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Abstract

This paper deals with positive solutions of

up = Au— V- (uVv), r e, t>0,
vy = Av — uv, e, t>0,

under homogeneous Neumann boundary conditions in bounded convex domains Q C R3? with

smooth boundary.

It is shown that for arbitrarily large initial data, this problem admits at least one global weak

solution for which there exists ' > 0 such that (u,v) is bounded and smooth in Q x (7', 00).

Moreover, it is asserted that such solutions approach spatially constant equilibria in the large time

limit.
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1 Introduction

Processes of directed movement of cells in response to a chemical signal, also referred to as chemo-
taxis, play an important role in the interaction of cells with their environment, and accordingly there
appears to be a growing interest in their theoretical understanding ([15]). Among the possibly most
striking implications of such a behavior is the spontaneous formation of aggregates like in Dictyostelium
discoideum, for instance, and considerable efforts have been made to describe such mechanisms of self-
organization mathematically ([11]). Since the origin of the fundamental model introduced by Keller
and Segel ([9]), a rich literature on various versions thereof has revealed that its constitutive ingre-
dient of cross-diffusion is indeed able to enforce the spontaneous emergence of structures even in the
most extreme conceivable mathematical form of blow-up of solutions — provided that the process of
cross-diffusive migration is accompanied by a production of the signal substance by the cells themselves
(110}, [12)).
In the present work we deal with a typical chemotaxis process where the signal is degraded, rather than
produced, by the cells. More precisely, we consider a population of bacteria which consume oxygen,
and study the model

ug = Au — V- (uVo), zeQ, t>0,

v = Av — uw, e, t>0,

Ju=20v=0, €09, t>0,

u(x,0) =up(z), v(x,0)=wvy(z), x €,

(1.1)

for its spatio-temporal evolution, where v = u(x,t) denotes the cell density and v = v(x, t) represents
the oxygen concentration. The cross-diffusive term in the first equation reflects the assumption that
individual cells at least partially adapt their motion so as to prefer to migrate toward increasing oxygen
concentrations. The second equation in (1.1) accounts for the hypothesis that oxygen is degraded upon
contact with bacteria at a fixed rate, and that there is no additional production of oxygen (see [16]
for motivation and discussion of a closely related model).

The problem is posed in a bounded domain  C RY with smooth boundary, where our main focus

will be on the physically most relevant case N = 3, and throughout we shall assume that the initial
data ug and vy satisfy

up € C°Q), wuy >0 in Q,

{ 0 () 0 (1.2)

Vo € Wl’OO(Q), vo >0 in Q.

Our main interest is in the question whether this interaction of chemotactic cross-diffusion and signal
consumption may support a singular behavior of solutions, as it is the case when the signal is produced
by cells.

As a first step toward an answer, it has been shown as part of the results in [21, Theorem 1.1 ii)] that
under the above assumptions when N =2 or N = 3, (1.1) possesses a globally defined weak solution
(see Definition 2.1 below for a precise formulation of the underlying solution concept). Independently,
in [17] it has been proved that if in addition [|vg||ze(q) is sufficiently small, then (1.1) even admits a
global classical solution which is bounded and smooth for ¢ > 0.

A natural question connected to the latter two results is whether or not global weak solutions of (1.1)
emanating from large initial data are bounded and smooth, and if singularities, possibly arising after
some finite time, persist or disappear again. Our main result in this direction states that the above



weak solutions at least eventually become bounded and smooth, and that they approach the unique
relevant constant steady state in the large time limit. To be more precise:

Theorem 1.1 Let Q C R3 be a bounded convex domain with smooth boundary, and assume that ug
and vy satisfy (1.2). Then in the sense of Definition 2.1 below, (1.1) possesses a global weak solution.
Moreover, there exists T > 0 such that this solution is bounded and belongs to C**(Q x [T,0)), and
we have

u(z,t) = ug and wv(x,t) =0 ast — oo, (1.3)

uniformly with respect to x € €, where

_ 1/
Uy = — uQ. 14
VA -y

In addressing the large time behavior of solutions only, Theorem 1.1 does not exclude the possibility
of blow-up of a solution in finite time, but it shows that a supposedly occurring explosion of any of
our solutions is a temporally restricted phenomenon only, which is followed by a smooth stabilization
toward a flat equilibrium. It is an interesting open task to either rule out or prove the existence of
such extensible and eventually smooth blow-up solutions.

As a consequence of our analysis when applied to the spatially two-dimensional version of (1.1), we
shall easily obtain the following by-product concerning the case N = 2. It has been shown in [21,
Theorem 1.1 i)] that in any bounded convex domain £ C R? and under the assumption (1.2), (1.1)
possesses a unique global classical solution. Here we can further assert that this two-dimensional
solution is globally bounded and satisfies (1.3).

Proposition 1.2 Let Q C R? be a bounded convexr domain with smooth boundary, and assume that
ug and vy satisfy (1.2). Then the unique global classical solution of (1.1) is bounded. Moreover, this
global bounded solution enjoys the convergence properties in (1.3).

