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Abstract

We study the existence of weak solutions for a model of cell invasion into the extracellular matrix (ECM),
consisting of a non-linear partial differential equation (PDE) for cell density coupled with an ordinary dif-
ferential equation (ODE) for ECM density. The model includes cross-species density-dependent diffusion
and proliferation terms, capturing the role of the ECM in supporting cells during invasion and preventing
growth via volume-filling effects. The occurrence of cross-diffusion terms is a common theme in the sys-
tem of interacting species with excluded-volume interactions. Additionally, ECM degradation by cells is
included. We present an existence result for weak solutions, exploiting the partial gradient flow structure to
overcome the non-regularising nature of the ODE. Furthermore, we present simulations that illustrate trav-
elling wave solutions and investigate asymptotic behaviour as the ECM degradation rate tends to infinity.
© 2025 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The aim of this work is to analyse a model for cell migration into the extracellular matrix
(ECM) that consists of a system including a non-linear, degenerate parabolic, partial differential
equation (PDE) for the density of cells, coupled to an ordinary differential equation (ODE) (yet
for every point in space) for the ECM.

Mathematical models of collective cell migration are often implemented to understand how
the number of cells within at least one population evolves over time. However, existing models of
this important biological phenomenon become increasingly complex by considering the impacts
and influences of various environmental characteristics or additional populations, such as the
availability of nutrients [20,31,32,39], surrounding oxygen levels [10], or physical structures
such as the ECM [12,15].

The ECM, in particular, is an intricate, dynamic network of molecules including elastin, colla-
gen and laminin, among others, that varies in structure depending on its location. The molecules
within the ECM are meticulously organised into a complex meshwork that plays an important
role in providing structural integrity and repair of tissues, as well as providing structural and bio-
chemical support to cells during migration [33]. An important mechanism of cell-ECM feedback
is the degradation of ECM elements by surrounding cells through the use of matrix-degrading en-
zymes, such as membrane-bound and diffusive matrix metalloproteinases [45]. Matrix-degrading
enzymes target specific components of the ECM, such as collagen fibers, to degrade them, which,
in turn, increases the space available for cells to move into during migration [4,24,36].

There are a variety of mathematical approaches available for studying the dynamics of cells
and the ECM during collective cell migration that are detailed in [12]. However, the specific
focus of this work is the following system of differential equations that was derived and non-
dimensionalised in [13] to describe the evolution of a cell density, «, and the ECM, m, respec-
tively, at a location x € Q C RY, open and bounded, as well as ¢ € (0, 00):

2—1:=Vo|:(1—u—m)Vu+uV(u+m):|+u(1—u—m), (1a)
am
o = —Amu. (1b)

The system (1) is equipped with initial data assumed to verify
u(x, 0) = uin(x), and m(x, 0) = min(x),
where uin, min € L2(2) satisfy 0 < ujn, min and uip + min < 1. We have chosen to constrain

the total mass above by one, in line with the non-dimensional carrying capacity of this model.
Furthermore, we prescribe no-flux boundary conditions for the cell density, i.e.,

|:(1—u—m)Vu+uV(u+m)] -n=0 on d€2,

where n denotes the outward normal vector on the boundary €2, as we assume that cells are
confined to 2.

This model follows simplifying assumptions, which are set out below and verified experi-
mentally in [37], that state that the timescale over which ECM degradation occurs is far larger
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than the timescale over which the matrix-degrading enzymes decay, so we can model that cells
directly degrade the ECM via their membrane-bound matrix-degrading enzymes only. As such,
Eq. (1b) contains only one term that describes the non-dimensionalised degradation rate of ECM
by surrounding cells as A € R, which largely impacts the speed and structure of travelling wave
type solutions observed in this model.

Eq. (1a) is a reaction-diffusion type PDE that relates closely to the Fisher-Kolmogorov-
Petrovsky-Piskunov (Fisher-KPP) equation [19,25], which is well-studied in a variety of con-
texts, including population models in mathematical biology [34]. The first term on the right-hand
side of Eq. (1a) describes the movement of cells down the gradient of the cell density, where
movement is prevented by the presence of surrounding cells and ECM. The second term models
motion of the cells down the gradient of the total density of cells and ECM, u + m, and takes the
form of an advective term. Diffusion-advection-reaction differential equations with linear diffu-
sion are well-studied in a variety of contexts, see, for example, [38,41]. It is a result of the volume
filling assumptions in the underlying individual based model that ensures that the corresponding
continuum model includes two flux terms that describe motility, such as those previously studied
in a variety of contexts, which include cross-diffusion [5,9], drift [1,2,30] and non-local inter-
action terms [16]. This is because the volume exclusion processes included prevent cell growth
and motility in regions of space with higher density of cells and ECM. From a mathematical
perspective, we are therefore dealing with a cross-diffusion type of model. The final term on the
right hand side of Eq. (1a) captures cell proliferation, which, due to volume-filling effects, is also
reduced by the presence of surrounding cells and ECM.

The mathematical analysis of multi-species cross-diffusion models is challenging as, on the
one hand, due to the solution-dependent mobilities, such systems are often only degenerate
parabolic, as in the current context, which impedes the usual regularising effects. On the other
hand, the coupling of several equations often prevents the use of maximum principles to obtain
L°°-bounds. This is particularly important for systems that involve volume exclusion processes,
as in this case, since the upper bound on the densities is a central modelling assumption. In the
wider context of linear diffusion [26], or stationary cross-diffusion [27], variations of the max-
imum principle have been employed in order to obtain sufficient regularising bounds [28,44].
However, they either treat stationary equations or require regularity of solutions which, due to
the fact that (1a) is only degenerate parabolic, is not available in our case.

