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Abstract

We consider nonnegative solutions of the Neumann boundary value problem for the chemotaxis
system

uy = Au— xV - (uVv) + f(u), x€Q, t>0,
TV = Av — v+ u, r€Q, t>0,

in a smooth bounded convex domain 2 C R™, n > 1, where 7 > 0, x € R and f is a smooth
function generalizing the logistic source

f(s) = ks —ps®, s>0, with x > 0, u > 0.

It is shown that if p is sufficiently large then for all sufficiently smooth initial data the prob-
lem possesses a unique global-in-time classical solution that is bounded in 2 x (0, c0). Known
results, asserting boundedness under the additional restriction n < 2, are thereby extended to
arbitrary space dimensions.
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Introduction

We consider nonnegative solutions of the Neumann initial-boundary value problem for two coupled
parabolic equations,

up = Au— xV - (uVv) + f(u), z e, t>0,

TV = Av — v + u, re, t>0,
5 5 (0.1)
% =92 =0, zedN, t>0,

u(z,0) = uo(x), v(z,0) =vo(x), x €,

in a smooth bounded domain 2 C R™, where 7 > 0, x € R and f : R — R is smooth and satisfies
£(0) > 0 as well as
f(s) <a—ps? forall s >0 (0.2)



with some @ > 0 and p > 0.

The PDE system in (0.1) is used in mathematical biology to model the mechanism of chemotaxis,
that is, the movement of cells in response to the presence of a chemical signal substance which is
inhomogeneously distributed in space. Here, u represents the cell density and v the concentration
of the chemical ([KS]). When x > 0, cells exhibit a tendency to move towards higher signal concen-
trations (chemoattraction), while conversely the choice x < 0 leads to a model for chemorepulsion,
where cells prefer to move away from the chemical in question. A concise derivation of the PDE
framework in (0.1) is presented in [HP], where the reader is provided with a wide survey on various
chemotaxis models and their respective biological background, as well as with a rich selection of
references.

As compared to the so-called minimal model obtained when f = 0, (0.1) comprises a possible
proliferation of cells, a growth restriction of logistic type being included by the assumption (0.2);
accordingly, one might expect that (0.2) prevents an unlimited increase of the cell density. This
conjecture is supported by numerical experiments (see e.g. [PH] or [S]), which in addition indicate
that (0.1), though apparently simple as a two-component parabolic system, possesses quite a large
variety of dynamical properties, especially in respect of the spontaneous emergence of patterns.
Further evidence, both numerically and analytically, on the self-organizing features of (0.1) can be
found in [MT], where shock-type movements of interfaces are detected when f(u) = u(1—u)(u—a)
(0 < a < %) and when cell kinetics take place much faster than cell movement (see also [HHS]).
Unfortunately, the literature seems to provide only partial results concerning the question whether
or not solutions of (0.1) indeed remain bounded, or if under appropriate circumstances blow-up
may occur. It is known, at least, that all solutions of (0.1) are bounded when n = 1 (which can
be seen as in [OY1]) or n = 2 ([OTYM], see also [OY2]). In these cases, the problem even could
be made accessible to strong tools of dynamical systems theory so as to shed light on its global
dynamics, and in the one- and two-dimensional framework there are results on finite dimensional
attractors available not only for (0.1) but also for a number of variants with more general cross-
diffusion terms in the PDE for the cell density ([OY1], [OTYM], [AOTYM]).

However, results addressing the case n > 3 so far only cover simplified versions of (0.1). One of
the most common among such simplifications concerns the choice 7 = 0 that reflects and takes to
a limit the physically reasonable model assumption that chemicals diffuse much faster than cells
move ([JL]). In the accordingly obtained initial-boundary value problem for the parabolic-elliptic
analogue of (0.1),

{ w = Au— V- (uVo) + f(u), xE€Q, t>0, (0.3)

0=Av—v+u, e, t>0,

solutions are global and bounded whenever p > 0 satisfies pu > "T_Qx, while for any p > 0 one

can at least construct globally existing weak solutions. For x > 0 this is precisely stated in [TW],
but the proofs there can easily be carried over to the case x < 0 (cf. also [Wil] for less restrictive
assumptions on f).

In another simplified variant of (0.1) the second PDE contains no production term, and the out-
come of [K] states that then a global classical solution exists if ||vo| o () is small enough.
Finally, a further possibility of reducing technical difficulties in the proof of boundedness of solu-
tions consists of incorporating so-called vloume-filling effects in the diffusive and the cross-diffusive
part of the model, thus taking into account that cell movement is inhibited when cells are densely
packed ([PH]). The resulting variant of (0.1) is known to have global bounded solutions, and the



associated dynamical system could be proved to possess a global attractor ([Wr]).

It is the purpose of the present paper to clarify the issue of boundedness for solutions of (0.1)
without any restriction on the space dimension. Our main result is the following.

Theorem 0.1 Suppose 2 C R™, n > 1, is a convex bounded domain with smooth boundary, T > 0
and x € R. Then for all a > 0 there exists pg > 0 with the following property: If f € VVllocOo (R)
satisfies f(0) > 0 and (0.2) holds with some p > po, then for any nonnegative ug and vy fulfilling
the inclusions ug € C°(Q) and vo € WH9(Q) for some 6 > n, (0.1) possesses a uniquely determined
global solution (u,v) for which both u and v are bounded in Q x (0, 00).