Before going into details, let us mention that (1.1) can be regarded as the ‘fluid-free’ version of the
coupled chemotaxis-fluid model

ur+V - -Vu=Au— V- (ux(v)Vv), xe, t>0,
v+ V-Vo=Av—uf(v), reQ, t>0,

Vi+ V- -VV+VP —nAV +uVe =0, x e t>0,
V.-V =0, reQ, t>0,

(1.5)

which was initially proposed by Goldstein et al. ([19]) to describe the motion of oxygen-driven swim-
ming bacteria in an incompressible fluid. Here, u© and v are defined as before, and V represents the
velocity field of the fluid subject to an incompressible Navier-Stokes equation with pressure P and
viscosity 1 and a gravitational force V¢. The function y(v) measures the chemotactic sensitivity, f(v)
is the consumption rate of the oxygen by the bacteria, and ¢ is a given potential function. In (1.5),
both bacteria and oxygen are transported with the fluid. Evidently, our model (1.1) can be obtained
upon the choices V =0,y =1 and f(v) = v in (1.5).

As for (1.5), recent contributions assert global classical solutions near constant steady states when
Q = R3 ([5]), global weak solutions with arbitrarily large data in Q = R? ([13]), or global classical



solutions in bounded convex Q C R? (]21]). As far as we know, the global existence or blow-up
of solutions to (1.5) with arbitrarily large initial data remains an open and challenging topic in the
three-dimensional case.

The paper is organized as follows. In Section 2, we give a definition of a global weak solution of (1.1),
recall the approximation procedure (2.2) used in ([21]) to construct such solutions, and present some
preliminary observations. The starting point toward the proof of Theorem 1.1 is a natural energy
inequality (cf. [21] and [5]), from which we can infer some fundamental estimates for the solutions
(ue, ve) of the regularized problem (2.2) in Section 3. We then provide a weak stabilization result for u
in Section 4 before establishing uniform decay of v in Section 5. With this information on asymptotic
smallness of v, we can further assert eventual boundedness and regularity of u in Section 6. This
assertion strongly depends on a uniform LP(2) bound for u.(-,t), and the proof for the latter involves
a delicate choice of a suitable weight function ¢(v.). In Section 7, we obtain the desired stabilization
result for v and thereby will be able to complete the proof of Theorem 1.1. Finally, in Section 8 we
present a short proof of global boundedness in the case N = 2, which is based on the two-dimensional
version of the above energy inequality. Unlike in the case N = 3, we can first establish the stabilization
property for v and thereby will be able to give a simple proof of the claimed stabilization property for
v in the case N = 2.

2 Preliminaries

The following concept of weak solutions appears to be natural in the present setting.

Definition 2.1 By a global weak solution of (1.1) we mean a pair (u,v) of functions
u € Lie([0,00); 1)), v € Ljg([0,00); WH(9)),
such that
wv and uNVv  belong to L},.([0,00); L' (Q)),

and such that the identities

_/OOO/QUQ_/QUOC(.,O) - —/Ooo/gvu-vu/om/ﬂuvu.vg and
—/Ooo/ﬂvg}—/ﬂvoﬁ(-,O) = —/OOO/QVU‘VC—/OOO/QUUC (2.1)

hold for all ¢ € C§°(Q x [0, 00)).

Throughout the rest of the paper, unless otherwise specified we assume that 2 is a bounded convex
domain in R3 with smooth boundary.



As seen in [21], a global weak solution in the above sense can be obtained as the limit of a sequence
of solutions (ue,ve), € = €5 € (0, 1), of the regularized problems

Ust = Aue — V- (uFL(us)Voe), re, t>0,
Vet = Ave — F(ue)ve, zeN, t>0,

2.2
Que — Qe =0,  2€00, t>0, (22)
us(z,0) = up(z), ve(z,0) = vo(z), x €,
as € = ¢; \, 0. Here,
1
F.(s) := B In(1 +es), s >0, (2.3)

for e € (0,1).
More precisely, the following statement on global existence of solutions to (2.2) and their limit prop-
erties is proved in [21, Lemma 5.4, Lemma 2.1, Theorem 1.1 ii)].

Lemma 2.1 Let (1.2) hold, and let F; be defined by (2.3). Then for each e € (0,1), the problem (2.2)
possesses a global classical solution (ue,v:) such that uz > 0 and ve > 0 in Q% [0,00). Moreover, there
ezists a sequence (€5)jen C (0,1) of numbers ; \, 0 such that

us —u and v —v in L},.(Q x [0,00)) and a.e. in  x (0, 00) ase=¢; (0  (24)

for some couple (u,v) of nonnegative functions which form a global weak solution of (1.1) in the sense
of Definition 2.1.

The following mass conservation property is easily checked but important.

Lemma 2.2 For all e € (0,1), the solution of (2.2) has the property

1
|Q|/Qu5(-,t) = forallt >0 (2.5)

with Ty defined by (1.4).

PRrROOF.  This immediately follows upon integrating the first equation in (2.2) over Q x (0,¢). O

The next feature of the second solution component will also play an important role in the sequel.

Lemma 2.3 Let ¢ € (0,1). Then for the solution of (2.2),
t = [Jve(- )] oo () is monincreasing in [0, 00).

PROOF.  Since v < Ave due to the fact that F. and v. are nonnegative, the claim results upon an
application of the maximum principle. ]

A first — yet rather weak — indication for time decay of v is contained in the following.