However, one, by now established, approach to overcome these difficulties is the so-called
boundedness by entropy methods [6,23] that can be applied if the system is (formally) an
Otto-Wasserstein gradient flow [22,35]. The basic idea is to transform the system into entropy
variables, defined as variational derivatives of the entropy functional with respect to the unknown
densities. Then, in many practically relevant cases, it turns out that the mapping between these
and the original variables automatically enforces the desired bounds. This technique has, in dif-
ferent variants, been successfully applied in, for example, [8,17,46].

Another issue which is specific to the system of equations studied in this work is the fact that
Eq. (1b), merely being an ODE, does not contain any diffusive terms and thus, no regularising
effect for m can be expected. A similar coupling of PDEs and an ODE was previously analysed
in the context of chemotaxis, see, for example, [11,28,43]. Most importantly in our situation, the
coupling also implies that we are not dealing with a formal Otto-Wasserstein gradient flow. A
similar situation, yet for a model of tumour growth, was encountered in [7].

As a consequence, the main difficulty in studying the aforementioned system stems from the
fact that it cannot be cast into any standard gradient flow framework. Indeed, we first observe that
the form of the flux inside the divergence in Eq. (1a) is exactly the same as for the volume filling
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model analysed in [6]. The entropy functional that the authors used in their work, yet without
self-diffusion for m, reads as

E(u,m) Z/u(log(u) — D4 (1 = p)og(l — p) — Ddx, @)
Q

with p(x,t) :=u(x,t) + m(x, t). This allows us to rewrite Eq. (1a) in the form

ou

=V 1 VSE 1
Yl ‘|:M( -p) E]‘FM( - p).

The form of the right-hand side of Eq. (la) dictates an Otto-Wasserstein-type gradient flow,
which, in turn, implies the functional form of the free energy with respect to u, up to a constant,
possibly depending on m. However, the reaction term in Eq. (1a) disrupts this gradient flow struc-
ture as the equation is not mass-conserving. Coupled to Eq. (1b) it is not clear in which sense the
whole system could be interpreted as gradient flow. Since the system does not fall into a remotely
standard gradient flow framework that is often exploited in existence proofs. In particular, we do
not expect the entropy (Eq. (2)) to act as a Lyapunov functional. Nevertheless, we can show that
it grows at most linearly in time. Then, we are able to extract regularity information from its
dissipation which provides adequate compactness to establish the existence of solutions to the
system. These estimates are made rigorous by means of a time-discretistion and regularisation
procedure.

The cornerstone of this analysis is the observation that there is a regularising effect for the
ECM equation despite it only being an ODE. Albeit not being a gradient flow, from the dissipa-
tion we obtain an estimate of the form

2 2
Va2, —IVml2, c,

(n1ot L2()) (n 1ot L2(R) =

in conjunction with the conditional regularising effect for the ECM density, i.e.,

n—1

2 n 2 2 n—i 2
190 o,y 2200 < 2190l 20 + 20220 ) 2" IVHI2g, 1 r2ey:
i=0

on any time interval [f,, #,41] of length A¢ > 0, see Lemma 2.8. It requires a fine study to
combine both estimates in a suitable way that allows extension to the whole time interval [0, T].

1.1. Statement of the main theorem and structure of the paper

Before presenting the main result of this work, let us introduce our notion of a weak solution.
Definition 1.1 (Weak solution). For given initial data (1o, mo) € L*(2) x H'() with 0 <
mo, uo such that ug +mp <1 ae. in Q, we call (u,m) a weak solution to Egs. (1), if
u,m e L*(0, T; H'(Q)) such that d,u € L2(0, T; (H'())) and 8,m € L*(0, T; L*(S2)), and
if, for any ¢ € H'(Q), there holds
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T

T
//8,u(pdxdt+//[(1—u—m)Vu—{—uV(u +m)] - Vo dxdt
0 Q Q

0
T
://u(l—u—m)godxdt,
0 Q

and u(-, 0) = ug as well as

om

— = —\mu,
ot

for almost every x € Q and ¢ € [0, T], as well as m(-, 0) = my.
Pursuing the strategy outlined above, we are able to prove the following existence result.

Theorem 1.2 (Existence). Given (ug, mg) € L*(Q2) x HY () such that 0 < mg, ug and ug +
mo < 1 a.e. in Q, there exists a weak solution (u, m) € (L%(0, T; H'(2)))? 10 system (1) in the
sense of Definition 1.1, which also satisfies the box constraints

O<u,mandu—+m<1lae in Q2 x(0,T).

In addition, there exist non-negative constants Cy and Cp, depending on 2, T and initial data
(uo, mo) € L2(2) x HY(2), only, s.t.

IVullFa0 120y < Cos - and  11¥mll3a 7120 < Cim- 3)
The rest of the paper is organised as follows. Section 2 is devoted to the proof of Theo-
rem 1.2 and subdivided into the construction of the time-discrete, regularised approximation
(Section 2.1), the rigorous derivation of a-priori estimates (Section 2.2) and finally, the passage
to the limit to recover a weak solution (Section 2.3).
In Section 3, we then provide numerical examples of the travelling wave solutions that are
exhibited in the system (1) and investigate the limiting behaviour as A — oo.

2. Proof of the main theorem

The first step of our proof consists of constructing a time discrete, regularised (both in the
equations and the initial datum for the ECM equation) approximation to the system (1), which is,
however, still non-linear. Therefore, we have to show the existence of iterates for this scheme by
means of a fixed point argument. It turns out that a regularisation of the initial datum mj, results
in solutions satisfying the box constraints strictly. This allows us to obtain a time-discrete, yet
rigorous, version of the entropy—entropy-dissipation inequality. Thus, using a careful construc-
tion to mitigate the lack of regularity in m, we eventually obtain bounds that are sufficient to pass
to the limit and obtain the desired weak solution. Throughout our analysis we will use the letter
C to denote constants that may change from line to line.
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2.1. Time discretisation and regularisation
Let N € N, and discretise time such that (0, T'] has sub-intervals of the form

N
©,71=|J (k= D, k7],

k=1

where 7 = % We write the recursive sequence

Uk — Uf—1
———— =t(Awr —wp) + V- (ur(1 — p) V) + u (1 — pp),

mpg —mi—1
—————— = —Amguy,
T
where py := uy + my, wy = w(uy, my) and with regularised initial data

mg :=max(t, min(mj,, 1 — 7)), and wup = uj.