Let us once again point out that when n < 2 there is no novelty in this, but in the case n > 3 we
can exclude unbounded solutions whenever p in (0.2) is large enough, which is consistent with the
results for (0.3) mentioned above. We have to leave open the question whether this is optimal in
the sense that also in higher space dimensions boundedness can be asserted for arbitrarily small
> 0. That this should be true at least for negative x is suggested by the fact that in that case it
is known that in the borderline case f = 0 at least global weak solutions always exist ([CLM-R]).

Along with the method by which it is obtained, Theorem 0.1 may serve as a starting point for
further investigation addressing dynamical features of (0.1), in particular the existence of global
attractors. Let us therefore briefly outline the main idea of our proof which can be obtained by a
rather simple observation. Formally differentiating the second equation in (0.1) we obtain

Td

5 7 |Vo|? = Vo - VAv — |Vo]? 4+ Vu - V.

Focussing on the most interesting case x > 0, we can express the last term using the first equation
n (0.1) and rewrite Vv - VAv = A(%|Vv|2) — |D?v]? to arrive at the identity

d /T 9 1 1 9 1 9 19 9 1
4z “u)=A(= ~u) — | D% — — ulAv + = f(u).
g (2|Vv| + XU) (2|VU| + Xu) |D*v] [Vou|* — ulAv + Xf(u)

Since |Av|* < n|D?*v]?, by Young’s inequality we obtain —uAv < |D?v|? + 2Zu? and hence, in view
of (0.2),

d/t 1 1 1 nwoon a

(5 ) sy L) (2 D)t

dt(2| U|+XU < 2| v|+Xu [Vl N 4u+x
Here we see that in the special case 7 = 1, essentially meaning that both cells and signal diffuse
at the same speed, under the assumption p > =X the function z := Z|Vo|* + %u satisfies a scalar

parabolic inequality of the form
2 <Az —bz+c (0.4)

with some positive b and ¢. Now, for instance, the maximum principle becomes applicable to

ensure that z is bounded — at least when € is convex, which entails that a‘g—j‘z < 0 on 99). This
immediately yields boundedness of both v and Vu.

When 7 # 1 (or x < 0), this simple procedure fails. However, we note that the maximum principle
was not the only way to derive boundedness from (0.4). One possible alternative would have
been a Moser-type iteration, based on multiplying (0.4) by 2™~!, integrating, estimating suitably



and carefully tracking the appearing constants when m — oo. Here it turns out that the first
step, namely integrating powers of z, after certain modifications is somewhat stable with respect
to changing 7. More precisely, the core of our approach will consist of deriving a bound for the

quantity
Zbk-/uﬂwﬁm% (0.5)
=0 Q

with arbitrarily large m € N and appropriately constructed positive by, ..., b,,. Upon applying
suitable inequalities to this term from above and below, one can easily check that estimating
the sum in (0.5) is equivalent to estimating the norm of z in L™(2), so that in this sense our
procedure indeed is a variant of the method of integrating powers of z. Once this crucial step has
been accomplished (cf. Lemma 2.7), we will know that the term «Vv in the first equation in (0.1)
is uniformly bounded in any space LP(Q2), 1 < p < oo, for all times, so that it will be possible to
apply standard regularity arguments to conclude that u and hence v must be bounded.

1 Preliminaries

Let us first briefly recall standard arguments (see [HW], for instance) to assert local well-posedness
of (0.1) in a sense sufficient for our purpose. Moreover, we make sure that a solution can cease to
exist in finite time only when it blows up in a certain norm.

Lemma 1.1 Suppose that T > 0, x € R, and that f € VVllocoo(R) satisfies f(0) > 0. Moreover,
assume that ug € C°(Q) and vy € WH9(Q) are nonnegative, where 6 > n. Then there ezist a
mazimal Tyax € (0,00] and a uniquely determined pair (u,v) of nonnegative functions

u € CYQ % [0, Thaz)) N CHHQ X (0, Thnaz)),
v e CUQ X [0, Tinaz)) N CHHQ % (0, Thnaz)) N L2([0, Trnaz); WH2(Q))

loc

that solve (0.1) in the classical sense in Q X (0, Tynaz). Moreover,
if Trnax < 00 then ||u(:,t)|| Lo () + V(- E)|lwre ) — o0 ast /" Tmaz- (1.1)

Proor. i) Existence. We claim that for all R > 0 there exists T = T'(R) > 0 such that
if in addition to the above hypotheses we have ||ug| =) < R and [Jvlly1.0(q) < R, then (0.1)
is classically solvable in  x (0,7"). In view of a standard extension argument, this will imply the
existence of a maximal existence time T4, satisfying (1.1). To this end, according to well-known
estimates for the Neumann heat semigroup (e'*);>o (see [Wi2, Lemma 1.3], for instance, for a
formulation adequate for our purpose) we first pick K > 0 such that ||etAz||W1,e(Q) < K||zl[wre)
for all z € W9(Q). For small T € (0,1) to be specified below, we introduce the Banach space

X = C([0, T];C°(2)) x C°([0, T, WH(9))
along with its closed subset

S = {(U,U) e X ‘ ||U||Loo((01T);Loc(Q)) <R+ 1 and ||’U||Loc((01T);W1,9(S‘l)) < KR+ 1}.