Lemma 2.4 For all e € (0,1) we have

/OOO/QFE(%)UE g/ﬂvo. (2.6)

In particular, the limit couple (u,v) defined through (2.4) fulfils

/0 N L= [ (2.7)

PROOF.  An integration of the second equation in (2.2) yields

t
/ Us('at) +/ / FE(UE)'Us = / ) for all ¢ > 0.
Q 0 JO Q

Since v, > 0, this entails (2.6), whereas (2.7) results from (2.6) on an application of Fatou’s lemma,

because (2.4) and (2.3) assert that F.(u:) — w and v — v a.e. in Q x (0, 00). O

3 An energy inequality

In order to proceed further, let us recall from [21] a natural energy inequality associated with (1.1)
and (2.2) (cf. also [5]).

Lemma 3.1 For each e € (0,1), the solution of (2.2) satisfies

d Vu,|? 1 Vo, |?
{/uglnua—l—2/ ]V\ﬁ\Q} / Vuel® /va\D21nv5|2+/F€(ua)| LY R
dt QO 2 0 Ve

for allt > 0.

PROOF. By straightforward computation (cf. [21, Lemma 3.2] for details), one verifies the identity

d 2 2
dt{/uglnug—i-Q/ ‘V\/@P} /‘vua| /v€]D21n1)5]2 + /F |VU5|
Q

B / 18|Vv5|2
N 2 o0 Ve ov

for ¢ > 0. Since the convexity of 92 in conjunction with the boundary condition ‘%E = 0 on 0f) implies
that B|V”E| < 0 on 09 ([4]), this immediately yields (3.1). O

We next collect some consequences of the above energy inequality which are convenient for our purpose.

Corollary 3.2 There exists C > 0 such that for all € € (0,1) the solution of (2.2) satisfies

0o 2
Vel _ ¢ (3.2)
0 Q U 7

/ Vo.(.)2<C foralit>0, (3.3)
Q
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/ /|D2v5]2<0, (3.4)
0 Q
/ /|w5|4gc and (3.5)
0 Q
/ /FE(UE)|V2}€|2 <C. (3.6)
0 Q

PRrROOF.  Integrating (3.1) over ¢ € (0, 00) we obtain

/\V\/@ H? + / /IVUEP //UE|D21nv5|2 // ‘VUE‘Q

< /uolnu0+2/ ]V\/’170|2—/u5(',t)1nu5(',t)
Q Q Q

forall t > 0and e € (0,1). Since —={In¢ < 1 for all £ > 0, and since |V/vz|? = ‘V%‘ , this shows that

1 2 [e¢) 2 e8] 2
Z .sup/ V| + / V| _|_/ / U5|D2 ln1)5|2 / / |VU€|
2 0o e o Ja U o Ja

< ¢ ::/uolnuo+2/lv\/%|2+||
Q Q €

(3.7)

for all € € (0,1). Now by [21, Lemma 3.3] we have

> |VUs|4 2 > 2 2
< (24 V3)%. ve|D* In v, | (3.8)
0 Q |Us|3 0 Q

for all € € (0,1). Moreover, using that (a — b)*> > $a* — b® for all a,b € R, we see that

00 00 3
vD2ln1)2://v-
R A )

3
1 o
), /Q”e'Z
L

so that (3.8) also implies that

//'D%‘EQ [(2+V3)% + //vs!D21nve!2 (3.9)

Therefore (3.2)-(3.6) result from (3.7)-(3.9) upon recalling that ve < [Jvgl|zec(q) in 2 x (0,00) by
Lemma 2.3. U

kS 1 Ove Oue?
ve OxpOx; 02 Oxy Oy

1 % O, |2
v2 Oz, Oy

v

Ve 8xk8xl ‘ B UE

Without further comment we may state the following immediate consequences of the above estimates
and (2.4).



Corollary 3.3 The weak solution of (1.1) from Lemma 2.1 has the properties

0o 2
/ /yv;q < 0, (3.10)
0 Q

sup/ |Vo(-,t)|? < oo, (3.11)

t>0 JQ

/ / |D*v]? < oo, (3.12)
0 Q

/ / IVol* < 0o and (3.13)
o Jo

/ / u|V|? < cc. (3.14)
0o Jo

4 A weak stabilization result for «

As a first step on our way to (1.3), let us derive from Corollary 3.2 a provisional statement on
convergence of u.(+,t) to Uy as t — oo.

Lemma 4.1 There exists C > 0 such that for all e € (0,1), the solution of (2.2) satisfies

> — 2
[ ety -y de<c (1)

where g is as defined in (1.4). In particular, the weak solution of (1.1) gained from Lemma 2.1 has
the property that

oo — 2
1) — <C. :
/0 l|lu(-,t) UOHL%(Q)dt <C (4.2)
PROOF.  We apply the Cauchy-Schwarz inequality to (3.2) and recall (2.5) to obtain ¢; > 0 such
that
o) 2 00 |vu |2
L™ < [ OL) ()
0 Q 0 Q  Ue Q
< g for all € € (0,1). (4.3)

Next, in view of the continuous embedding W11 (Q) — L3 (Q) ([2, 8.9]), a Poincaré-Sobolev inequality
is available to yield ¢ > 0 such that

HZHL%(Q) < e2|| V2| L1 (q for all z € Wh1(Q) with /Qz =0.
Since [q(ue(-,t) —p) = 0 for all t > 0 and € € (0,1) by (2.5), we thus obtain from (4.3) that
/0 Juctt) ~ ol ) < cg/o IV, )20t < ey for all = € (0,1).