Furthermore, we recall that
&
w(u,m) = S =log(u) — log(1 — p),
u

such that the transformation from (u, m) to the entropy variable w is given by

_(I=m)e” (1—m)
L4 ldew

We note that Eq. (4b) can be solved for m; when given my_; and uj as
mi—1
my=——.
1+ Atuy
In order to show the existence of weak solutions, we define the set

A::{(u,m)e(Loo(Q))z:Ofu,m51,0§p:u+m§1}.

Lemma 2.1. Given t > 0 and (u, m) € A, we set p = u + m. Then, the linear problem

- . . W= g
/(r—i—u(l—p))vw.V(p—i—rwgodx:/|:u(l—p)— . j|g0dx,
Q Q

for all 9 € H'(Q), has a unique solution w € H'(Q) such that

lwllgr @) < C.

where the constant C > 0 depends only on T and uj_1.
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In addition, the operator Sy : A — L*(), which assigns some given (ii, i) € A to w, being
the solution to Eq. (7) is continuous and compact.

Proof. As ii(1 — /) > 0 and 7 > 0, the existence of a unique solution w € H'(Q) is a direct
consequence of the Lax-Milgram Lemma, cf. [3]. The a priori bound follows by choosing ¢ = w
as a test function and applying a weighted Young inequality to the right-hand side of Eq. (7).

For the continuity of S, consider a sequence (i, 11,) € A such that (ii,, m,,) — (i,m) € A
and denote by w, and w the respective solutions to Eq. (7). Subtracting the respective equations
and choosing ¢ = (w — wy,) yields

/(f + (1= §)|V(w —wp)* + 7w — wy, | dx
Q

U—lily

=/[ﬁ(1—ﬁ)—ftn(1—ﬁn)]an V(w —wp) — (w — wy)dx. €))
Q

As both (i, m,) € A and (i, m) € A, elementary calculations show that the following estimate
holds:

(1 — p) — itn (1 — pp)| <20t — | + [ — iyl

Additionally, we can use that 0 < (1 — p) < 1 and estimate the left-hand side in Eq. (9) from
below to obtain

i (w — wy)dx
T

Tllw = wal} g < f[ﬂ(l = P) = iin (1 = )1V, - Viw — wy) =
Q

< (2lla = inllzo@) + Il — iy || Lo @) IV wall 2 1V (w = wa) [l 12(q)

Q
Wi

it — il oo () llw — wn||L2(Q)
< C'(llit — il oo (@) + I — g || Loo@)) lw — wall g1q)

where C’ > 0 only depends on t, 2 and C > 0 comes from Eq. (8). Thus, as (i, n1,) — (@, i)
in L>®(2), we conclude that w, — w in H'(S). Finally, the compactness of S| then follows
from the compactness of the embedding H!(Q) — L*(Q). O

Our next goal is to recover a new pair (#, m) from w. To this end, we observe that, by defini-
tion of w, we have

w
u:(l—m)1+ew =:ay(l —m). (10)
Inserting this relation into Eq. (4b) yields
m—mg_1
———— = —Aum = —Aaypm(l —m). (1)
T
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The next result shows that, indeed, this equation is uniquely solvable.

Lemma 2.2. Given my_1 that satisfies 0 < my_1 < 1, and for t sufficiently small but independent
of mg—1, Eq. (11) has a unique solution m € [0, 1].

Additionally, the operator S : L*(Q2) — A, which maps w to (u, m) where u is calculated
from m and w via Eq. (10), is well-defined and continuous.

Proof. To establish the existence of a unique solution m € [0, 1] to Eq. (11), we define the set
B={zeL®(Q) :0<z<1},

and the mapping

Mg—1

K:B—B, K()=— T
- @ = T oan( —2)

As 0 <my_1 <1and (1 —z) > 0 almost everywhere, K is well-defined, continuous and every
fixed point of K is a solution to Eq. (11). Furthermore, we can estimate

1K (z1) — K(z2)llLoo() < tAawlimi—1llLeo@)llz1 — z2llLe @),

thus, as a,, < 1, for t sufficiently small, yet independent of mj_1, K is a contraction. Apply-

ing Banach’s fixed-point theorem we conclude the existence of a unique fixed point m € [0, 1]
which is then a solution to Eq. (11). Finally, the continuity of S, follows from standard compu-
tations. 0O

We are now in a position to prove the existence of iterates for Eqgs. (4a) and (4b).

Theorem 2.3. For given (ux—1,my—1) € A with my_, € HY(Q) and © sufficiently small, there
exists a fixed point (uy, my) € A. Moreover, (uy, my) € (HY(Q))2.

Proof. Due to the results of Lemma 2.1 and Lemma 2.2, the operator

S=%50S5:A— A,
is well-defined, continuous and compact. Furthermore, it is readily observed that .4 is a convex
subset of (L>°(2))?. Thus, an application of Schauder’s fixed point theorem yields the existence
of a fixed point (uy, my) € A associated to wy = Sy (ug, mg).

