inQ,  M(0) =M in Q, [VM -d)lsgo =0,  (4.19a)
Gtsl = fl(M, Sl) in Q, 51(0) = 5071 in Q. (4.19b)
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Moreover, the reaction terms are given by a non-dimensionalized version of (1.2),

s sm
folmas) = (o = A me - faoms) = =1 (4.20)
For the initial and boundary values we assume that
My=M € (0,1), So1=S5, (4.21)

where M, S > 0 are given constants. Then it is clear that the solution (M, S;) of (1.1) remains
constant in space for a given time. Hence, the system evolves according to the system of ODEs
M S MS;

“\M =
T

M = for t >0 with (M(0),51(0)) = (M,S).  (4.22)

Clearly, for M close to 1, S large, and A small, the biomass density M reaches 1 in finite time.

It is possible to generalize Lemma 3.2 to provide a necessary condition for blow-up in finite
time, or a sufficient condition for M to stay bounded away from 1. This is stated in the following
proposition for the single substrate (k = 1) case.

Proposition 4.1 (Upper and lower bounds of (M, S1)). Let (P1)-(P6) and (P4*) be satisfied,
k =1 (single substrate) and Ty = 0 (homogeneous Neumann condition) in (1.1). Recall (P5),
and let fo(m,s) be increasing with respect to s > 0 for fized m, and let fi(m,s) be decreasing
with respect tom > 0 for fived s. Let (M, S, M, S) € CY(Rt)* be the solution of the ODE system
atM:fO(M7S)v atS:fl(M’S)v (423)
M = fo(M,S),  8S = f1(M,S5), '

with (M, S, M, 5’) = (AM, S,M,S) att = 0. Further, assume that if v1 > 0, then for hy defined
in (P6), S(t) < hy < S(t) a.e. in OQ for allt € [0,T]. Let (M, S) be the weak solution of (1.1)
in the sense of Definition 1. Then for all t € [0,T],

M(t) < M(t) < M(t) and S(t) < Si(t) < S(t) a.e. in Q. (4.24)

Remark 4.2 (Assumptions in Proposition 4.1). Observe that the assumptions of Proposition 4.1
are satisfied by the reaction terms in (1.2) and (4.20) which were considered, e.g., in [6,7].
Moreover, the assumption hy € [S(t),S(t)] a.e. in OQ is a consistency condition that can be
omitted in the case of immobile substrates (v1 = 0) which occurs in the models for cellulolytic
biofilms [6], or when homogeneous Neumann conditions are assumed for S.

Proof. The proof generalizes the arguments in Lemma 3.2 and follows the proof of Proposition
1 of [18]. The existence and uniqueness of the solution (M, S, M,S ) is evident from the Picard-
Lindel6f Theorem. Moreover, fo(m,s) is increasing with s, fi(m, s) is decreasing with m, along
with M (0) = M > M = M(0) and 5(0) = § > S = 5(0), together imply for all ¢ > 0,

M(t) > M(t), and S(t) > S(t). (4.25)
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This follows by writing from (4.23),

[M(t) = M(t)3

/0 (NI — 811, (oM, 8) — fo(AT, 5)),

N~ N~

(1) — S = / 15— 814 (L (3, 8) — £1(3T, 5)),

for t > 0. Then, following the manipulations in Lemma 3.2 (also repeated below), Gronwall’s

Lemma yields [M(t) — M(t)]4+ = [S(t) — S(t)]+ = 0. We omit the detailed proof for brevity.
Insert the test functions ¢ = [M — M], and {; = [S; — S]4 in (2.9). Observe that, ¢; €

L?(0,T; HL(Q)) is a valid test function for v; > 0 since S} —S = h; — 8 < 0 on 9. Then

following the manipulations in Lemma 3.2, one obtains from the first equation that

T T
[ o (Ginr - ma2) < [ aar.80) - fan, 80 o1 - )

T

T
- /0 (oM, 1) — fo(NT, 81, [M — N1]4) + /0 (o1, $1) — fo(MT, §), [M — N],)
(P3)

T T
< o [N =312 4O [ (181 = S} [ = A1)

T
<c /0 (M — N1 2 + (181 — 814 12 (4.26a)

Here, we used that fo(M,-) is increasing to conclude that
(o1, 1) — fo(NT, 8))[M — 1], < Cp[8y — 8], [M — M.