For (u,v) € S and t € [0, T], we let

@1 (u, v><t>> _ (Au =X Jy €IV - (uls) Vu(s))ds + fy 6(”>Af(U(S))ds>_

P t) =
(U; ’U)( ) (@2(,“7,[))(1:) ef(Afl)fUO + % fOt @(t—s)(A—l)u(s)ds

Then

t
[@1(u, v)()|[Loe) < IIGtAUoHLoc(Q)vLIXI/ =25 - (u(s)Vo(s)) ]| o ) ds

[ 12 506 s (1)
where by the maximum principle
lle"®uollpos (o) < lluollp=() < R (1.3)
and
/ 12 £ (u(s))l| L= (yds < / 1f () Loe@yds < [ fllLee(—r—1,r41)) - T (1.4)
for all ¢ € (0,T). Moreover, picking any p > 72 and then « € (35— 2(5— %)), we have pa >n
and therefore the fractional power A% of the sectorial operator A := —A + 1 with Neumann

data in LP(Q) satisfies ||z|[r=() < ClA%2| o) as well as [[A%72 2| o) < Co™%||z|| Lo
for all z € C§°(2) (cf. [H]), where here and below C' denotes a generic positive constant. As a
consequence,

IN

t t
[ 92T @) Vo wgods < C [ AT (0ls) To(s)] ooy
0 0

IN

€ [t =9 e T AV - (o) Vo) oy s

t
< O (=) (t—s)"27 2070 u(s)Vu(s)]| Loy ds

< 13673 (R+1)- (KR+1) (1.5)

for allt € (0,T'), where we have used that T' < 1, that o < ——ﬂ(l—g) and that ||e”2V 2| 1r(q) <

1

Co™ 273673 |2]| oo for 0 < 1 and all (R"-valued) z € C5°(R2) (cf. [Wi2, Lemma 1.3]).
Similarly,

t
[®2(u, v)()llwro@y < e 7 llemvollwro +C/ (t —s)"2[Ju(s)ll ooy ds
0

t
< Klloollwro@ +C / (t — ) H[u(s)]| 1 ey ds
0
< KR+CT?-(R+1) forallte (0,T), (1.6)

so that it follows from (1.2)—(1.6) that if we fix Ty € (0, 1) small enough and T satisfies T' € (0, Tp)
then ® maps S into itself.



Furthermore, using the same ideas, for (u,v) € S and (@, v) € S we estimate

191, 0)(8) = @1(a, ) (Bl o) < C / | A%t - u(s)Vo(s) — a(s)V(s)]l| oy ds

< / (t — )" 33D ||u(5)Vu(s) — a(s)V(s) | 1oy ds
0
+ [ 1) = 1@ s
< O [ HEED (Jul)llrm Vo) = Vo)llescey

Hlu(s) = @(s) | o0 | V() | 0o ) ds

t
A (et ) / lu(s) — a(s)] o sy ds

IN

oT =260 (R4 1) + (KR4 1)) - | (n,0) — (@, 9)]x

I Lo (= r=1,m41)) - T [l(u,v) = (@, 0) || x

and

IN

c / (t = 8)"Fuls) — @(s) | Loy ds
< CT? - ||(u,v) — (4,0)||x

12 (u, 0)(t) = P2(@, V) () w10 @)

for all ¢ € (0,T), which shows that if T € (0,7p) is chosen sufficiently small then ® acts as
a contraction on S. Accordingly, the Banach fixed point theorem asserts the existence of some
(u,v) € S such that ®(u,v) = (u,v). Once again using standard arguments involving semigroup
estimates, it can easily be checked that in fact (u,v) lies in the asserted regularity class and is a
classical solution of (0.1) in  x (0,7'). Since f(0) > 0, the maximum principle moreover ensures
that both u and v are nonnegative.

ii) Uniqueness.  Proceeding as in [GZ], given T > 0 and two solutions (u,v) and (@,?) in
Qx(0,T), we fix Ty € (0,T), let w:=u—u and z := v— v and obtain by applying straightforward
testing procedures to (0.1) that

th/ /|Vw|2*X/wVv Verx/Qqu vZ+/Q(f( )= f@)w  (1.7)

S el 1ok [1vap = - [ was 1

and



for ¢t € (0,7p). By Hélder’s, Young’s and the Gagliardo-Nirenberg inequalities,

< fuvevu < ([ eaR)([er)’ ([ e)T
Q
< (/IVwI)__e (/|W|)§ (/sz)ze
< %/|Vw|2+0/w
Q Q

where we have used that [,w = 0 by simple integration of (0.1), that ||[Vu(t)||pe) < C for
t € (0,Tp), and that 6 > n > 2. Furthermore,

1
X/ aVw-Vz < = |Vw|2+C/ |V2|?
Q 2 Ja 0

[ =< [ v

in view of the boundedness of v and @ in Q x (0,7Tp) and the local Lipschitz continuity of f. Since

finally
2 1 2
—/wAz§ |Az|+—/w,
Q 0 4 Ja

we conclude upon adding (1.7) and (1.8) that

d(/w +¢/|vz| <C /w2+T/|Vz|2) for all t € (0, Tp),

which implies w = 0 and z = 0 in Q x (0,7p) and hence (u,v) = (@,?) in Q x (0,7T), because
Ty € (0,T) was arbitrary. /]]/

and

2 A priori estimates

In this section we shall develop our main ingredient for the proof of Theorem 0.1. As a first step
towards this, let us derive the following, yet rather weak, a priori bounds for solutions of (0.1).