To show that the fixed-point has H '-regularity, we obtain from Eq. (11) that

Amy (1 —my)

1
Vg 4+ =Vmy_i.
(emy T Y

1
mG<— + oty A1 — 2mk)> =
T
For sufficiently small 7 > 0, the parenthesis on the left-hand side is positive, and we find

Vil 2@y = CUVwill L2 + I Vmi—1lL2(g) 12)

728



R.M. Crossley, J.-F. Pietschmann and M. Schmidtchen Journal of Differential Equations 428 (2025) 721-746

where C > 0 only depends on A, 7 > 0 and therefore m; € H'($). Furthermore, passing to the
gradient in Eq. (10), we also obtain the desired H'-bound for u, which concludes the proof. [

Theorem 2.4 (Uniform upper and lower bounds on uy, my). Let (uy, my) be solutions provided
by Theorem 2.3 and t > 0. Then there holds

O<up,me<1, aswellas 0<pp<]1,
forall k e N>,

The strict bounds in Theorem 2.4 are necessary in order to rigorously derive the entropy-
dissipation inequality later on.

Proof. Starting from (uq, mg), we construct w; which solves

up —up

/(T +M1(1—pl))Vw1'V§0+Tw1§0dx=/[ul(1—,01)— ]de- (13)
Q

As the right-hand side is bounded in L*°(£2), say, by the constant C, >0, depending on 7, we
have that

T
lwillpoe(@) < Cr = P

These upper bound bounds follow by using (w1 — C)+ as test functions in Eq. (13). Indeed, in
the first case we end up with

r/(w1 L C)ldx = —/(r F (L= p1)) IV (wi — Co)s d
Q Q

+f [u]a A ;“O] (wy — Co)y dx—r/&(w] — Cy)ydx
Q

Q

< /(6} —1Cy)(wy — Cy)4dx =0,
Q

as C; = 1C;. The lower bound follows analogously. Note that then

- -, 1 14
aw1—1+ew|€€ 714-7. (14)

In addition, note that m is related to w; via Eq. (11)

mi —myg
——— = —haymi (1 = m).

Thus, on the one hand, we have
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ml_m0<o
T =Y,

i.e. mp <mo <1 — t. Conversely, we have, as a,, < 1, that

mi — mo
——— = —dayymi (I —my) = —imy,
T

which implies

m=— >0
(1 +7h)

Recalling Eq. (10) then yields
up =ay, (1 —my) € (0, 1),
owing to the fact that m; € (0, 1) and a,,, € (0, 1). For
pr=ui+mi=ay +mi(l—ay),

this implies the bounds

0<e &+ ;T <ay, +mi(l —ay,) = p1,
as well as

p1=ay, +mi(l —ay) <ay, + 1A —-0)(1 —ay,)

zl_f(l_aw1)51_7<1_l+%> <1

Iterating this procedure, we obtain

ok
m <mp<l-r,
as well as
e ¢ Sukfl—rik’
(1 + Ta)k
and

—C + Tk < <1 1 1
T - — -E‘ - s
¢ Atk = Pk= 1+eCr

where C; > o0cast— 0. O
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Corollary 2.5. The fixed point (uy, my) € AN (HY())? constructed above is a weak solution to
Egs. (4a) and (4b).

Proof. In view of the bounds provided by Theorem 2.4, we can invert Eq. (10) and obtain
wy = log(uy) — log(1l — px), which allows the identification of (uy,my) as a weak solution of
Egs. (4a) and (4b). O

2.2. A priori estimates

Let (ug, mp)gey C AN (H 1(Q))? be the sequence obtained from the implicit Euler approx-
imation, cf. Eq. (4). This section is dedicated to deriving estimates independent of the time step
size, T > 0, that ultimately provide sufficient compactness to obtain weak solutions to the con-

tinuous system, Eq. (1).

Proposition 2.6. Let (uy, mi)72, C AN (H'(R))? as defined in Theorem 2.4. Then, for any
k € N, the following discrete entropy estimate holds

1
?(5(14/(,"1/{) —E—1,mp-1)+ 7 / |Vwgl? + |wg|* dx

Q
sc—/uk(l—uk—mknvwdx, (15)
Q
where C > 0 only depends on Q2. Moreover,
1
Vil 72y = €+ —(E it miet) = E e m) + 1Vme 2 g, (16)

with C = C(t) > 0 independent of k € N.

Proof. Owing to the strict upper and lower bounds provided by Theorem 2.4, the logarithmic
terms appearing in the derivative of the entropy are well defined. Thus, we can use the joint
convexity of the energy to obtain

Eug, mi) — EQug—1, mg—1) < /[loguk —log(1 — ugx — mp) |(ug — ug—1)dx
Q

—flog(l —up — my)(my —my_1)dx
Q

s /[loguk —log(1 — ug — mp) | (u — ug—1)dx,
Q

where the last term was discarded due to its sign. Using the definition of the entropy variable,
Eq. (5), this results in
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5(Mk,mk)—5(uk—1,mk—1)S/wk(uk—uk—l)dx-
Q

Due to the H'(Q)-regularity of wy, we may use it as a test functions in Eq. (4) to get

1
k) = Sy, me) = = [ (1Y + fu )
Q

— / Vwg - (up (1 — up —my)Vwyg)dx
Q

—{-/wkuk(l —ur —my)dx.
Q

Integrating by parts, and using that |2| < oo as well as 0 < uy, m; < 1 and the definition of wy,
the inequality further simplifies to

1
;(5(141“”%) — E(ug—1, mg-1))

<c- rf Vukl? + [wedx —/uka g — mp)| Vg 2d,
Q Q

where C > 0 is independent of k, £, T. Using the definition of wg, cf. Eq (5), we further estimate

