Stabilization in a chemotaxis model for tumor invasion

Kentarou Fujie*
Department of Mathematics, Tokyo University of Science,
Tokyo 162-8601, Japan

Akio Tto™ Michael Winkler?
Center for the Advancement of Higher Education, Institut fiir Mathematik, Universitit Paderborn,
Faculty of Engineering, Kinki University, 33098 Paderborn, Germany

Hiroshima 739-2116, Japan

Tomomi Yokota?
Department of Mathematics, Tokyo University of Science,
Tokyo 162-8601, Japan

March 21, 2017

Abstract

This paper deals with the chemotaxis system

up = Au—V - (uVv), x €N, t>0,
vy = Av + wz, re, t>0,

Wy = —wWz, e, t>0,

zi = Az — z + u, re, t>0,

in a smoothly bounded domain  C R"™, n < 3, that has recently been proposed as a model for
tumor invasion in which the role of an active extracellular matrix is accounted for.

It is shown that for any choice of nonnegative and suitably regular initial data (ug,vo, wo, 20), &
corresponding initial-boundary value problem of Neumann type possesses a global solution which is
bounded. Moreover, it is proved that whenever ug # 0, these solutions approach a certain spatially
homogeneous equilibrium in the sense that as t — oo,

u(z,t) — o, v(x,t) = U + Wo, w(z,t) =0 and z(x,t) — o,
uniformly with respect to = € Q, where g := ﬁ Jo o, g = ﬁ Jo vo and wg := ﬁ Jo wo-
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1 Introduction

This paper is concerned with the chemotaxis system

ur = Au— V- (uVv),
v = Av + wz, (11)

Wy = —Wz,

zt = Az — z + u,

which has been proposed in [5] as a modification of the tumor invasion model originally introduced
by Chaplain and Anderson in [2]. A particular focus of the model (1.1) consists in accounting for a
chemotactic attraction induced by a so-called active extracellular matriz, ECM*, which is produced by
a biological reaction between the extracellular matrix, ECM, and a matrix-degrading enzyme, MDE.
Accordingly, besides the densities u, w and z of tumor cells, ECM and MDE;, a fourth relevant quantity
becomes the concentration of ECM*, which is represented by the function v in (1.1).

In the past two decades, a large variety of mathematical models describing tumor invasion phenomena
has been developed by focusing on different aspects. Besides models purely based on reaction-diffusion
equations ([6]), most of these models at their core assume taxis mechanisms which are of haptotazis
type, meaning that the respective attractant is non-diffusible (see e.g. [2] and [1] or also the discussion
in [5]). Analytical results on such haptotaxis systems, essentially containing certain memory-type
evolution problems as subsystems, are yet quite fragmentary, so far mainly concentrating on issues
such as global existence and boundedness ([13], [14], [19], [20], [22], [27]); more detailed answers have
been given only in certain special cases ([4], [8], [9], [12]). After all, certain global existence results
can be achieved for such haptotaxis systems even when expanded to more realistic models ([3]) by
including additional mechanisms ([21], [23], [24], [25], [26]).

As compared to this, cross-diffusion in (1.1) is of chemotaxis type in that it is directed toward the
diffusible ECM*, the latter being produced by the static ECM in conjunction with the chemical MDE.
From a mathematical point of view, one might expect this additional influence of diffusion to entail
certain improved regularity properties of solutions. On the other hand, the literature shows that also
such chemotactic cross-diffusion may have a strong destabilizing effect: For instance, in the Keller-
Segel system

{ ur = Au—V - (uVz), (1.2)

2= Az — z+u,

widely considered as a prototypical model for chemoattractive processes, it is known that solutions
are global and remain bounded if either n =1 ([17]), or n > 2 and the initial data are suitably small
([16], [28]), but that some large-data solutions become unbounded even within finite time in the cases
n =2 ([7], [15]) and n > 3 ([29]), where n denotes the space dimension.

Main results.  As opposed to (1.1), in (1.2) the substance secreted by the cells is immediately
directing chemoattraction, whereas in (1.1) this chemical only has an indirect taxis effect by stimulating
the signal production. It is the purpose of the present paper to clarify how far this indirect chemotactic
feedback may enhance the regularity and boundedness properties of solutions. Indeed, we shall see
that any type of blow-up is thereby entirely suppressed in the physically relevant case n < 3, and that



furthermore basically all solutions approach a spatially homogeneous equilibrium in the large time
limit.