Lemma 2.1 Let f satisfy (0.2). Then there exists A > 0 such that the solution (u,v) of (0.1)
satisfies

/ u(z,t)dr < A and / |Vo(z,t)?de < A for allt € (0, Traz)- (2.1)
Q Q



PROOF. Integrating the first equation in (0.1) using (0.2) gives
/ ) < alQ| — / u? for all ¢t € (0, Tragz)- (2.2)
Q Q
Since u? > 2u — 1, this yields
d
% u <(n+a)Q|— 2/1/ for all ¢t € (0, Tha)- (2.3)
Next, multiplying the second equation in (0.1) by —Av and integrating, we see that
/ Vo2 + / |Av|? + / Vo2 = / ulAv < — / u +/ |Av?
2 dt
for all t € (0, Thhaz) by Young’s inequality. Hence, in view of (2.2) and (2.3) we obtain
1 1 1 d
2 2 2
— v - —( Q- ) — 2
dt /' vl 3 /Q“)+/Q| = 4/9“ it “/Q Y

= %;2'+4—((u+a)|ﬂ|—2,u/ﬂu)

A

for all t € (0, Tinaz). Thus, y(t) := Vol|? —|— u satisfies the ODI ¢/ < —cy+ C in (0, Thhaz
3 Jo Q

with ¢ := min{2, z} > 0 and C M Now an integration shows that y(¢) < max{y(0), <
for all ¢ € (0, Tmaw) and thereby completes the proof. / / //

Still having in mind the sum in (0.5), we prepare a proof of its boundedness by following estimate
for its summands. The following lemma is the only place in this paper in which we immediately
require that ) be convex.

Lemma 2.2 Suppose that Q is convex, 7 > 0 and x € R, and that f satisfies (0.2). Then for all
m €N and k € {0, ...,m}, the solution (u,v) of (0.1) satisfies the inequality

d

el uk|vv|2m—2k +l<:(k:71)/uk_2|Vu|2|Vv|2m_2k
dt 0

2 —
+ (m k)/uk|vv|2m—2k—2|D2v|2
Q

T

—k)m—k—1 2
+(m )(T ) / uk|vv|2m72k74lv|vv|2’
Q

+k‘u/ uk+1|vv|2m72k
Q

2(m — k)

T

IN

/uk|VU|2m_2k_2Vu-Vv

Q

+k(k — 1)x/ w1 Vo PRy - Ve
Q

+k(m — k)x/ uf | Vo P22y . V|Vl
Q



1
—k(m — k)(l + —) / WP WMk v V2
T/ Ja
Jrak/ T AV Rl for allt € (0, Trnqz)- (2.4)
Q

ProOF. By direct differentiation we obtain, using the fact that (u,v) is a smooth solution of
(0.1) in Q x (0, Thnas),

d
— uk|V1}|2m72k = k/ uk*1|Vv|2m72]c . [Au —xV - (uVv) + f(u)
dt Jo Q
2(m — k
+7(m7- ) / uF | Vo220 - V(A — v + u)
Q
= Il + IQ. (25)

Here, I; gives a nonzero contribution only in the case k£ > 1, in which we integrate by parts to
obtain

k/uk-l|vu|2m-2mu _ —k:(k:—l)/uk_2|Vu|2|Vv|2m_2k
Q Q
—k:(m—k:)/ WFL Vo P22y L V| Vo2 (2.6)
Q
and
kX/ uF VP L (uVe) = k(- 1))(/ w1 Vo2 Ty - Vo
Q Q

+k(m — k)x/ uF| Vo2 VIV, (2.7)
Q
where we have used that both % and % vanish on 9. Moreover, by (0.2) we have

k/ukfllvv|2m72kf(u) < ka/ukfl|vv|2m72k_ku/uk+1|v,u|2mf2k. (28)
Q Q Q

In treating Is, we make use of the pointwise identity

Vv -VAvy = %A(|Vv|2) — |D%*v)?

to obtain
L, = m—k / Wk | Vo222 ATy — 2(m — k) / uF | [2m=2k=2| D2y |2
T Q T Q
_Q(mT_ k) /Qukwvlmn—% n Q(WT_ k) /Quk|Vv|2m_2k_2VU v
=t o1 + oo + oz + Io, (2.9)
Clearly,