/uk(l — ug —my)|Vwg)*d
Q

Vug|? V(1 — po)l?
2/(1 —pk)| d +2Vuk~V(uk+mk)+ukde
J u 1 — pr

z/2|wk|2—2|wk||mG|dxzf|wk|2—|mG|2dx.
Q Q

Inserting this estimate into the entropy inequality above yields

1
IVurl7a g, < C + —(E e, i) = E(ui, mi) + IVmil}ag,. O

Before proceeding, let us introduce the piecewise constant interpolations associated to the
iterates of the implicit Euler method. For v € {u, m, w}, we define

ve(x, 1) = vg(x),
whenever t € (ty_1, t¢], forall k > 1 and x € Q.
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Corollary 2.7 (H'-estimate for we). Let (ux, mg);2, C AN (H'(2))? and (wy)i2,, be the as-
sociated entropy variables defined in Eq. (5). Then

1/2
rl/ ||wr||L2(0,T;H1(SZ)) =C,

where wy denotes the corresponding piecewise constant interpolation and the constant C > 0
only depends on Q2 and T > 0.

Proof. From Eq. (15) we get

1
t(IVwil 2 g, + Ikl ) = € + —(E et mic) = E, ma)),

which, upon integrating over (fx—i, #x] and summing from k=1, ..., Nr, gives
2 2
T (”va ”LZ(O,T;LZ(Q)) + ” Wr ”LZ(O,T;LZ(Q)))
Nt 1
SCT+1)  —(E et mir) = Eu, mi).
k=1

Since the sum on the right-hand side is telescopic, the estimate simplifies further to

r(nm 132072220 + w2 ||iz(0,T;L2(Q») < CT + E(ug, mo) — E(uny, myy).

Since 0 < uy, my <1 and |2| < C, we obtain the following uniform estimate

T1/2||wr||L2(o,T;HI(Q)) =<C,
independentof 7 > 0. O

Lemma 2.8 (Conditional estimate for Vm). Let (ux, mg)ge, C AN (H'Y(2))? be the solution
to the implicit Euler approximation, Eq. (4). Then, for any n,{ € N, we have the conditional
estimate

n—1
IVmael7ag) < 2" 1Vmoll 7o, + 7227 ) 2" oy,
k=0
where
(k+1)¢
$=Y TlVuill}s g (17)
i=kl+1
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Proof. Let j € N be fixed. Recalling Eq. (6), we can write, forr =1, ..., £, that

1

J+r Jl | L
il 1+'L')\.M]+l

Taking the gradient of this expression, we find that

,
TAVU 4

Vimjsr=Vm; [ [——— g

mjyr mJ,UIJrn\qu JZ H1+n\u,+l (1 + Thujti)?

Finally, we pass to the norm and obtain
,
1Vm il 2@ < VMl 2 + T2 Y I Vujtill 2. (18)
i=1
having used the fact that 0 < uy, m; < 1. Squaring both sides yields
14

sup 11Vm s 1720 < 20Vmil 7o) + 20772 IVUj4ill 72 ) (19)

I<r<t-1 i=1

Next, we set j = nf, upon which the preceding estimate becomes

sup  [IVmil o) < 21Vmuell7a g, + 2277 0, (20)
nl<k<n+1)¢
where
(n+1)¢
$n= D TIViilla -
k=nt+1

If we now consider Eq. (20), we can write

IVmnelagy < sup IVl g < 20Vmu—neljaiq) + 22777601,
(n—1)e<k<nt

and substitute in Eq. (20) iteratively to find
n—1
1Vmael}2 i) < 2" 1Vmol 72 g, + 7227 Y 2" F g O

k=0

Let us note that the definition of the quantity ¢ already shows that the H'-control of m
depends on the H L_control of u, hence the name ‘conditional estimate’. We will use it to derive
a uniform H !-bound for u such that, a fortiori, m € H', unconditionally.
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Lemma 2.9 (L>-estimate for Vu.). Let (uy, m)eey CAN (HY(2))? be the solution to the im-
plicit Euler approximation, Eq. (4), and let u be the piecewise constant interpolation associated
to (u)p2 . Then

”Vuh ||iz(0,T;L2(Q)) S C’
where C > 0 is independent of T > 0.
Proof. Let us recall Eq. (16) in Proposition 2.6:
1
IVuklZ2 gy < €+ — (€, mi1) = Euie, mi) + | Vimil -

Summing from k =nf + 1 to k = (n 4 1)£ and multiplying by t > 0 yields

(n+1)¢
Y TlIVukliag,
k=nt+1
(n+1)¢ (n+1)¢
<Ctr+ Y Ewer,m 1) —Ewe.m))+ Y T Vmel3a g
k=nt+1 k=nt+1
(n+1)¢
< Clr + (Eune, mpe) = EWeuinye: Mus1ye)) + Y | Vmel3a g
k=nt+1
(n+1)¢
<CU+e0+ Y TlIVmillsg,,
k=nt+1

using the fact that the entropy can be bounded since 0 < uy +my < 1 and the domain is bounded.
Thus, having passed to the supremum on the right-hand side, we have

(n+1)¢
Z fllvukHiZ(Q) = C(l +e7:) +£T sup ”mGHiZ(Q)
k=nt+1 nl+1<k<(n+1)¢

Hence, recalling the definition of ¢ (cf. Eq. (17)), we find
bu = C1+ ) + 207 (IVmne |25 g, + 76760,
where we also used Eq. (19). Since both sides contain the term ¢,, we rearrange and get