In order to precisely formulate our results in this direction, let us specify the full problem setting by
considering the initial-boundary value problem

((up = Au—V - (uVv), reQ, t>0,
vy = Av + wz, reQ, t>0,

wy = —WZ, z e t>0, (1.3)
:AZ—Z-FU; $€Q7t>07 |
Qu v _ 02 g o0, t>0,

u(z,0) =up(z), wv(z,0)=uvo(x), w(z,0)=wo(z), =z(z,0)==z(z), x € Q,

in a bounded domain € C R™ with smooth boundary, where throughout this paper we shall assume
that B
up € C°(Q) is nonnegative,
v € WH*(Q) is nonnegative,
wo € C%(Q) is nonnegative and
z0 € C°(Q) is nonnegative.

(1.4)

The first of our main results asserts that under this condition, (1.3) admits for global existence of a
bounded classical solution when n < 3. We underline that the following statement on this does not
require any smallness condition on the initial data, such as necessary for global boundedness in the
Keller-Segel system.

Theorem 1.1 Let n < 3, and suppose that (1.4) holds. Then there exists a uniquely determined
quadruple (u,v,w, z) of nonnegative functions

ue C%(9 x [0,00)) N C>HQ x (0,0)),

v e C%Q x [0,00)) N C*H(Q x (0,00)) N Lig([0, 00); WH(%2)),
w e C%Q x [0,00)) NCO(Q x (0,00)) and

2€ C%Q x[0,00)) NC*H(Q x (0,00)),

which solve (1.3) classically in 2 x (0,00). Moreover the solution (u,v,w,z) of (1.3) is bounded in the
sense that there exists C' > 0 such that

[u(, )l zee @) + [[0Cs D lwree @) + lwl Dllee@) + 120, )l ooy <€ for all £ > 0.

Moreover, whenever wug is nontrivial, the above solution approaches a certain spatially homogeneous
steady state:

Theorem 1.2 Let n < 3. Assume that ug, vy, wy and zy comply with (1.4), and that ug #Z 0. Then
the solution (u,v,w, z) of (1.3) satisfies

Ju(-,t) — ol Lo () — 0,
[v(-,t) — (Do + Wo) || oo () — O,
|w(-,t)|[Loe() =0 and

|2(-,t) — ol oo () — 0



as t — oo, where the constants ug, vy and wy are given by

o 1 / _ 1 / o 1 /
ug = — | ug, vy = — [ o, and wy = — [ wg. 1.5
0 Jo 0 o 0 Jo 4o

In consequence, the indirect mechanism of signal production in (1.3) is apparently insufficient to
generate any significant instability of homogeneous distributions: In fact, the results from Theorem
1.1 and Theorem 1.2 indicate that at least when n < 3, the cross-diffusive term in the first equation
in (1.3) is substantially overbalanced by diffusion, and that hence the overall behavior of the model,
with respect to both global solvability and asymptotic behavior, is essentially the same as that of the
correspondingly modified system obtained on fully disregarding this taxis mechanism.

This paper is organized as follows. After collecting some preliminary facts including local existence in
Section 2, we shall establish Theorem 1.1 in Section 3 by deriving suitable a priori estimates through
a two-step bootstrap argument which eventually yields a bound for the crucial component u with
respect to the norm in L*°(2) (Lemma 3.5). The large time behavior will be addressed in Section 4,
as a starting point using the integrability property

/OOO/Qw(x,t)z(a:,t)da:dt < 0

(Lemma 4.1). Thanks to global regularity estimates implied by the boundedness of solutions (Lemma
3.6), this will entail convergence of v to some nonnegative constant L in W°°(Q) (Lemma 4.3). This
in turn warrants stabilization of u (Lemma 4.4) and then of z (Lemma 4.5) in the sense claimed by
Theorem 1.2, where the latter property along with the assumption g > 0 enforces decay of w (Lemma
4.6) and thereupon allows for determining L (Lemma 4.7), thus completing the proof of Theorem 1.2.

2 Preliminaries. Local existence and basic estimates

The following statement on local existence and uniqueness is contained in [5, Theorem 3.1].

Lemma 2.1 Letn > 1, and assume that ug, v, wo and zg satisfy (1.4). Then there exist Typaq € (0, 0]
and a unique classical solution (u,v,w,z) of (1.3) in Q x (0, Tyar) which is such that

0<ueC%Q [0, Tinaz)) NC>HQ x (0, Tinaz)),

0 <v e C%UQ [0, Thnaz)) NCHHQ X (0, Trnaa)) N Lise ([0, Tinaz); WH (),

0<we C%Q %[0, Thaz)) NCO(Q x (0, Traz)) and

0 <z € C%Qx [0, Tnaz)) N C*H(Q X (0, Traa)),

and such that

FToar <00 then i ([l 0l + oGOl + 2Colimiey) =oe. (21)
Throughout the sequel, we suppose that (ug, vg, wo, z0) is given such that (1.4) holds, and let (u, v, w, z)
and Tynae € (0,00] denote the corresponding solution of (1.3) and its maximal existence time as
specified in Lemma 2.1.