I3 <0, (2.10)



whereas Is5 and Is4 exactly coincide with the third term on the left and the first term on the right
of (2.4). As to I21, another integration by parts reveals that

k(m—k
Ly = — (m )/uk71|vv|2m72k72vu.v|vv|2

T Q

_(m_k)(m_k_l)/uk|vv|2m—2k—4’v|vv|2’2

T 9)

—k 2

+= /u’“|Vv|2m*2k*2M. (2.11)
T o0 ov

Since the convexity of 02 along with the relation % = 0 on 9N implies that a\g_:ﬁ < 0 on 0N
(cf. [DalPGG]), collecting (2.5)—(2.11) yields (2.4) after obvious rearrangements. /1//

Our plan is to estimate the right-hand side of (2.4) appropriately. This will be done separately for
the cases k =0,k =1,k € {2,...,m — 1} and kK = m in the next four lemmata. To begin with, let
us start with the case when u does not appear on the left of (2.4).

Lemma 2.3 Suppose that Q is convex, 7 > 0 and x € R, and that f satisfies (0.2). Then for all
m € N with m > 2 there exist positive constants co and Cy such that

2
di/ |VU|2m+Co/ |W|2m—4’V|W|2’ gco/u2|vu|2m—2 for allt € (0, Taz). (2.12)
tJo Q Q

PrROOF.  When applied to k = 0, (2.4) takes the form

d 2 -1 2
_ |v,U|2m + _m/ |V’U|2m_2|D2’U|2 + m(m ) / |V,U|2m—4‘v|v,u|2‘
dt Q T Q T Q

2

< —m/ Vo[22V - V. (2.13)

T Ja
Here an integration by parts yields
2 2 -1 2
_m/ |Vo]*™ 2V - Vo = —M/ u| Vo1V - V|Vo|? — = u|Vo|?" 2 Av, (2.14)

T Ja T Q T Ja

because % = 0 on 0Q2. By Young’s inequality,

2 -1 -1 2
M/umpm—%.wwp < M/ |Vv|2m_4’V|Vv|2‘
Q 2T Q

.
om(m — 1
+m/u2|wﬁm—2 (2.15)
T Q
and
2 2
- m/u|vv|2m*2mg —m/ |vv|2m*2|Av|2+@/uﬂwﬁm*. (2.16)
7 Ja nt Jo 21 Jq

10



Recalling that the Cauchy-Schwarz inequality entails the pointwise estimate
"L 9% 2 "L 0%\ 2
2 _ 2,12
|Av| _‘;8—:03 Sng(a—xf) < n|Dv|*,
we may combine (2.13)—(2.16) to arrive at
d -1 2 2 -1
_/ |V’U|2m + m(m ) / |V’U|2m_4‘V|V’U|2‘ < ( m(m ) + @) . / U2|V’U|2m_2,
dt 0 2T 0 T 2T 0
which coincides with (2.12) upon evident choices of ¢y and C. /]]/

In order to absorb the term on the right of (2.12), our sum in (0.5) will contain a suitable multiple
of the term in (2.4) obtained for k = 1. This is made possible by the next lemma.

Lemma 2.4 Suppose that Q is conver, T > 0 and x € R, and that f satisfies (0.2). Then for all
m € N with m > 2 there exists C; > 0 such that

d

2
4 u|vU|2W2+(u—cl)-/u2|v1;|2m*2 < /|w|2|w|2m*4+cl/ e
dt Jo Q Q Q

+C1/ |Vu|?™=2 for all t € (0, Tyaz). (2.17)
Q

PROOF. By (2.4) with k =1,

d

2(m —1 —1 -2 2
— U|V’U|2m_2 + (m )/U|V’U|2m_4|D2’U|2 + (m )(m )/U|V’U|2m_6’V|V’U|2‘
dt 0 T Q T Q

+u/ U2|V’U|2m_2
Q

2(m —1
< 7(7”7 )/u|Vv|QM*4Vu-vu+(m—1)x/u|vu|2m*4w-V|W|2
Q Q
1
—(m—l)(1+—)/ |vu|2m*4vu-V|w|2+a/ Vom2 (2.18)
T Q Q

Here, the first three terms on the right can be estimated by Young’s inequality according to

2(m —1 1 2(m —1)?
M / U|V’U|2m74V’u Vo < 5/ |vu|2|vv|2m74 4 LQ)/ u2|vv|2m72
Q Q Q

T T

and

2 -1 2.2
(m—l)x/u|VU|2m_4VU-V|V1}|2 §/ |V’U|2m_4‘V|VU|2‘ +W/U2|V’U|2m_2
Q Q Q

as well as
1 2m—4 2 1 2 2m—4
—(m— 1)(1 + —) Vo4V - VIVo2 < = [ |Vul?|Vel
T/ Ja 2 Jo

(m — 11+ 1)
2

/ |Vv|2’"_4’V|Vv|2‘2.
Q

11



Dropping the second and the third term on the left of (2.18), we thus easily find that (2.17) holds

if we let C} := max{ (mfi)ZXZ + 2(77:1)2, (m_1)22(1+%)2 +1,a}. /1]

Again, the right-hand side in (2.17) contains ill-signed terms that have to be coped with. Treating
the third will be postponed until the proof of Corollary 2.8, while the second already appeared
with a favorable sign in (2.12). The first will be estimated using the following lemma.