This proves (4.1), from which (4.2) immediately results due to Fatou’s lemma and (2.4). O



5 Uniform decay of v
The following auxiliary statement is elementary and thus we may omit a proof here.

Lemma 5.1 Let

R S ¢ - &
M argy BT arormarg M TR G g

Then K1, Ko and K3 are positive and finite.
We next make sure that the time derivative of v, decays in a natural integral sense.

Lemma 5.2 There exists C > 0 such that for the solution of (2.2) we have

o0
/ / v, < C (5.1)
0 Q
whenever € € (0,1).
PrROOF.  Testing the second PDE in (2.2) by vs; we obtain
1d
[t [P = = [ Rade o
1
— 5 | Few) D)
Q
= ——— [ Fo(ue) v+ = [ Fo(ue) - viug forallt > 0. (5.2)
2dt Jo 2 Jo
Here we use the first equation in (2.2) and integrate by parts to see that
1 1
/ Fl(ug) -v?usy = —/ F! (u:)v?|Vue|* — / F!(ue)veVue - Vo,
2 Ja 2 Ja Q
1
—1-2/ ue F! (us) FY (ue)v2Vue - Vo, —I—/ ue F! (uz)?v. | Vo ?
Q Q
= Lh+DL+I3+14 for all t > 0. (5.3)
Abbreviating ¢ := |lvg|| () and recalling the inequality v. < ¢ provided by Lemma 2.3, we therefore
obtain
c? |V |?
L < 5 /QU5|FEH(U5)‘ u:
2K 2
< oK / Vuel” a0, (5.4)
2 Q  Ue

because from the definition (2.3) of F; and Lemma 5.1 we infer that

°f <K, foralls>0ande e (0,1).

S ’Fe//(s)’ = m



Next, in view of Young’s inequality and, again, Lemma 2.3 we can estimate

c? ueF2(ue)  |Vue|?
I < F v 2 - . et e 3 . =
2= /Q s(us)’ 'Us’ * 2 Q Fe(“a) Ug

ZK \V4 2
< /FE(uE)WUEIQ i / V| for all t > 0, (5.5)
Q 2 O Ue

for by Lemma 5.1 we have

s-F2(s) s-€

= < K. for all s >0 and € € (0,1). 5.6
Fi5) (I tes)n(iges) S K2 foralls=0Oandee(0,1) (5:6)
Similarly,
c4 u3F/2(u )F”2(u ) |Vu |2
I; < Fuw2+-/”855. -
S /Q (ue)lVeel” + 75 F-(u.) ue
4K \V4 2
< /Fs(us)]Vv€]2+ €3 / V| for all t > 0, (5.7)
0 16 [¢) Ug
since again in view of Lemma 5.1
SPEE () FE(s) i <Ks; foralls>0andee(0,1)
= or all s and € .
Fo(s) (1+es)fln(l+es) — ° = ’
Finally, once more using (5.6) we see that
usFéz(uE) 2
Iy < —=——= " F \Y
4 = o Fg(us) E(u5)| ’U5|
< CKQ-/FE(UE)|V1)€|2 for all ¢ > 0. (5.8)
Q

Combining (5.3)-(5.5), (5.7) and (5.8), integrating (5.2) in time we thus obtain on dropping nonnegative
terms that

t 1 1
/ /'Ugt S 2/ |V'U0‘2+2/FE(’U,0)"U%
0 JQ Q Q

2K QK 4K Yu 2
+(C L2y 3 / | E' (1414 k) // L (ue)| Ve |2

2 4
holds for all ¢ > 0 and each € € (0,1). Therefore (5.1) is a consequence of (3.2) and (3.6). O

One particular consequence of the above estimate is that actually v is continuous as an L?(£2)-valued
function. Inter alia, this will give a meaning to statements like ‘v(-,t) — 0 as t — o0’

Corollary 5.3 The function v defined by (2.4) satisfies

v € C°([0,00); L*(Q)). (5.9)
Moreover, in (2.4) we may assume without loss of generality that as € = € \, 0 we have
Ve =V in L2, .([0,00); L=(%)), (5.10)
ve(+,t) = v(-, 1) in L*°(Q) for a.e. t >0 and (5.11)
Ve = v in L52.([0,00); L*(Q)). (5.12)

10



PROOF.  Let 7' > 0. Then the boundedness of (vet).e(o,1) in L((0,7); L*(2)) asserted by Lemma

5.2 implies that (ve).(o,1) is bounded in C%([O,T]; L%(9)), because if 0 < s < t < T then thanks to
the Holder inequality we have

lve (-, t) — ve (- ||L2 /)/vgtxado" dr < ( t—s/ / VI

Thus, since (ve).e(,1) is bounded in L°((0,T7); Wh2(Q)) by (3.3) and Lemma 2.3, and since the
embedding W12(Q) < L*(Q) is compact, the Arzela-Ascoli theorem says that (ve).e(o,1) is relatively
compact in L>((0,T); L%(2)). This establishes (5.12) which also implies (5.9).

Next, recalling (3.4) we know that (vz).¢(0 1) is bounded in L?((0,7'); W*2(Q2)). Since W22(Q) <>
W12(Q) for each p < 6, we may combine this with the boundedness of (vz).¢(0,1) in L*((0,T); L*(Q)) to
obtain from the Aubin-Lions lemma ([18]) that (v).e(g,1) is relatively compact in L?((0,T); W'P(Q))
for any such p. In light of the fact that W1P(Q) — L>°(Q) for all p > 3, from this we easily deduce
(5.10) and (5.11). O

Throughout the sequel, we fix any sequence (¢;)jen such that both (2.4) and the conclusion of Corollary
5.3 hold.