The following statement on conservation of the total mass fQ u of cells is obvious but essential to our
analysis.



Lemma 2.2 The first solution component u satisfies

/ u(z, t)de = / ug(z)dx for all t € (0, Thaz)- (2.2)
Q Q

PrROOF.  This can immediately be seen upon integrating the first equation in (1.3) over £ x (0,¢)
for t € (0, Thnaz)- O

Likewise, it is evident from (1.3) that w is nonincreasing with time. We shall frequently use the
following implication thereof.

Lemma 2.3 The third solution component w fulfills
|w(, O)|[Lec@) < lwollzeey  for allt € (0, Tinaz)-

PROOF.  Since both w and z are nonnegative, this is obvious from the third equation in (1.3). O

The particular structure of the nonlinearities in the second and third equations in (1.3) moreover
enables us to derive boundedness of v with respect to the norm in L!().

Lemma 2.4 The second solution component has the property that

/Qv(ac,t)dac < /QUO(:L')dx +/ wo(x)dx for allt € (0, Traz)- (2.3)

Q

PrROOF.  We add the third to the second equation in (1.3) and integrate with respect to z € €2 to
obtain

d
— [ (v+w)= / Av =0 for all t € (0, Thaz ),
dt Jo Q

because g—z =0 on 99. Thus,

/Qv(a:,t)dac—i-/gw(x,t)dx—/Qvo(a:)da:—i-/gwo(m)dx for all ¢ € (0, Trnaz), (2.4)

from which (2.3) follows by nonnegativity of w. O

3 Boundedness. Proof of Theorem 1.1

Throughout our subsequent analysis, we shall frequently make use of well-known smoothing properties
of the Neumann heat semigroup (etA)tZO in . Unless stated otherwise, corresponding proofs can be
carried out in a standard manner such as reported in [18] mainly for the neighboring case of Dirichlet
boundary conditions; a precise demonstration for the particular case of Neumann boundary data can
be found e.g. in [28, Lemma 1.3].

Let us first use these regularization properties to derive the following estimate for the solution com-
ponent z under an appropriate boundedness assumption on u.



Lemma 3.1 Letp>1 and

qgel, ;5 ifp <3,
{ L 5y) _ > (3.1)
q € [1,c] ifp> 5.
Then for all M > 0 there exists C,(p,q, M) > 0 such that if for some T € (0, Tynar) we have
Hu(7t)HLp(Q) <M fOT’ all t € (OaT)v (32>
then
[2(Ollpa) < C:(p.q, M) forallt € (0,T). (3.3)

PrROOF.  In view of the Hélder inequality, we may clearly assume that ¢ > p. Then according to
standard LP-L9 estimates for (e!);>0, we can find ¢; > 0 such that

n/l 1
HeTASOHLq(Q) <c (1 + 7_5(5_5)) Nlellzr ) for all 7 > 0 and any ¢ € LP(92),
and using the maximum principle for the heat equation, we easily obtain co > 0 fulfilling

€™ ¢l Loy < c2llell o (q) for all 7 > 0 and arbitrary ¢ € L*(Q).

Therefore, from the variation-of-constants representation of z,

t
2( 1) = BV +/ =)A= Ny (. s)ds for all t € (0,7,
0

we infer that the assumption (3.2) entails the inequality

IN

t
12(t)La ) et”etAZU|’Lq(Q)+/O e |98 (-, )| Loy ds

¢
< e |20 Loy + clM/ e (ts). (1 +(t— 8)75(%7%)>d8 for all t € (0, 7).
0
Since (3.1) ensures that c3 := fooo(l + 0'_%(%_%)) -7 %do is finite, this implies that
HZ(‘vt)HLq(Q) < CQHZ()HLoo(Q) + ciesM for all ¢t € (O,T)
and thereby proves (3.3). O
Next, a boundedness property of z of the above form entails a certain regularity for Vo.

Lemma 3.2 Let g > 1 and

{ rell i) if g <n, 5.4)

r € [1,00] if ¢ > n.
Then for all M > 0 there exists Cy(q,r, M) > 0 with the property that if t € (0, Tynaz) s such that
2Ol <M forallte (0,T), (35)
then

IVo(, t)llr) < Colg,r, M) for allt € (0,T).