C(1+ 1) + 20t Vimpell} s g
1 —272)2¢2
C(l+47) 2T
T 1—27202)2 * 1 —21202¢

2
2 Ilvmn@ ”LZ(SZ)
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—1

(1 +¢x) 200 O

ST 22 T T (2"||vm0”L2m) + Y 2 ).
k=0

having used Lemma 2.8. Thus,

I
C(1+¢7) 20t ) 213A2€2 ~ i
020232 T 1= 2120202 28Vmoll g + 1_—2:22¢02 Zzn Pk

¢n51

Setting At := £t for £ > 1, the estimate becomes

n—1

C(1+ Ar) 2At 5 27 Ar2\2 L
2" |Vm —I— "=
T oamz T 1ot Wmollie ¥ s Z P

¢n =

Hence, for any 7 > 0, we choose £ = ¢(7) € N such that Ar < 1/(2A) and (¢ 4+ 1)t > 1/(21).
This way, we obtain

n—1

¢ <CA+AD+TY 2" Ky
k=0

Using a discrete version of Gronwall’s lemma, we find that

ZN 2N—k -
sup ¢, < Cesk=! <C; <00
0<n<N

where C; > 0. It is crucial to highlight that Az - 0, as T — 0. Thus

N
Y ¢ue <NCi < o0,

n=0

where N := [T /At] does not go to infinity as 7 — 0, thereby providing the desired uniform
bound. As a result,

T
2 2
Hvuh”LZ(O,T;LZ(Q)) =/||VMh||L2(Q)ds
0
(N+1)I—1

Y TlVualjag,

n=0
(n+1)[—1

2
T Y IV,

0 k=nl

IA

I
M=

n

I
M=

¢ < C < 0,

3
Il
S
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where C > 0 does notdependon 7 >0. O

Corollary 2.10 (L2-estimate for Vm). Let (uy, mpy C AN (H'(2))? be the solution to the
implicit Euler approximation (Eq. (4)) and let m, be the piecewise constant interpolation asso-
ciated with (my)2.,. Then

2
Vmpll;2 C,

O.7:12Q) =

where C > 0 is independent of T > 0.

Proof. Revisiting Eq. (18), we have

.
1Vm 1720 < 21Vmoll ]2, + 272271 Y IVUill}2q)
i=1

S C + 2‘[)\'2NT ”Vuh ||iz(0,T;L2(Q))’

having used the initial bound on Vmg. Multiplying by 7 and summing from r = 0 to N7, we get

Nr
T Y IV 72, < 2(NT + DTIVmolja g, + 20> Nr (N + DT> I Vunl} g 120
r=0

E C’
where C > 0 is independentof . O
Next, let us address the time regularity of # and m. To this end, we introduce the notation

vix,t+1)—v(x,1)
drv = ’
T

for v € {u, m}.
Lemma 2.11 (Time regularity for u,, m). Let (ug, mp);2, C AN (H'(2))? be the solution to

the implicit Euler approximation (Eq. (4)) and let u,; be the piecewise constant interpolation
associated with (u)y2. Then, there holds

ldrur, ||L2(O,T;(H1 @)) = C,

and

ldem ||L2(0,T;L2(Q)) <C,
where C > 0 is independent of T > 0.
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Proof. From Eq. (4a) and employing the notation above, we see

/dfuﬂpdx = —/ {I(sz Vo +wrp)
Q Q
+ [(1 —ur —mg)Vur +uV(ug +mr)] Vo

— (1= ur —mo)gdx, @
for any ¢ € H'(Q). Passing to the modulus and using Cauchy-Schwartz, we may estimate

dvur. 9)| < T(IVwell 20 IVell 2 + w2 el 2q))
+ IVl L2 (1 —me)Vur +u:Vme)ll 2
+llellp2@lluc (I —ur —mo)ll2q),

whence
[(dritr, 9)] < Collgll i@y (lwell gy + Cr{IVucll 2 + 1IVmell2(q)) + C2).

having used the fact that u,,m, € L0, T; AN (H'(2))?). Upon dividing by @l g1 () and
passing to the supremum,

drur ||(H1(sz))/ <Co+ Cillwe ||H1(S2) + C2(||Vl/lr ||L2(gz) + ||er||L2(sz))-

Squaring and integrating over [0, T'] yields

2
”d‘[u‘f ” LZ(O,T;(HI (Q))/)

S C<l + ”wT ”%‘Z(O,T;HI(Q)) + (”V”‘[ ”i%o,T;LZ(Q)) + ”Vm‘f ||%2(0,T;L2(Q))>)

<C,

where we used Lemma 2.9 and Corollary 2.10. In particular, note that the constant C > 0 is in-
dependent of T > 0. The regularity result for d,m follows directly from Eq. (4b) and the uniform
bounds on u, m,, which completes the proof. O

2.3. Existence of weak solutions

Having established the a priori estimates, let us now show the existence of convergent subse-
quences whose limits we identify as weak solutions in the sense of Definition 1.1.

The bounds provided by Lemma 2.9 and Corollary 2.10 in conjunction with the Banach-
Alaoglu theorem yield the existence of subsequences and two functions Vu, Vm € L*(0, T;
L?(R)), such that

o Vu, — Vuin L%(0,T; L%()),
e Vim; — Vmin L?(0, T; L*(Q)),
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where we did not relabel the subsequences. Moreover, by the uniform bounds of Lemma 2.11,
Lemma 2.9, and Corollary 2.10, we may invoke [40, Theorem 6] such that

e u; — uin L%(0, T; L3()),
e my; — min L%(0, T; L%()),

again, up to subsequences. Finally, from Lemma 2.11, we have

o drur — duin L20, T; (HN(Q))),
o dymy — 9ym in L0, T; L3(R)),

up to a subsequence. Indeed, the limits can be identified as follows. If d;u; — x, then, for
E)P(x) e C°((0,T) x ]Rd), we have

T—t T—1
/ / dyunE (D (x)dxdi = / / Msawmdmr,
0 Q 0 Q

Upon a change of variables, s =t + t, we find

/¢( )f T(ZH) wlH D) =@y iy

ur(x,t) ' rur(x )
/¢(x)/ &(t — t)drdx — /d)(x) / &(t)dtdx
0
T
— &) 1
/¢(x) / . dtdx—i—;/.qb(x) / ur(x, )& — v)dedx
Q T—t

—%/d)(X)/ur(x,t)E(t)dtdx
Q 0

T
—> —/q&(x)/u(%t)i‘/(t)dtdxv

i.e., x = 0;u in the sense of distributions. Replacing u by m and setting d,m,; — ), following
the above argument, we have

T T

/ F(OE@)d = — / m()E (1)dr,

0 0
and thus m’ = § € L*(0, T; L*(R)).
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Having garnered sufficient compactness and the corresponding convergent subsequences and
limits, we can now prove the main result.