We can now already prove part of the result claimed in Theorem 1.1.

Lemma 5.4 The second component of the weak solution of (1.1) constructed in Lemma 2.1 satisfies
v(,t) =0 in L) as t — oo. (5.13)

PROOF.  Since v is bounded in L>(Q x (0,00)) by Lemma 2.3 and [, [, |Vv[* < co by Corollary
3.3, there exists a sequence of times ¢, — oo such that ¢t < tp11 < tr+1forall k € Nand (v(-,tx))ken
is bounded in W4(Q). Using that in the three-dimensional setting the space W14(Q) is compactly
embedded into L>°(2), we may pass to a subsequence, not relabeled for convenience, along which

v(+,tg) = Ve in L(Q) (5.14)

holds with some nonnegative vo, € L°(€2). In order to relate this to an appropriate space-time integral
using Lemma 5.2, we follow a standard reasoning (see [3], for instance) and use the Cauchy-Schwarz
inequality to obtain

tei1 tr41 t 2
/ / |ve (2, t) (z,tp)|?dzdt = / / (/ Ust(x,s)ds) dxdt
tr Q tr

Lot t

< / / </ Ugt(z:,s)ds) - (t — tg)dzdt
t Q Ny,

< / / V2 for all € € (0,1).
ti Q

Since [ [, v < oo according to Corollary 3.3, in the limit & = ¢; \, 0 this entails that

tei1 [e¢)
/ / (2, t) — v(z, ty)|Pdedt < / / v? =0 as k — oo.
2% Q tE Q

11



Since clearly (5.14) implies that
/Q 0, t5) — voo@)2d = [0 1) — v 220y = 0 a5 s — o0,

this entails that .
k+1
/t lo(-,t) — UOOH%Q(Q)dt — 0 as k — oo. (5.15)
k
Next, recalling Lemma 4.1 we see that
(5.16)

th+1 -
/ Hu(.’t)—uoHL%(Q)dt%O as k — oo

ty
holds with g > 0 as in (1.4). Therefore, Holder’s inequality and Lemma 2.3 allow us to estimate

/t:w/glu(x,t)v(x,t)—uovoo(:r)]d:rdt < /t:kﬂ/g‘(u(x,t)—“@'”(xvt)’dxdt
+/:+1 /Q ‘ﬂo (v(z,t) — voo(x))’dxdt

tet1 B
[ 0 =l g oDl

<

tg

7 1 Tht1

+ - |2 /t [0(,1) = Vool L2 (o dt

k
) tet1 9 3
< oo . 3 - ) — U :
< wvollzsqay - 193 (/tk Ju(-t) uoHLg(Q)dt)
%

) l41
w0100 ([T 10 1) ~ el

22

for all £ € N, so that
[

/ /uv—)ug-/voo as k — oo.
tr Q Q

Now if v Z 0, this would imply that

tr41
Z/ / uv = 400,
tr Q

keN
because g was positive. On the other hand, since tx11 < ¢ + 1 for all £ € N we know from Lemma

2.4 that
tk+1 [ee]
Z/ /uv g/ /uv < 00.
th Q 0o Ja

keN
This contradiction shows that actually vs = 0, whence (5.14) becomes
v(-,ty) = 0 in L>(Q) as k — oo.

Since ¢ + [[v(+,t)[| Lo () is nonincreasing by Lemma 2.3, from this we conclude that indeed (5.13) is
O

valid.
12



6 Eventual boundedness and regularity

Combining Lemma 5.4 with (5.11) and Lemma 2.3, we obtain that not only the limit v but also its
approximations become conveniently small.

Lemma 6.1 For any 6 > 0 there exist to(6) > 0 and €o(d) € (0,1) such that for all ¢ € (&j)jen
fulfilling € < €0(9), the solution of (2.2) satisfies

v <8 in Q x (to(d),00). (6.1)

PrOOF.  Given § > 0, from Lemma 5.4 we obtain #5 > 0 such that the limit v defined by (2.4)
satisfies v < % in  x (fp,00). Now (5.11) ensures that we can find some ¢y € (f,%o + 1) such that
ve(+, to) = v(-, to) in L°(2) as e = ¢ \, 0, so that in particular ve(-,tp) < 6 in © whenever € € (&) jen
is sufficiently small. Since from Lemma 2.3 we know that ¢ > |[lve(+,t)|| (o) does not increase, we
conclude that actually v. < § in Q X (tg,00) for any such ¢, as desired. O

With the above result at hand, we can now perform an argument inspired by a similar reasoning in
[17] which uses the smallness of v, to assert bounds for u. in LP(2) for arbitrarily large p. Similar
functionals have previously been used to derive regularity in [20].

Lemma 6.2 Let p € (1,00). Then there exist t1(p) > 0,e1(p) € (0,1) and C(p) > 0 such that the
solution of (2.2) has the property

/ng(~,t) < C(p) for all t > t1(p) (6.2)

whenever € € () en is such that e < e1(p).