PrROOF.  Again in view of the Holder inequality, we need to consider the case r > ¢ only, in which
according to known regularization properties of (em)tzo, as contained in [28, Lemma 1.3], for all
s € [1,q| we can find ¢;(s) > 0 such that

IVe™ ol ) < ci(s) (1 + T_%_%(%_%)> lellzs ) for all 7 > 0 and each ¢ € L*(Q), (3.6)
and moreover there exists co > 0 satisfying
HVeTAgoHLr(Q) < eallllwree (@) for all 7 > 0 and any ¢ € Wh>°(Q). (3.7)

We now fix a nonnegative integer k and represent v(-,t) according to
t
v(-,t) = WAy (k) + / =By (., 8)z(-, s)ds  for all t € (k,00) N (0,T). (3.8)
k

Here if k£ > 1, we may apply (3.6) to s := 1 and use Lemma 2.4 to estimate

_ _1l_n_1
IV =20 )l < a1+ =B TE B0 (k) o)
< cl(l)C3(1+(t—k)*%*%U*%))

IN

2c1(1)cs  forall t € [k+1,00) N (0,7) (3.9)
with cg := fQ vy + fQ wp. In the case k = 0, we instead employ (3.7) to obtain
V™20, k)| oy = Ve vollr) < collvollwreiy — forall ¢t > 0. (3.10)

In the second summand on the right of (3.8) we use (3.6) with s := ¢ to see that

t _1_m1_1y
< alg) /k (14 (=) 275G ()20, 5) | oy ds

for all t € (k,00)N (0,7), (3.11)

Hv/kt =By (. 8)z(-, s)ds

Lr(©)

where thanks to our hypothesis (3.5) and Lemma 2.3 we know that
Hw(-,s)z(-, S)HL‘I(Q) < ”w('aS)”L°°(Q)||Z('78)HLQ(Q) <M for all s € (O7T)
with ¢4 := [|wo|| oo (). Therefore, (3.11) entails that
t —i_ndd_1
< c(q)eaM <1+(t—s) 2720 )ds
() k

< cal(qQ)eaM - es forall t € (k,k+2)N(0,7), (3.12)

t
HV/ et =B y(., 5)z(-, s)ds
k

where the assumption (3.4) on r warrants that

s 1= /2 <1 —1-0'_%_%(%_%))610'
0



is finite. Hence, in the case t € (0,2) N (0,7") we infer from (3.8), (3.10) and (3.12) that
Vol )l r) < callvollwee ) + c1(q)eacs M,

whereas whenever ¢ € (0,7 is such that ¢ > 2, we can pick an integer k¥ > 1 such that ¢t € [k+ 1,k +2)
and thereupon obtain from (3.8), (3.9) and (3.12) that

Vo (- )l (o) < e1(1)es + c1(q)eacs M.
The proof is thus complete. 0

In the proof of Lemma 3.4 below we shall need the following extension of a regularization estimate for
(e®);>0, as contained in [28, Lemma 1.3], to the case of the space L>(Q).

Lemma 3.3 Letp € (1,00]. Then there exists C > 0 such that for all p € C1(;R™) fulfilling o-v =0
on 0L we have .
|2V - Pllree()y < Ct 272 ||lol Lo (q) for all t > 0. (3.13)

PROOF.  According to known smoothing properties of (em)tzo, there exists ¢; > 0 such that for all
P € C§°(2) we have

1l _n_ 1
Ve gy < et 2 205 gl gy forall >0,

where p’ € [1,00) is such that % + % = 1. By the duality characterization of the norm in L*°(Q) ~

(L1(Q2))*, and by density of C§°(Q2) in L'(2), we thus obtain on integrating by parts and using the
self-adjointness of e'® in L?() that

1AV - gl gy = ) SCup(Q) ‘/Q(etAV-so)'lﬂ’
E oo
19,1 gy <1
N o Sé*up(a) ‘/Q@'vemd)‘
e oo
1] 1 <1
< ol - s Ve g
YeC§e ()
HwHLl(Q)Sl
1 _np_ 1
< Nolle@ -t 22477 forall > 0.
Since 1 — 4 = 1 this proves (3.13). O

P p
We can now prepare a closure of our regularity reasoning by deriving an estimate for u from a sup-
posedly present appropriate boundedness property of Vu.

Lemma 3.4 Suppose that r > n. Then for all M > 0 there exists Cy,(r, M) > 0 such that if
Vo, )l r) <M forallt € (0,T) (3.14)
with some T € (0, Tynaz), then

[u(, ) ooy < Culr, M) for allt € (0,T).