Lemma 2.5 Suppose that Q is conver, T > 0 and x € R, and that f satisfies (0.2). Then for all
m € N with m > 3 and each k € {2,....,m — 1} one can find ¢, > 0 and Cy > 0 such that the
solution (u,v) of (0.1) fulfils the estimate

d
— [ uF|vypm2k +Ck/ W2V Vo PR 4 (R — Cy) / uF | wy|2m =2k
dt Jq o ;

S /uk71|vu|2|vv|2m72kf2+ck/u2|vv|2m72
Q Q
2
+Ck/ |VU|2m*4‘V|Vv|2‘
Q

JrC’k/ |Vo|?"2 + C)  for all t € (0, Traz)- (2.19)
Q

PROOF. For k € {2,...,m — 1}, estimating the terms on the right of (2.4) turns out to be slightly
more involved than it was in Lemma 2.3 and Lemma 2.4. Unlike the situation in those lemmata,
however, the second term on the left of (2.4) fortunately now appears with the positive factor
k(k — 1) and thus may be used to absorb some of the terms from the right-hand side.

First, by Young’s inequality, the last term in (2.4) satisfies

Is = ak/uk71|V1}|2m72k
Q
k—1 2
< k/’ . k+1 2m—2k k/’ . / 2m—2k
< a —k+1/9u [V +a il Q|VU|
k—1 k+1 2m—2k
S akk—H Q’LL |V’U|
2 m—k 2 k—1
ki——m —— Vol?m—2 ke—— ——|Q 2.20
tok T T VT ek e e 19 (2:20)

whereas also by straightforward interpolation,

2(m —k 1
Il = (m ) / uk|vv|2m72k72vu. Yo S - / uk71|vu|2|vv|2m72k72
T Q 2 Ja

2 _ 2
+ (m—k) /uk+1|vv|2m72k. (2.21)
Q

T2

Similarly,

k(k—1
Iy = k(k — 1)X/ uF Vo Py - Ve < bk 1) 5 ) / uF 2| V|| Vo =2k
Q Q

a2
MLIGR0) 21)X /u’€|w|2’"—2’€—2 (2.22)
Q
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and

K 2
I := k(m—k)x/ uF| Vo2 VI Vo2 < m—/ uk|VU|2m_2k_4‘V|VU|2’
Q At Ja
+k%(m — k)x27'/ uf|Vo|Pm=2k+2 (2,23)
Q

In order to estimate the last terms in (2.22) and (2.23), we note that once again by Young’s
inequality,

/uk|Vv|2m_2k+2 = /(u2|VU|2m_2)kll-(u’”1|Vv|2m_2k)H
Q Q

1 k—2
u2|vv|2m72 + / uk+1|Vv|2m*2k,
k—1Jq

k—1Jq

IN

so that in view of (2.20)—(2.23), (2.4) yields

d

k(k—1 2(m —k
il uk|vv|2m72k + ( )/uk72|vu|2|vv|2m72k+ (m )/uk|vv|2m72k72|D2v|2
dt Q 2 Q T Q

+(kﬂic)/uk+1|vv|2m72k
Q

1 —k 2
_/uk—1|vu|2|vv|2m—2k—2+m /uklvv|2m—2k—4‘v|vv|2‘
2 O 4T Q

IN

+c(/ w?| Vo[22 +/ [Vu[2m2 1) v (2.24)
Q Q
with some C' > 0 and
1 k—1 2m—2k—2 2
Iy = —k(m — k:)(l + —) WPV Vu - V|Vol2.
T/ Jo

Observe that in (2.24) we have dropped the nonnegative fourth term on the left of (2.4), which
might have been useful in coping with the second term on the right of (2.24). However, since we
want to present a uniform treatment for all k£ up to the value £k = m — 1, we shall rather rely on
the remaining term involving |D?v|? here (cf.(2.25) below).

As to I, upon another two-step interpolation we obtain

1 E2(m —k)2(1 + 1)
I < —/ uF VP Vo PR (m—k)(+7) /
2 Ja 2 Q

2
sl |vv|2m72k72‘v|vv|2’
and then estimate

2 k1 i 2
/uk71|vv|2m72k72lv|vv|2‘ _ /(Euk|vv|2m72k74) k ,(5*(k71)|vv|2m74)k.’V|V,U|2‘
Q Q
k—1 2
( )5/uk|vv|2m—2k—4}v|vv|2‘
k Q

1 2m—4 2 2
+k€k71/9|w| 9I9p|

13



for arbitrary € > 0. Choosing ¢ appropriately small, we can hence achieve that

1 —k
L < _/uk71|vu|2|vv|2m72k72+m—/
QO 4t

2
uk|vv|2m72k74lv|vv|2‘
2 Q

N 2
+c/ |W|2m*4‘V|W|2‘
Q
holds with some C' > 0. Since
2
‘V|Vv|2’ = [2D% - Vo|* < 4|D%|? - |V ]? (2.25)

by the Cauchy-Schwarz inequality, (2.24) thereupon turns into the relation

d k(k—1 2(m —k
il uk|vv|2m—2k + ( )/uk—2|vu|2|vv|2m—2k+ (m )/uk|vv|2m—2k—2|D2U|2
dt 0 2 0 T Q
+(/€M—C)/uk+1|vv|2m_2k
Q
-k
< /uk—1|vu|2|vv|2m—2k—2+2. m .4/uk|vv|2m—2k—2|D2v|2
Q 4T Q
R 2
+C(/u2|V1}|2m_2+/ Vol 4 1) +c/ VoPm 4w ivep?|
Q Q Q
which immediately gives (2.19) if we let ¢, := @ and Cj, := max{C, C}. /]]/

Finally, in order to digest the first term appearing on the right of (2.19) when k = m — 1, we shall
employ (2.4) for kK = m with the following result.