PrROOF.  Given p € (1,00), we can fix ¢ > 0 such that ¢ < p — 1. Then the function

P A+ (p—1)%-(29) 56( q+1)

) 017
4 qlg+1)—pg-26

p(0) =p—1 o

satisfies

p  4¢ p—q—1
O)=p—1—="- - >O7
p0)=p 1 q(q+ 1) g+ 1

so that it is possible to pick § € (0, %) small such that still

We now let

13



and take t(d) and (d) as provided by Lemma 6.1. Then for each € € (¢;);en such that e < £o(d),
the function p(ve) is smooth in Q x (#9(d), 00) and we compute, using (2.2) and integrating by parts,

G Lot = b [ etn) (Au =V F ) Vo)
4 /Q W2 (v.) - (Dve — Fi(uz)v.)
= - — uP20(v ue|?
S néa o (02) Ve
A}émﬂwap@ma¢wm~wmf
+p /Q W1 =20/ (02) + (p— 1) (ue)p(0.)] Ve - Vo,

—/ uP Fe(ue ) v’ (ve)
Q
=: Il =+ IQ -+ 13 + I4 for all t > to((S). (64)

Here we note that Iy < 0 since F. > 0, and using that F, < 1 we obtain

b<—4@¢wmwwﬂmywm%

where
¢ (ve) —pp'(v) = (26 —vo) 7% [qlq+ 1) — pq - (26 — v2)]
> (26 —v.) 97 qlg+1—p-20)
> 0 in Q x (t(6),00)

thanks to the fact that 6 < %. We therefore may invoke Young’s inequality to see that

2 - ,Ua - ,UE Ve 2
h<-n+ b [ BRI L DEIIL (g, 65

To estimate this, we use that 0 < F/ <1 to derive that

e P 2009+ (= D) - ()
Hats) = plp—1els) =7 ¢"(s) — pe'(s) ’
(2,) € Q x (to(8),00), s € [0,26),
satisfies
B Co(s) P A" (s) = Alp = DF(u)p(s)#' () + (p = D FE (ue)*(s)
J(x7tvs) - p(p 1)80() 4 S0//() pga’(s)
P 4(s) + (p - 1)24/? (s)
> p(p - 1)80(5) - Z : (,0”(8) (S)

14



— p? 4¢%(26 —5)7272 4 (p—1)%(25 — 5)"2
= plp—LDels) =7 d(q+1)(20 —5)42 — pg(20 —5) a1

N Cq P AP+ (1) (20 —s)?
= p(20-9) {p YT G ) —pe (20— 9) }
> p(26 —s)77- p(6) for all (x,t,s) € Q x (tg(d),00) x [0,20)

by definition of p. Recalling (6.3), we thus obtain that
J(x,t,8) > ca:=pd ey for all (x,t,s) € Q x (to(5),00) x [0, 4].

In view of (6.5) and the fact that v. < § in Q X (t9(9), 00) for € < £¢(d) by Lemma 6.1, this entails
that

ho< ko [ o= Dp(wn) = toon)] w2 2l
Q
< —ILh—1I— 02/ ul ™2 Ve ? for all ¢ > to(0).
Q
We thereby infer from (6.4) that

d
WPp(ve) < —ez /

4c 2
-2 2 2 2
il Vel = 2 /Q|Vu3| (6.6)

for all t > t((0). Here we interpolate using the Gagliardo-Nirenberg inequality ([6]) and (2.5) to obtain
c3 > 0 and ¢4 > 0 such that

/QU’e’sO(vs)

IN

AL
0~ (|72

P D ool P
call Vul |y - a7 =+ ealluz ]

IN

k1N

@
512
¢ (IIWS 1730 + 1) for all ¢ > t,(J)

IN

with a := % € (0,1). Therefore (6.6) shows that y.(t) := [ ufe(ve)(-,t), t > to(d), satisfies

1
yo(t) < —cs - (y=(t) — 1)% for all t > to(6)

for some c5 > 0, and hence an integration yields

ye(t) <14 (65(1(;‘1)@ - to(a)))”g“ for all t > ().

Since p(s) > (20)71 for all s € [0,26), we thus conclude that

/ng(.,t) < (20)7:(t) < (20)7- {1+ (M)_*} for all £ > to() +1,

a
provided that € € (¢j);en is sufficiently small. This proves (6.2) upon the choice ¢;(p) := to(p) + 1. O

Now a straightforward reasoning involving standard bootstrap techniques yields eventual boundedness
and smoothness of the weak solution in question.
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Lemma 6.3 There exist T > 0 and a subsequence (£;,)ien of (€j)jen such that for any e € (gj,)ien
we have

||Ug(,t)||02((2) S C fOT all t 2 T, (67)
and such that
U > u and ve — v in C’IQOCI(Q x [0, 00)) as € =¢ej, \( 0. (6.8)

PROOF. The proof proceeds by standard regularity arguments (cf. e.g. [8] for details in quite a
similar setting), and thus we may confine ourselves with an outline.
We fix any p > 6 and then obtain from Lemma 6.1 some t; = t1(p) > 0, ¢ = c1(p) > 0 and
e1(p) € (0,1) such that

|U€(‘,t)||Lp(Q) <c for all t > t1 (6.9)

and any € € (¢j) ey fulfilling e < e1(p). Applying V to both sides of the variation-of-constants formula
for v,

t
ve(-, 1) = PV (1) —/ =B (F (ug) — 1)ve(-, 8)ds, t>t,

t1

recalling that |F(ue)| < ue and ve < [lvg|| () we therefore obtain ¢z > 0 and c3 > 0 such that

IN

t
Vol Dl < e (foultlleiey + [ (=575 ucles)lzoiey + ds)

t1
c3 for all t >ty :=¢1 + 1.