PROOF.  Since r > n, we can fix a number 6 such that

r

0 >
r+1

(3.15)

and
n<6<r. (3.16)

Then according to Lemma 3.3 there exists ¢; > 0 fulfilling
|e™AV - ¢llre) < ar R el Lo for all p € C1(Q;R") such that ¢ -v =0on 0Q. (3.17)

Moreover, standard LP — L4 estimates yield co > 0 satisfying
lle” goHLoo y < caT 2 el for all 7 > 0 and each ¢ € L'(Q) such that / p=0. (3.18)
Q

Now proceeding in a way similar to that in the proof of Lemma 3.2, for a given integer k£ > 0 we use
a variation-of-constants representation of u to estimate

t
||U(, t)||L°°(Q) = e(tik)Au('a k;) - / e(t*S)Av : (’LL(, S)V’U(-, 8))d5
k Lo (Q)
< Jett-ha - /H (t=s)a : H s (3.19
< e E)llnee (o) V- (u(-, s)Vo(-, s) Looa) s (3.19)
for all ¢ > k. Here when k = 0, by the maximum principle we obtain
€2 u( k)| ooy = [le®uoll o) < luollpoi)  for all t >0, (3.20)
while in the case & > 1 we use (3.18) and recall (2.2) to see that
e % u( k)l oy < (€Al k) =) |l Lo () + W0
< et — k)72 u(- k) — Wl pyo) + 0
< 2e9(t - )7%“u0HL1(Q) +uo
< 2c|luollpr) +uo  forallt >k +1, (3.21)

tA

due to the relation e">uy = wp for all ¢ > 0. In the rightmost integral in (3.19), we invoke (3.17) to

find that
¢ t Lo
[ 2w (utovets)|, ods < e [ =5 B lu Vol )lseds
k Leo(Q) k
for all t € (k,00) N (0,T), (3.22)
where an application of the Holder inequality combined with our hypothesis (3.14) shows that

Ju(,9)eC,8) ooy < (906 erie) - lul-, 8
M- Ju,5)l e

IN

| q
for all s € (0,7). (3.23)

IN




Since the property (3.15) ensures that % > 1 and that hence k := rr;eo € (0,1), we may once again
use the Holder inequality and (2.2) to estimate

aCos)l ay ) a9

= Juollfa gy - )i, for all s € (0,7),

so that (3.22) and (3.23) imply that

t t
1 n
L e29 (a9 | ts < Mol - [ =75 o) i s
for allt € (k,00) N (0,7).  (3.24)
Thus, writing

K=K(T):= sup |u(-1)|lL=(q),
te(0,T)

from (3.19), (3.20) and (3.24) we obtain that if ¢ € (0,2) N (0,7") then

IN

t
K —K _1_n
u(-, )l oo () ”u0||L°°(Q)+01MHUO||L1(Q)'Kl ‘/0(75—5) 2720ds

ol e (@) + cresM ||uo | gy - K" (3.25)

IN

holds with ¢z := f02 o~ % do being finite due to the left inequality in (3.16). On the other hand, if
t € (0,7) is such that ¢t > 2 then for some integer k£ > 1 we have t € [k + 1,k + 2) and hence infer
from (3.19), (3.21) and (3.24) that

t
_ _1l_n
lu )@y < 2ealluollry + o + e M ugl[fa gy - K- / (t —s)"2 3 ds
k

A

QCQHUOHLl —i—uo +6163M||U()HL1 CKR (326)

Combining (3.25) with (3.26) thus shows that if we let ¢4 := max{||uo| (), 2¢2|luol[ 11 () + U0} and
c5 = clchuoH’Zl(Q), then

K<cy+cesMKYF,

from which upon an elementary argument we conclude that

1
K < max{(205M)ri (ccj\4> 14’},
5

as desired. O

Combining Lemma 3.1, Lemma 3.2 and Lemma 3.4 and using the mass conservation property (2.2)
as a starting point, we can now prove that u in fact must be bounded when n < 3.

10



Lemma 3.5 Suppose that n < 3. Then there exists C' > 0 such that
|u(, )l o) < C for allt € (0, Trnaz)- (3.27)

PRrROOF.  Since n < 3, we have 5 < ﬁ, so that it is possible to find ¢ € [1, n] satisfying

g <q< (n—%n (3.28)
Here the left inequality warrants that n”—_qq > n, whence we can pick a number r fulfilling
n<r<—21 (3.29)
n—q
We now write M := |luol[11 (), let
M; := C.(1,q, M)
be as provided by Lemma 3.1 and
Ms := Cy(q,r, Ma)
be as given by Lemma 3.2, and claim that then for any choice of T € (0, T)nq.) Wwe have
(-, )| oo (@) < Culr, Ms) for all t € (0,7) (3.30)

with Cy(r, M3) taken from Lemma 3.4. Indeed, for any such 7', thanks to the right inequality in (3.28)
we may apply Lemma 3.1 which in view of (2.2) and our definitions of M; and My shows that

12(- )| Loy < Ma for all t € (0, 7).
Due to the right inequality in (3.29), we thus obtain from Lemma 3.2 that
va(',t)”LT(Q) < Msj for all ¢ € (O,T),

whereupon Lemma 3.4 implies (3.30), because r > n by (3.29). Since T' € (0, Tynqz) Was arbitrary, this
directly yields (3.27). O

In light of the extensibility statement in Lemma 2.1, the above readily shows that the local solution
actually exists globally in time and has some further boundedness properties.