Proof of Theorem 1.2. Let us revisit Eq. (21), i.e.,

T

T
//dfu,(pdxdtz—r//Vu)-V(p—i—uxpdxdt
Q 0 Q

0

f((l —m)Vu, +u,Vmy) - Vo dxdr
Q

+

St O ——

/u,(l — Uy —my)@dxde.
Q

First let us note that the term premultiplied by t vanishes due to Corollary 2.7. Next, using the
convergences above, we can pass to the limit in the other terms of the equation to get

T T
//8,u(pdxdt=—//((1—m)Vu+uVm)~Vg0dxdt
0 Q 0 Q

T
—|—//u(1—u—m)(pdxdt,
0 Q

for any ¢ € CSO(R‘I x (0, T)) which is dense in L2(0, T; H'(R)). Thus, the limit («, m) is a
weak solution to Eq. (1a) in the sense of Definition 1.1. Similarly, we can pass to the limit in the
equation for the ECM, Eq. (1b), in duality with L2(0, T; L*(R2)), i.e., we get

T T
ffatmwdxdtz—kf/umwdxdt,
0 Q 0 Q@

for any ¢ € L?(0, T; L>(2)), having used the same approximation procedure of the test function.
The a priori estimates (3) follow from passing to the limit in the bounds of Lemmas 2.9 and
2.10, using the weak lower semicontinuity of the norms.
Finally, the compactness is sufficient to conclude that the weak solution satisfies the initial
data, using in addition that my — mj, pointwise as 7 — 0. O

3. A numerical exploration of large ECM degradation rates

In this section, we explore solutions to the system (1) numerically, using simulations subject
to no-flux boundary conditions and the following initial conditions:
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1, i x| <1,

,0)= 22

u(x.0) {o, it x> 1, @2
0, .f 17

mix, 0) = k< (23)
mo, if x| >1.

Asin [13], the system (1) is solved in one dimension on the domain x € [0, L], where L > 200
is chosen sufficiently largely to ensure a full travelling wave type profile had evolved without the
impact of boundary conditions. In two dimensions, we solve the system (1) numerically on the
domain x = (x, y) where x, y € [—5, 5]. The spatial discretisation used is Ax = 0.1, where we
employ the method of lines to discretise physical space before integrating in time using Python’s
built-in integrator scipy.intergrate.solve_ ivp, which uses an explicit Runga-Kutta
integration method of order 5 and time step Ar = 1. This specification of Af, Ax satisfies the
CFL condition for this system of equations (1), given by

(Ax)?
“2max (|1 —u —m|, Ju|)’

The discretisation employed at spatial point i is

d doa 1
5[1)5} ~ A2 |:(Di1 + Dj)aj—1 — (Di—1 +2D; + Dit+1)a; + (D; + Di+1)ai+1:|~

When simulating the system of equations (1) on a fixed domain, subject to zero flux boundary
conditions and initial conditions (22) and (23), we observe solutions in both one and two spatial
dimensions that we have a travelling wave type profile, whose far-field conditions are determined
by the steady states of the system of equations (1):

(u, m)=(1, 0), (0, mp).

In the travelling wave type profile, the cell density, u, decreases monotonically from one to zero,
as the cells diffuse into available space and proliferate up to the carrying capacity behind the
wave, driving invasion. The ECM density, m, increases monotonically between zero (where it
is completely degraded by cells in the same spatial position as the ECM) and mq (where no
degradation has occurred as no cells are present here yet, ahead of the wave).

One key feature of the profiles in cell and ECM densities is the overlap between the wave
fronts. For low ECM degradation rates, we observe a non-negligible region of overlap in the cell
density and ECM profiles. Alternatively, as A increases, the very low density of cells at the front
of the non-compactly supported cell density profile (in the exponential tail) has a larger impact
on the ECM. This is because they are able to degrade the ECM locally at a much higher rate
and therefore the remaining density of ECM is significantly reduced, resulting in a much smaller
overlap in the travelling wave type profiles of cell and ECM densities. Indeed, in extremely
high ECM degradation rates, a gap appears between the cell and ECM density wave fronts,
typical of those observed in acid-mediated tumour invasion models, such as those by Gatenby
and Gawlinski and others [20,21,29]. It is also clear from Figs. 1, 2, 3 and 4 that increasing the
ECM degradation rate impacts the shape of the ECM density travelling wave type profile. As A
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Fig. 1. On the left, plot of the relationship between the ECM degradation rate, A, and the numerically estimated travelling
wave speed, ¢, (solid lines) of solutions of the system (1) subject to zero flux boundary conditions and initial condi-
tions (22) and (23) for various initial ECM densities, m . The numerically estimated travelling wave speed is obtained
by interpolation to find the point X (¢) such that u(X(¢), ) = 0.1 at all times ¢ > 0. The dashed lines indicate the value
of the analytically predicted minimum travelling wave speed, 2(1 — mq) [13]. On the right, plots of solutions to system
(1) subject to zero flux boundary conditions and initial conditions (22) and (23) in one dimension for the cells (blue) and
for the ECM (red), where m = 0.5. Plots are shown subject to ECM degradation rates A = 100, 102, 104, 10° at times
t =25, 50, 75 and 100, from left to right.

increases, the ECM profile displays a sharper transition between zero and mg around the wave
front.