IN

Since this implies that

Hua('a t)vva(ut)HLg(Q) S C1C3 for all ¢ Z tg,

the variation-of-constants formula for u. in the form

t
Ue(-,t) = ePug (-, ta) + / eU=IAY . (u F! (ug) Ve ) (-, s)ds, t > to,
t2
along with (6.9) allows us to estimate
[A u ()|l pagy < ea forall t >ty =15+ 1 (6.10)
and moreover

A% (-, t) — A%uc(-, s)||La() < calt — s|" for all t, s > t3 such that [t —s| <1 (6.11)

with some 1 € (0,1),0 € (0,1) and ¢ > 1 large enough such that 20 — 2 > 0, where A? denotes
the fractional power of the realization of —A + 1 in L(€2) under homogeneous Neumann boundary
conditions.

Along with the fact that the domain of definition of A? satisfies D(A?) < C#(Q) for all 8 € (0,26 — %)
([7]), the estimates (6.10) and (6.11) show that (us)ce(c,),; o, is bounded in both L% (2% (t3,00)) and in
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B _
Cli’c? (2 x [ts, 00)) for some 3 € (0, 1). Therefore standard parabolic Schauder estimates ([14]) applied
to the second equation in (2.2) yield boundedness of (ve)og(e,). oy in both L%((t4, 00); C*P(Q)) and
B _
n Cf;ﬁ’HQ (Q X [t4,00)) for t4 := t3 + 1. This in turn, by a similar argument, entails boundedness
of (Ue)eg(e;) e in POth L((t5, 00); C?+F'(Q)) and in c, Hj) +3 (Q x [t5,00)) for some ' € (0,1) and

ts :==t4 + 1. An application of the Arzela-Ascoli theorem completes the proof. U

JjEN

7 Large time behavior of u

We now aim at improving the rather weak stabilization result for u© warranted by Lemma 4.1. As a
preparation, we assert that u; decays at least in some weak sense in the large time limit.

Lemma 7.1 There exists C > 0 such that for all € € (0,1) the solution of (2.2) satisfies

Hugt('at)H(QW?n?(Q))*dt <C. (7.1)
0
Consequently,
[e.e]
Hu%(v t)H%WS,z(Q))*dt < 0. (72)
0

PROOF.  We fix 1) € W32(€) and test the first equation in (2.2) against v to obtain
/ Uett) = / Augth — / V- (ueFL(us) Ve )y
Q Q Q

= —/ Vue - Vi) +/ uF! (ue) Ve - Vip for all ¢ > 0. (7.3)
Q Q

([ LY ([ o)’

Yu 2.1 1
Vel s a2 1V ey

Here by the Holder inequality and (2.5),

—/ng-vw(

IN

IN

By the same tokens and Lemma 5.1,

| [nerituwes o] < (/QFawa)w?)é'(/Q Z'(Q())wf

l = =
([ Ptw)ive)” K 190l (o)

Since W32(Q) < W>(Q) and hence [|Vz| 1 (o) < c1l|z]|ws2(q) for all z € W32(Q) and some ¢; > 0,
(7.3) therefore shows that

IN

Hust('at)||2W3»QQ * ‘/UEt
(Wa:2() EW32(Q) ||w||Wsz(m<1

IN

_ |Vaue|? B )
c1up - + Kyt - | Fo(ue)| Ve for all t > 0.
Q0 Ue Q
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Hence, in view of (3.2) and (3.6), an integration over ¢ € (0, 00) yields (7.1), whereas (7.2) again results
from lower semicontinuity of the norm in the Hilbert space L?((0, 00); (W32(Q))*) with respect to weak
convergence. O

We are now in the position to prove a convergence result in the flavor of Theorem 1.1 also for .

Lemma 7.2 The weak solution of (1.1) from lemma 2.1 satisfies
u(-,t) = ug in L=(Q) as t — oo, (7.4)
where Ty is given by (1.4).

PROOF.  Let us suppose on the contrary that (7.4) be false. Then we can find a sequence of times
t;. — oo such that
inf tr) — ol ooy >0 7.5
inf [[u(-, ) = o] (0 > 0, (7.5)

where we may assume without loss of generality that ¢, > T for all £ € N with T" as provided by Lemma
6.3. Since then (u(-,tx))ken is relatively compact in L>(§2) according to (6.7) and the Arzela-Ascoli
theorem, we can extract a subsequence, again denoted by (tx)ken, such that

u(,tg) = Uso  in L(Q) as k — oo (7.6)

is valid with some nonnegative us, € L>(2).
Now performing a variant of an argument from Lemma 5.4, by the Cauchy-Schwarz inequality we
¢ 2
Uet(+, S dsH dt
/t SRR e

obtain
li+1 9 thi1
/ lute (-, 1) = e, ) By oyt :/t
k k

tt1 t )
< /t ( [Juee (-, 3)H(W3,2(Q))*ds> (t — tg)dt
k

ty

< / et ) Pozyyeds  for all £ € (0,1)
tk
and hence
tk+1 9 [ee] 9
/t Ju( ) = uls te) sz dt < /t e (5 ) (ws.2 () ds
k k

— 0 as k — oo

according to Lemma 7.1. Since (7.6) entails that u(-,t;) — us in (W32(Q))* due to the fact that
L®(Q) = (W32(Q))*, this ensures that

tet1
/ (s ) — ool Bpagyyedt = 0 as k= oo, (7.7)

2%
On the other hand, since also L%(Q) — (W32(Q))*, Lemma 4.1 asserts that

/0 ||U(,t) - UOH%wSQ(Q))*dt < 0

18



and thus in particular

tkt1
k
Clearly, (7.7) and (7.8) are possible only if us, = %y, which contradicts (7.5) and (7.6). O

Our main result can now be obtained by simply collecting what we have found so far.