Lemma 3.6 Let n < 3. Then the solution (u,v,w, z) of (1.3) is global in time; that is, Tyas = 0.
Moreover, there exist o € (0,1) and C > 0 such that

[u( )l oo () + v ) lwree @) + lw( D)l e + 120, D)o@ < C - forallt >0  (3.31)
as well as

<C forallt > 1. (3.32)

||u||02+°‘*1+%(ﬁ><[t,t+1}) + ”U||02+a»1+%(0x[t,t+1]) + ||Z||CQ+“’1+%(Q><[t,t+1}) =

11



ProOOF.  From Lemma 3.5 we know that sup,c o 7,.,,) [[u(*; )| () is finite, whence applying Lemma
3.1 to some conveniently large p > 1 and then Lemma 3.2 to suitably large ¢ > 1 we infer that also
SUPye (0,Tmar) 112( ) | oo (@) and supse o 73,0, IVO(5 )| oo () are finite. In conjunction with Lemma 2.3
and the extensibility criterion (2.1) in Lemma 2.1, this shows that T},,, = oo and, by independence
of the obtained estimate with respect to t € (0,Tnaz) = (0,00), establishes (3.31). Thereupon,
straightforward bootstrap arguments involving standard interior parabolic regularity theory ([11])
readily yield (3.32). O

Now the proof of our main result on global well-posedness and boundedness is obvious.

PROOF of Theorem 1.1. We only need to combine Lemma 2.1 with Lemma 3.6. U

4 Large time behavior. Proof of Theorem 1.2

The core of our proof of the stabilization result in Theorem 1.2 consists in the following observation.

Lemma 4.1 The solution of (1.3) has the property that

/0 - /Q w(z, )2z, t)dzdt < oo (4.1)

PROOF.  For arbitrary ¢ > 0, integrating the third equation in (1.3) over Q x (0,t) we obtain

/Ot/gzw(x,s)z(x,s)d:cds: /Qwo(x)dx—/ﬂw(ﬂs,t)dx,

Since w is nonnegative, this implies (4.1). O

When combined with appropriate compactness properties such as e.g. implied by Lemma 3.6, the
above integrability statement can step by step be turned into the convergence results from Theorem
1.2. We first derive a weak version of the claimed stabilization property of v.

Lemma 4.2 There exists a constant L > 0 such that
[o(-,t) = Ll 1) = 0 as t — oo. (4.2)

PROOF.  According to Lemma 3.6 and e.g. the Arzela-Ascoli theorem, we can find (t)ken C (1,00)
and a nonnegative function v, € C°(Q2) such that t;, — co and

v(- k) = Ve in LY(Q) (4.3)

as k — oo. To show that we actually have
. 1 N
V(e t) = Voo 1= 9] Voo 10 L7(9) as k — oo, (4.4)
Q
we let € > 0 be given. Then in view of (4.3) and Lemma 4.1 we can fix k € N large enough such that

(4.5)

Wl m

[0 tr) = voollL1(0) <
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and

/: /Q we,1)2(a, ) dudt < 5. (4.6)

Moreover, using the well-known fact that for any ¢ € L'(Q) we have e™2¢ — ﬁ Jo v in LY(9) as
T — 00, we can choose some suitably large 7y > 0 fulfilling

e ™ voo — Uooll 21 (0 < = for all 7 > 7. (4.7)

3

Then by means of the variation-of-constants representation of v we see that

v(t) — Voo = et=tr)A (v(~,tk) — voo) + (e(t_t’“)Avoo - @)

t
+/ =B w(. 8)z(-,s)ds  for all t > ty, (4.8)

tr
where from (4.7) we obtain

||6(t_tk)AUoo _ @HU(Q) < for all t >ty + 19. (4.9)

w | ™

Next, since e™ acts as a contraction on L'(£2), we can use (4.5) to estimate

He“*fkm(v(.,tk) - UOO)‘ iy = 0 t8) = wellzigey < % for all t > ty, (4.10)
and invoke (4.6) to infer that
t
o onl,,
tx

t lw(-,5)z(:, 8)l| 1) ds
k

/t:o/gw(x’s)z(%,s) dzds

(3
—. 4.11
< 3 (4.11)

LY(Q)

IN

Collecting (4.8)-(4.11) shows that
[v(-t) = Vol i) <€ for all t >ty + 70,

which establishes (4.4) and thereby proves (4.2) with L := 75 > 0. O

According to Lemma 3.6 and the Arzela-Ascoli theorem, the above convergence actually takes place
in the space W1>°(Q).