Similarly, from the second equation, noting that fi(-,s) is decreasing for a given s, one obtains

T T
[ o (G- 8102) < [ (nas) - A0L. 15 - 81
T

T
- /0 (£1(M, 1) — fi(DT, 1), [S1 — §14) + /0 (AT, 51) — A1(VL,5). (51 — §14)

T T
<o [ (M- 08-Sl +0u [ lisi- 5P

T
<c / (M — 372 + 181 — 81412, (4.26b)

Finally, inserting the test functions ¢ = [M — M]_ and ¢; = [S; — S]_ in (2.9) we get analogous
estimates to (4.26). Adding these inequalities and using Gronwall’s Lemma completes the proof.
O

Remark 4.3 (Guaranteed finite time blow-up/ boundedness). If the solution M in Proposi-
tion 4.1 reaches 1 in finite time, then it implies that the solution of the original system (M, Sy)
blows up in finite time. On the other hand, if the solution M remains bounded by a constant
strictly less than 1, then M does not blow up and hence, the solution (M, Sy) is global-in-time.
The bounds are sharp if |M — M| and |S — S| are small.
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5 Spatial regularity of the biomass density

In this section, we analyze the spatial regularity of solutions of the degenerate diffusion equation
(1.1a), i.e., we focus on the scalar equation

&M =V - [D(M)VM] + f(M,)  inQ, (5.1)

where D : [0,1) — [0,00) and f : [0,00) x @ — R. The regularity results we derive apply to
a broad class of degenerate diffusion problems, see Remark 5.1, including the biofilm growth
models [6,7].

It is well known that the degeneracy of the diffusion coefficient D(0) = 0 causes a finite speed
of propagation and sharp fronts at the interface between the regions {M > 0} and {M = 0}
corresponding to steep gradients of M. Despite this fact, the solution M is locally Holder
continuous. This was shown for porous medium type equations in [5] and for equations with
degenerate and singular diffusion in [14]. The global space-time regularity of solutions of the
porous medium equation in R has also been studied extensively using optimal regularity theory,
see [12] and the references therein. Assuming homogeneous Neumann boundary conditions, in
this section we show that M can further inherit global spatial regularity in the more general
case (5.1), i.e. M € L?(0,T; H"(2)), where r = 1 for a < 2, and r < 1 otherwise. This fact
is not only mathematically intriguing but has important consequences in designing numerical
tools and test functions for such problems. We now specify the assumptions on the functions D
and f.

Assumption 5.1 (Assumptions on D and f). The diffusion coefficient satisfies (P1). In addi-
tion, there exists @ € R™ and a constant C' > 0 such that

D(m) > Cm*

for all m € [0,1). The function f : [0, 00) x@Q — R is Lipschitz continuous with respect to the first
variable, and there exists a non-negative function fyax € Lip(R) such that f(-, (x,t)) < fmax(*)-
Moreover, we assume that f(0, (z,t)) > 0 for all (x,t) € Q.

Theorem 5.1 (Global spatial regularity of M). Let 'y = () (homogeneous Neumann condition).
Let M € W with ®(M) = [ D e L*(0,T; HY(Q)), and M(0) = My (see (P5)) be the weak
solution of (5.1), i.e.,

T T T
/ (0, M) + / (Vo(M), V) = / (F(M, ), 9), (5.2)
0 0 0

for all p € L?*(0,T; H (). Then under the Assumption 5.1, M € L*(0,T; H"(Q)) for
(a) r =1 if either a <2 or M = essinf{My} > 0.