Lemma 2.6 Let Q be convex, 7 > 0, x € R, and assume (0.2). Then for all m € N with m > 2
the inequality

d
— [ ™ —l—cm/ um72|Vu|2+(mu—Cm)/ u™
dt Jo ) Q

< Cm/ w?|\Vo*™ 2 + Cp, for all t € (0, Traz) (2.26)
Q

holds for suitable positive constants ¢y, and Cy,.

PROOF. We let k =m in (2.4) to obtain

um—l—m(m—l)/1/"_2|Vu|2—|—m,u/um"’1 < m(m—l)x/um_1Vu-Vv
Q

dt Jo

Q Q
+am [ u™ (2.27)
Q
where Young’s inequality gives
-1 2
am/ ™t < am - / u™ - am - ———|Q| (2.28)
0 m + 1 0 m + 1
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and
-1 —1)x?
m(m — 1))(/ u" V- Vo < M/ u™ 2| Vaul? + w/ u™| Vo2, (2.29)
Q 2 Q 2 Q

Interpolating once more by the same token, we have

/u’"|Vv|2 = /u(m%)# . (u2|VU|2m_2)m
Q Q
< m_2/um+1+ 1 /U2|VU|2m_2.
mfl 0 mfl Q

Combining this with (2.29), (2.28) and (2.27) directly results in (2.26). /]]/

We now sum up all the inequalities obtained so far, each one provided with an appropriate weight.

Lemma 2.7 Let Q be convexr, T > 0, x € R and m € N be such that m > 3. Then there exists
o = po(T,x, m) > 0 with the property that whenever p > ug, one can find positive constants ¢, C
and b, ..., by, such that the solution (u,v) of (0.1) satisfies

d [ & 2
E{Zbk-/ukWUF’”_%} s [ [VoPmA|9Ivep|
k=0 Q Q
+c/ u™ 2 Vul?
Q
< c(1+/ |vu|2m—2) for all t € (0, Tyas).  (2.30)
Q

Proor.  We let ¢y, ca, ..., ¢ and Cy, C1, ..., Cy, denote the constants provided by Lemma 2.3,
Lemma 2.4, Lemma 2.5 and Lemma 2.6. It is then possible to pick a number M > 1 large enough
such that

Mcy, > 2 for all k € {2,...,m} (2.31)

and after that € > 0 small enough fulfilling

m—1
eMFC, < 2 (2.32)

k=1

as well as .
> eMbCy < 1. (2.33)

k=2

We next fix po > 0 large enough satisfying
eM - (Mo — Cl) >Co+1 (234)

and
kpo > Cy for all k € {2,...,m}. (2.35)
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We now define
bo:=1 and  by:=eM*, ke{l,..,m}, (2.36)

and claim that then for any choice of u > pg, (2.30) holds for sufficiently small ¢ > 0 and suitably
large C' > 0.

Indeed, in the sum on the left of (2.30) let us apply Lemma 2.3, Lemma 2.4, Lemma 2.5 and
Lemma 2.6 separately to the terms corresponding to k = 0,k = 1,k € {2,...,m — 1} and k = m,
respectively. The consequence thus obtained then reads

d & d d
J:=<= by - k v 2m—2k - v 2m by — v 2m—2
{dtkz_o ' /szu| ° dt sz' o Qu| "

m—1 d d
§ by - k \V/ 2m—2k bm m
+ k=2 ’ dt /Q “ | U| + dt 9] B

2
—co/ e +co/u2|w|2m—2
Q Q

IN

b { — (=) WV [ Tup e
Q Q

2
+cl/ Vo=V VP +01/ |W|2m—2}
Q Q

m—1
+ Z by, - { _ Ck/ uk*2|vu|2|vv|2m72k
P Q
_(kﬂ_ck)/ uk+1|V’U|2m_2k
Q
+/ uk—llvu|2|vv|2m—2k—2 4 Ck/ U2|V’U|2m_2
Q Q
2
+ck/ |w|2m*4]vwv|2‘ n ck/ (Vo[2m=2 ¢ ck}
Q Q
b - { - cm/ u™ 2|Vl — (mp — Cm)/ u™
Q Q
+cm/ 2| Vo2 4 cm}, £ € (0, Tonas)-
Q
In view of (2.35), we have ku — C, > 0 for k € {2,...,m}, whence after rearranging we obtain
m—1 2
J < —{Co —biC — Z bkck} / |VU|2m_4}V|V1}|2}
k=2 Q