Lemma 4.3 With L > 0 as in Lemma 4.2, we have
[v(+st) — Ll[wreo() = 0 as t — oo. (4.12)
In particular,

Vo, t)||Lee (@) — 0 as t — oo. (4.13)
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PrOOF.  Since Lemma 3.6 asserts that (v(-,t));>1 is bounded in C?(2) and hence relatively compact
in C1(Q) thanks to the Arzela-Ascoli theorem, (4.12) and thus also (4.13) immediately result from
Lemma 4.2. O

Having thus asserted appropriate decay of the gradient responsible for cross-diffusion in (1.3), we can
proceed to make sure that u approaches its spatial mean in the large time limit.

Lemma 4.4 The first component of the solution of (1.3) satisfies
lu(-,t) — QTOHLoo(Q) -0 as t — oo.
where ug is given by (1.5).
PROOF. In view of Lemma 3.6 and the Arzela-Ascoli theorem, it is sufficient to show that
u(-,t) — ol p2(0) — 0 as t — 00. (4.14)

To accomplish this, we first recall that if \; > 0 denotes the first nonzero eigenvalue of the Neumann
Laplacian in €, then

||eTAgoHL2(Q) < e_’\”||<pHL2(Q) for all 7 > 0 and all ¢ € L?(Q2) fulfilling / ¢ =0, (4.15)
Q

because for any such ¢, by the variational characterization of A\; a standard testing procedure shows
that

d
/ e 2|2 = —2/ |Ve™2p|? < —2)\1/ le™2 |2 for all 7 > 0.
dr Jo Q Q

Moreover, with some ¢; > 0 we have

|eT2V - ollre < all —|—7'_%) e lell 2 for all 7 > 0 and any ¢ € C(Q;R")
such that ¢ - v =0 on 9N (4.16)

(cf. e.g. [28, Lemma 1.3]).
We next let h(z,t) := u(z,t)Vo(x,t) for x € Q and ¢ > 0, and note that according to Lemma 3.6 we
can find ¢y > 0 such that

[A( Dl z200) < c2 for all t > 0, (4.17)

whereas Lemma 3.6 combined with Lemma 4.3 entails that
[A (D) L2y = 0 as t — oo. (4.18)

Now in order to prove (4.14) we let € > 0 be given and can thereupon choose ty > 0 large enough such
that

e_)‘1t||u0 — T@”[Q(Q) < for all t > tg (419)

ol ™

as well as -
cicy - / (1+ O’_%) e Mo < g for all t > tg, (4.20)
t

2
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and such that furthermore

o t
callh( )| 2o - /0 (1+ a_%) e Mo < % for all ¢ > 50, (4.21)

where in achieving the latter we make use of (4.18).
Then since constants are invariant under the action of 2, we have %y = wg for all ¢ > 0 and thus
can represent u according to
t
u(-,t) — g = ' (up — ) — / eU=IAY L h(-, s)ds, for all ¢ > 0.
0

Here we apply (4.16) to estimate

t
o) -T2y < e (o 0) sz ber | (1(6-5)3)oe MO e o) paqyds forall ¢ 0,
0

(4.22)
where due to (4.15) and (4.19) we have
| (ug — o)l r2(0) < e M lug — Uo |l r2(0) < g for all t > ty. (4.23)
Moreover, (4.17) and (4.20) ensure that
i
o [t E=9E) M i) s < e / (t = s)4) e
0 0
t
= 0162/ 2) . e Mo
€
< 3 for all ¢ > to, (4.24)
while from (4.18) and (4.21) we infer that
t
1\ -
o [ (1 (= 5)7E) e ) ds
2 . 1
< asup )l [ (14 9)7F) e
s>f %
t
2 —1 —A1o
= csup )l - [ (108 M d
s>% 0
< sl [ (LoTE) Mo
s>f 0
€
< 3 for all £ > tg.
Along with (4.23), (4.24) and (4.22), this shows (4.14) and thus completes the proof. O

Now the above convergence property has a straightforward consequence for z.
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Lemma 4.5 The fourth component of the solution of (1.83) satisfies
[2(-,t) = Woll Loy =+ 0  ast— oo

with W determined by (1.5).

ProoF.  As a consequence of Lemma 3.6, we can find ¢; > 0 such that

flu(-,t) — ZTO”Loo(Q) <c for all ¢ > 0.