In Figs. 1 and 2, it can be observed that for a constant initial condition for the ECM density,
the solutions for the cell and ECM density have a constant speed and constant profile. Initially,
as the cell density transitions from the initial condition to the travelling wave type profile, we
observe a speed that increases with time. However, once the cell density reaches its constant,
travelling wave type profile, it propagates through the spatial domain with a constant speed.
At low values of the ECM degradation rate, A, the numerically observed travelling wave speed
matches that predicted by standard travelling wave analysis, via linearisation of the system of
ODEs associated with Egs. (1a) and (1b). This analytically predicted minimum travelling wave
speed, Canalytical = 2+/(1 —my), is derived in [13], and, importantly, although describes an ex-
plicit dependence on the initial ECM density, it is independent of the ECM degradation rate, A.
However, the plot on the left in Fig. 1 demonstrates that the speed of invasion of the cells does,
in reality, depend on A, as supported by the plots on the right in Fig. | and Fig. 2, which show
solutions of Egs. (1a) and (1b) for different values of the ECM degradation rate, 1. From this, it
is clear that increasing X increases the speed of invasion of the cells, such that the numerically
estimated minimum travelling wave speed, cpymerical = 2~ as A — 00.

The varying discrepancy between the analytically predicted minimum travelling wave
speed Canalytical = 24/ (1 — mg) and the numerically observed minimum travelling wave speed,
Cnumerical, fOr increasing A (which can be observed on the left in Fig. 1) is primarily due to the
linearisation of the system during travelling wave analysis, which disregards the complexity of
the non-linear diffusive terms and ignores the impact of parameters, such as A, which are only
present in the coupled equation describing ECM evolution over time. Results like these, where
multi-species systems with cross-dependent diffusion show a discrepancy between the analyti-
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Fig. 2. Plots of solutions to system (1) subject to zero flux boundary conditions and initial conditions (22) and (23) for
the cells (blue, plotted only on the right half of the plots) and for the ECM (red, plotted only on the left half of the plots),
where mq = 0.5. Results are symmetric, hence plotted in this way. Plots are shown subject to ECM degradation rates
A=1,10attimest =0, 2, 4, 6, 8.
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Fig. 3. Plots of solutions to system (1) subject to zero flux boundary conditions and initial conditions for the cells (blue,
plotted only on the right half of the plots) as in Eq. (22) and random initial data for the ECM, smoothed using a Gaussian
filter with o = 5 (red, plotted only on the left half of the plots). Results are symmetric, hence plotted in this way. Plots
are shown subject to ECM degradation rates A = 1, 10 attimes t =0, 2, 4, 6, 8.

cally predicted and numerically estimated travelling wave speeds are also observed in coupled
systems of PDEs such as those studied in [14,42] and is discussed in more detail in [18].

If we instead consider a setup where the initial condition for the ECM is inhomogeneous
across the space ahead of the cells, we observe a less smooth profile in the ECM density. Consider
Fig. 3, where we simulate the system (1) with a random initial condition for the ECM, which is
smoothed under a Gaussian filter (using scipy.ndimage.gaussian filter witho =5).
By examining the ECM (plotted on the left, in red), we can see that small, stochastic differences
in the initial ECM density develop into larger regions of disparity in the ECM profile as it is
degraded by invading cells, such that the degraded front in the ECM density varies azimuthally
during a two dimensional simulation. In contrast to this, the radial migration of the cell density
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Fig. 4. Plots of solutions to system (1) subject to zero flux boundary conditions and initial conditions for the cells given
by Eq. (22), but for the ECM as m(x,0) = 0.5 + 0.25sin(x/10). Solutions are shown in one dimension for the cells
(blue) and for the ECM (red) at times ¢ = 25, 50, 75 and 100, from left to right.

(plotted on the right, in blue) smooths out the azimuthal variation in the ECM density profile
and thus a smooth invading cell population is observed. This is likely due to the higher cell
densities, and a greater impact can be observed when the ECM degradation rate is larger. In
fact, the travelling wave type profile observed for the cells when the surrounding ECM density
is constant (see Fig. 2) or random (see Fig. 3) are almost identical for a given value of the ECM
degradation rate shown in Fig. 3.

To investigate whether this averaging out among the invading cell density is always observed,
we returned to one dimension and considered an oscillatory initial condition for the ECM. When
oscillations are small in amplitude or high in frequency, similar behaviour to the random ECM
setup in two dimensions was observed - i.e., the cells invaded with a constant speed, constant pro-
file solution, and quickly degraded the ECM. In contrast, when we simulated an initial condition
for the ECM with a larger amplitude and lower frequency of oscillations, we notice that there
were constant profile solutions, however the speed of invasion varied through time and space
(see Fig. 4). As the ECM degradation rate increases, the differences in the speed of the travelling
wave type profiles decrease, and only marginal changes can be observed over time. However, for
small ECM degradation rates (as shown on the left in Fig. 4), we observe a large disparity in the
speed of invasion throughout the spatial domain. As the cells move through regions of low ECM
density, the speed of invasion increases, and then, in regions of higher ECM density, the speed of
invasion decreases again. The observed speeds in each region match those shown on the left in
Fig. 1.

In future work, the discrepancy between the analytically predicted and numerically estimated
minimum travelling wave speed could be investigated, with the aim to uncover the relationship
between m, the ECM density ahead of the invading cells, and X, the critical value of the ECM
degradation rate where chumerical > Canalytical When A > A.. It would also be of interest to formally
show that solutions to Egs. (1) converge to solutions of the Fisher-KPP equation, with ¢ = 2,
when A — oo.
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