(b) allr <2/a, ifa>2 and M = 0.
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Remark 5.1 (Generality of Theorem 5.1). Theorem 5.1 applies to the solution M of the coupled
system (1.1) under the conditions (P1)-(P6) and (P}*). Since the spatial irreqularity of M
stems from the degeneracy at M = 0, our reqularity results also cover diffusion coefficients D
that are degenerate but non-singular, for instance, porous medium type equations. In this case,
the additional assumption that f is bounded by fmax can be omitted as solutions are not required
to take values in [0, 1).

Remark 5.2 (Assumptions on the boundary conditions in Theorem 5.1). To simplify notations
Theorem 5.1 is stated for homogeneous Neumann boundary conditions. However, the result
remains valid for Dirichlet or mized boundary conditions provided that ®(M) = ®(h§) at I'y
and the functions W.(hg) € HY(Q) are uniformly bounded with respect to € € (0,1), where U, is
introduced in (5.3) and h§ in (P6).

The rest of this section is dedicated to the proof of Theorem 5.1. The main idea behind the
proof is to use a test function ¢ of the form M™% (a > 0) in (5.2). However, ¢ might not be a

valid test function due to M not being sufficiently regular, and M~ having a singularity at 0.
To resolve this, we will construct a modified function that is admissible.

5.1 Some auxiliary functions

As in the proof of Theorem 5.1 we consider the regularized problem introduced in Lemma 3.1.
The function @, is taken as in (3.2). For a given constant a > 0, we further introduce the C!(R)
function

1 min{max{e, p*}, 1}

V. (m) = (5.3)

Note that
U >0 and Y. (m)<0 form<1. (5.4)

Lemma 5.1 (Growth of W.). For a given o > 0 and € € (0,1), let W, be defined as in (5.3).
Then, the following estimate holds,

m
Im¥.(m)| <1 +/ v, for all m > 0. (5.5)
1

Proof. Case 1 (1 < m): For m > 1, U.(m) = m— 1, and the inequality can be verified directly.
Case 2 (5é <m<1): If e <m <1 and o # 1, we have

mi—®—1

—

moq
m ()] < ]m/ Qa‘dpr - \m( )] < w22 — . (5.62)
1

Observe that, if @ < 2 then the right hand side is bounded since m < 1, and (5.5) definitely
holds. The case when @ = 1 can also be handled rather easily since it yields ¥.(m) = log(m).
The interesting case is when o > 2. Then, we can estimate the right-hand side of (5.5) as
follows,

m m s 1 mslfa_l m
1+/ \IJ€:1+/ / ad,odszl—i—/ dsZ/ stTe>m? @ — 1. (5.6b)
1 1 1 0 1 a—1 1
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Combining (5.6) and noting that m < 1, we have (5.5) for this case.

Case 3 (0<m < Eé): We only focus on o > 2 since the case o < 2 can be shown exactly
as in Case 2. We observe that

1 m 1 m
Im . (m)| = |mP.(ea)+m [ m =|mVU.(ea)+m [ 1
e e
(g2 —m)
§|m\115(€é)| pomee T < lsi\ﬂa(eéﬂ + &?éfl(&?é —m). (5.7a)

3

1
From Case 2 we conclude that \si\ﬂs(sé)] <1+ 7 U, and we obtain

m Eé m d Eé € 1 d
1+/ qf€:1+/ w5+/1/max<§,@a)=1+/ Ve + /mx&,)
1 1 o 1 1 m

1 1
o ga 1 1
d 1 1 1 d
>1 +/1 \IIE + / max(ié’o‘) 2 ‘EQ\I,€(€Q)’ + (50‘ _m)/l ?g

Hence, combining again (5.7) we have (5.5). O

5.2 Boundedness of M in L*(0,T; H"(Q))
To prove Theorem 5.1 we first show the following lemma.

Lemma 5.2 (An estimate for the regularized solutions). Let Assumption 5.1 hold and T'y = (.
Fore € (0,1) and a > 0, let . and V. be defined by (3.2) and (5.3) respectively. Let M, € X
satisfy M:(0) = My and