(4.25)

(4.26)

Now Lemma 4.4 says that given € > 0 we can fix some sufficiently large g > 0 such that

€ t
|, t) = ol pee (@) < 1 for all t > 50,

where enlarging tg if necessary we can also achieve that

—t

< for all t > %y

P

|20 oo () - €

and -
ug - e <Z for all t > tg

as well as
t &
cl-e 5<1 for all t > tg.

By the variation-of-constants representation of z, we can write

t
z(,t) =1y = e_temz(ﬁ—/ e_(t_s)e(t_sm(u(-,s)—%)ds
0

t
_|_/ e t=9)e(=9)Ay5ds —wg  forall t > 0,
0

and use the maximum principle and (4.28) in estimating

for all t > tg.

o

le™ e 20| Lo (o) < € l20]| Lo () <
As e(t=9)A%5 = 7g, by (4.29) we moreover have

t
H/ (-9 ot=5)000gs 7o
0

¢
= ’/ e(ts)ds—l‘ g
Lo () 0
e_tzTo

€
- for all t > tg.
1 or a 0

Finally, again by means of the maximum principle we obtain

t
H/ e~ (tm8)elt=9)A (u(, s) — ’LT()> ds
0

t
< / I u(-, 5) — | o ) ds
L>o(Q) 0
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(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

for all t > 0, (4.34)



where from (4.26) and (4.30) we know that

t

/26(ts)Hu(ws)—%HLw(Q)dS < 01/ e (79)ds
0 0

= cl(e_% —eh)

N+

< Z for all ¢ > to, (4.35)

and where (4.27) guarantees that

[Nt s) ~Tleiyas < 5 [ eas
2 >
— Z S(1—e3)
< Z for all ¢t > to. (4.36)
Inserting (4.32)-(4.36) into (4.31) yields (4.25). O

Whenever the limit in Lemma 4.5 is nontrivial, we can finally show that the monotone limit of w(-,?)
as t — oo actually must be zero.

Lemma 4.6 Suppose that ug Z0. Then
[w(-, )l o) — 0 ast — oo. (4.37)

PROOF.  Since fQ ug > 0, the uniform stabilization of z, as asserted by Lemma 4.5, enables us to
find ¢; > 0 and tg > 0 such that

z(x,t) > 1 for all x € Q and t > to.

Integrating the third equation in (1.3) with respect to the time variable, in view of Lemma 2.3 we
thus infer that

w(z,t) = w(x,ty) - exp < - /t z(x, s)ds)

to

VAN

|woll Lo () - e~er(t=to) for all z € Q and ¢ > 1o,

which immediately implies (4.37). O

For completing our knowledge on the asypmtotics of solutions, it remains to determine the value of
the above number L. If ug # 0, this can easily be achieved by using Lemma 4.6 in conjunction with
(2.4) and Lemma 4.3.

Lemma 4.7 Suppose that ug Z 0. Then the number L provided by Lemma 4.2 satisfies
L =7y + wo, (4.38)

where vy and wy are given by (1.5).

17



PROOF.  According to (2.4) and Lemma 4.6, we obtain that

/U(l‘,t)dl‘ — / vo(z)dx+/wo(x)dx as t — 00.
Q Q Q
On the other hand, Lemma 4.3 shows that
/ v(z,t)de — |Q|L as t — 00.
Q

Combining these relations immediately yields (4.38). O
Now our main result on stabilization is evident.

PROOF of Theorem 1.2. We only need to collect Lemma 4.4, Lemma 4.3, Lemma 4.7, Lemma 4.6
and Lemma 4.5. U

Remark 4.8 By straightforward adaptation, for the corresponding variant of (1.3) given by

up = diAu — V- (xuVv), re, t>0,
v = doAv + awz, reQ, t>0,

wy = —pwz, reQ, t>0, (4.39)
2zt = dgAz — vz + du, e, t>0, '
D0 peon, t>0,

u(iL’,O) :’LL()(.’IJ), U(.’L‘,O) :’UO(:C)’ ’LU(I',O) :QUO(x)v Z(iL‘,O) :Zo(-%'), xr €,

with positive parameters dy, do, d4, X, «, 3,7, § > 0, one can derive similar statements on global

existence and asymptotic stabilization. In this general setting, the convergence results then read
u(z,t) — o, v(z,t) = 75 + %UT), w(z,t) =0 and z(x,t) — dup,

uniformly with respect to x € ), whenever ug # 0.

Remark 4.9 An interesting question left open in this paper concerns the respective rates of conver-
gence in Theorem 1.2, which is basically due to the fact that our approach is based on a compactness
method. The only evident implication of our results concerns the solution component w, for which it
is clear that according to the uniform convergence property of z, given any € > 0 one can find C. > 0
such that

w(z,t) < Cg- e~ (@—e)t for all ¢ > tg.
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