PROOF of Theorem 1.1.  The statement on eventual boundedness and regularity immediately results
from Lemma 6.3 and (2.4). The convergence properties in (1.3) have already been proved in Lemma
5.4 and Lemma 7.2. 0

8 Global boundedness and convergence in the case N = 2

In this section we plan to prove Proposition 1.2, and correspondingly we shall assume throughout that
Q) is a bounded convex domain in R? with smooth boundary. Since v; < Av due to the fact that u
and v are nonnegative, the inequality v < [[vo|[ e (q) in £ x (0,00) again results upon an application
of the maximum principle. In proving our global boundedness result for v we shall once more rely on
the natural energy inequality associated with (1.1) (cf. Lemma 3.1).

Lemma 8.1 The solution of (1.1) satisfies

2 2
dt Q 2 Q v

for allt > 0.

Among the numerous consequences collected in Corollary 3.2 for the three-dimensional case, we now
shall need the analogue of only three.

Corollary 8.2 We have

/ W“P (8.2)

/ /\vu4<oo and (8.3)
/0 /Qu\Vvlz < 00. (8.4)

We can now assert uniform boundedness of u(-,t) in LP(2) for any finite p.

Lemma 8.3 For all p > 1 there exists C' > 0 such that for the solution of (1.1) the inequality
/ uP(x,t)de < C for allt > 0. (8.5)
Q

holds.
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Proor.  With the estimate (8.3) at hand, (8.5) can be proved as in [21, Lemma 4.4]. For convenience,
let us recall the main ideas. Multiplying the first equation in (1.1) by «?~! and applying Young’s
inequality we find ¢; > 0 such that

1d

—1
- uP + p/ up_2|Vu|2 < Cl/ up|Vv|2 for all ¢ > 0. (8.6)
pdt Q 2 Q Q

By the Holder inequality,

Loz < ([ae)' ([ v’

and now the Gagliardo-Nirenberg inequality provides ¢y > 0 such that

1
20)2 — 52,0 < Vus % 512
( /Q w)" = bl < 2 (Ve iz oz + Hd 02 ).

ya
2

where we have used the fact that N = 2. Since ||u? HL%(Q) = (Jq w)? = (Jquo)2 upon integration of

the first equation in (1.1) over § , we can thus pick ¢z > 0 such that

-1
cl/uva|2 < p/up_ZIVu|2+03(/ ]Vv|4) . (/up+1>,
Q 2 Ja Q Q

so that from (8.3) we obtain that y(t) := [, u?(x,t)dz, t € [0,T), satisfies the ODI

y'(t) < C4</ |Vv\4) (y(t)+1) for all t > 0
9)
with some ¢4 > 0. On integration we infer that
y(t) + 1< (y(0) +1) - e fo JalVo1" for all ¢ > 0,

whereupon recalling (8.3) we can complete the proof. O

Lemma 8.4 There exists C' > 0 such that for the solution of (1.1) we have
[u( D)llLo(@) < C for allt > 0. (8.7)

ProoF.  With a bound for w in LP(2) for arbitrarily large p, a straightforward reasoning involving
the well-known Moser-Alikakos iteration procedure ([1]) yields (8.7). O

In what follows we shall give a simple proof of the convergence properties for the solution of (1.1) in
two dimensions, which is much easier than that in three dimensions. We first assert the decay of u,
at least in some weak sense.

Lemma 8.5 The solution of (1.1) satisfies

/0 “u%('7t)“%w3,2(g))*dt < Q. (88)
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PROOF. Using the estimates in Corollary 8.2 and proceeding as in the proof of Lemma 7.1, we
directly obtain (8.8). O

We are now in the position to assert the desired convergence result for u.
Lemma 8.6 The classical solution of (1.1) satisfies

u(-,t) — up in L*°(2) ast— oo, (8.9)
where g is given by (1.4).
PrROOF.  Building on the estimate (8.8), the proof of (8.9) is similar to that of Lemma 7.2. O
Finally, we can give a simple proof of the corresponding stabilization result for v.
Lemma 8.7 The classical solution of (1.1) satisfies

v(-,t) — 0 in L*°(Q) ast— oo. (8.10)

Proor.  From (1.2) we first obtain that
g > 0. (8.11)

Using (8.9) and (8.11) and noting that (u,v) is a classical solution we find 7" > 0 such that

)

u(-,t) > 3 for any t > T. (8.12)

This, along with the second equation in (1.1) and the positivity of v, yields

vtgAvf%v, reQ, t>1T.
By comparison we infer that
0<v(-t) < o(,T)|lpeq@e 2T for any ¢ > T.

This proves (8.10). O

PROOF of Proposition 1.2.  Proposition 1.2 is a consequence of Lemma 8.4, Lemma 8.6 and Lemma
8.7. O
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