T T T
/0 (0, ML) + /0 (Vo (M.), V) = /0 (F(M, ), ),

for all ¢ € L*(0,T; HY(2)). Then, we have

T My
/ /min{MfQ,l}]VM5]2§1+// w.. (5.8)
0 Q QJ1

Proof. First, we show that the following estimate holds,
. (m) ¥L(m) = min{l,m* “} for all m > 0. (5.9)

We distinguish several cases. Case 1: ®./(m) = D(m). This implies that ¢ < ®./(m) =
D(m) < % and hence, m < 1. If ¥./(m) = m™®, then the result follows from Assumption 5.1.
If ./(m) =1, then ®.(m) V.(m) = D(m)/e > 1. Finally, if ¥.(m) = 1, then m > 1 which is
excluded.

Case 2: ®./(m) = e. Consequently, m < 1. The definition of ®. in (3.2) implies that
e > D(m) 2 m?, where the last inequality holds by Assumption 5.1. Hence, for ¥/ = ¢! the

product ®. W, =1 and for U, = m~* we have ®L WL > mo~,
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Case 3: ¢,/ = % This case follows similarly.
Inserting the test function ¢ = W.(M;) in (3.3), the first term becomes

/0T<6tM€,\I/ //M v, —//MO (5.10a)

The second term of (3.3) gives

/ ' (ve.(L), v / JRACTAEAVAL AL

/ /mln{M“ 1} VM2 (5.10b)
Finally, the third term of (3.3) yields using f(0,-) > 0 and (5.4) that
T T T
| ot w00 = (0L = 70,9, 9.00) + [ (70.),9.08)

6 / JAERUA /T<f<o,->,[ws<Me>1+>

5/0 /QIME\IIE( (05)/ /1+/M6 v.]. (5.10¢)

In the above, noting that W.(m) > 0 only when m > 1, we estimated f(0,-)[V.(M.)]; <
Jmax(0)| MV (M,)|. Combining the inequalities (5.10) we have

Me(T) T M() T Me
// q/€+/ /min{Mg_O‘,l}NME]le—i—// \1/5+/ // v (5.11)
QJ1 0 Q QJ1 0 QJ1

Using Gronwall’s Lemma (2.5a) the estimate (5.8) follows. O

To conclude the proof of Theorem 5.1 from (5.8), we need the following lemma. For its proof
we refer to Lemma 1.3 and Lemma B.1 of [24].

Lemma 5.3 (Property of H"(Q)). If u? € HY(Q) for some v > 1 then u € H"(Q) for all
r e (0,y71].

1
Proof of Theorem 5.1. Case 1 (M = essinf{My} > 0): In this case, taking e < M we
conclude by (5.3) that

My
/ / W, is uniformly bounded for all € < &5.
1

Hence, taking o = a in Lemma 5.2 provides a uniform bound on fOT |VM.||?>. Moreover,
| Mc]| oo (0,1 10 (2)) is bounded by Lemma 3.2. Hence, M. is uniformly bounded in L*(0,T’; H'(2)).
Passing to the limit € — 0, the convergence of M. to a unique M € W follows from Lemma 3.3
(see (3.12)). Consequently, the uniform bound implies that M € L2(0,T; H*(Q)).
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Case 2 (a < 2): In this case, put @ = a. Then, passing the limit € — 0 on the right hand

side of (5.8) one has
Mo 1
lim// \IJES// (1-0"%do< 1.
N0 Ja J1 o J M,

Here we used that M2~ < 1 a.e. in Q by assumption (P5). Hence, we again obtain a uniform
bound on fOT VM, ||? and consequently, M € L%(0,T; H'(f2)).

Case 3 (a > 2): We set a = 2 — ¢ for sufficiently small § > 0. Then the previous case and
(5.8) gives that (M.)'T"2" € L2(0,T; H*()) and it is uniformly bounded. From Lemma 5.3 it
follows that M. € L?(0,T; H"(Q2)) for

2 2
r< = and sufficiently small § > 0.
24a—a a+d
This concludes the proof. O
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