m—1

{0 - o= Y e vu0n ) [ o
Q

k=2

+b1/ |Vul?| Vo4
Q
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-1

— Z bka/ uk 2| V| 2|V 2m =2k
Q

=
[

3

+ bk/ uk—llvu|2|vv|2m—2k—2
e Q

—bmcm/ u™ 2| Vul?
Q

m—1
+{b101 +) bka} / V|22
k=2 @

m—1

+ 3 bkCh + by Ci. (2.37)
k=2
Here, (2.32) and the definition (2.36) of by, ..., by, assert that

m—1 2 co 2
{c0b101 Zbkck}-/ |vv|2m*4’vwv|2‘ g—g/ |Vv|2m*4‘V|w|2‘ . (238)
P Q Q

whereas (2.33) in conjunction with (2.34) guarantees that

]

m—1

bi(p—C1) = Co— Y bpCh = bmCry > by(p— Cy) = Co — 1 > 0, (2.39)
k=2

implying nonpositivity of the second term on the right of (2.37). The sum of the third, fourth,
fifth and sixth terms on the right of (2.37) can readily be rewritten according to

m—1
Joe = bl/ Vul?[Vo2m — Zbkck/ WE2 |2V P2k
Q k=2 Q

m—1
+ Z bk/ uF T V2| Vo Pmo2k=2 bmcm/ u™ 2| Vul?
= Je Q

m

fZ(bkckfbk,ly/uk*2|Vu|2|Vv|2m*2k.
k=2 Q

(2.40)
Since (2.36) and the restriction (2.31) on M > 1 entail that
brer —br—1 = eM* Y (Mep, — 1) >eM* ' >eM  for all k € {2,...,m},
we thus have
J3—6 < —eM - Z/ ub 2| V|| Vo 22k
k=2"9
and hence in particular
J3_¢ < —EM/ u™ 2| V. (2.41)
Q
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Collecting (2.37)-(2.41) and letting ¢ := min{%,eM} and C := Y} ; byC}, we immediately end
up with (2.30). /]]/

As a comparatively easy consequence we obtain time-independent bounds for » in L™ () and for
Vo in L?™(Q) for arbitrarily large m.

Corollary 2.8 Suppose that 2 is convex, T > 0, x € R and 3 < m € N, and assume that
> po(T,x,m) with po(r,x,m) > 0 as given by Lemma 2.7. Then there exists K > 0 such that
the solution (u,v) of (0.1) satisfies

/ u™(x,t)de < K and / |Vo(z, t)[*"dr < K for all t € (0, Traz)- (2.42)
Q Q

ProOF.  We first use Young’s inequality with exponents 7+ and ™+ to estimate

/uk|vv|2m*2k gKl(/uer/ |V’U|2m), t € (0, Thnas),
Q Q Q

for each k € {1,...,mm — 1}, where K; is a positive constant independent of k and ¢. Therefore,
with bg, by, ..., b,, as in Lemma 2.7, the function

y(t) ;:Zbk-/uﬂw?m*%, t €10, Trmaz),
k=0 Q

satisfies

y(t)SKg(/Q u™ 4 Q|vu|2m), t € (0, Tman), (2.43)

with some K3 depending on m only. We next invoke the Poincaré inequality in the form

/22 < Kp{/ V2| + (/ |z|%)m} for all z € WH2(Q), (2.44)
Q Q Q

m
2

valid with some K, > 0, and apply this first to z := u
by Lemma 2.1, we thereby obtain

/Qum Kp{/Q|Vu%|2+(/Qu)m}

2K
o p/um_2|Vu|2+Apr, t € (0, Traz)- (2.45)
Q

. Letting A denote the constant provided

IN

4

Similarly, the choice z := |Vo|™ in (2.44) yields

/Q|Vv|2m Kp{/ﬂ}quvﬁ)’; g (/QM'Q)m}

2K 2
m P/ |W|2m—4\V|W|2\ FATK,,  te(0,Tmas).  (2.46)
Q

IN

4
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By (2.43), (2.45) and (2.46), Lemma 2.7 states that with ¢ > 0 and C > 0 taken from (2.30),

—c-{/ |VU|2m4‘V|VU|2‘2+/um2|Vu|2}+0(1+/ |vv|2mﬁ)
Q Q Q
mg—;p(/Q|Vv|2m+/Qum) +8jnAQm +C(1+/Q|Vv|2’"—2)

holds for all ¢ € (0, Tynaz). Since by Young’s inequality we have

y'(t)

IN

2c
c/ Vo|?m2 < /VU2m+K3, t € (0, Thas),
Q| | 2K, Q| | ( )

with some K3 > 0, this shows that

y'(t) < —Kay(t) + K5 for all ¢ € (0, Trnaz),

where Ky = "LQIQ(*CKZ and K5 = 8%‘: + C + K3 are positive. Integrating the latter ODI, we see
that
Ks
£ < { 0 ,—}
o) < max {y(0), 1
and thereby conclude the proof. /l]/

3 Proof of the main result

We can now easily prove our main result.
PROOF (of Theorem 0.1). In view of Lemma 1.1, we only need to make sure that T}, = oo and
that (u,v) is bounded. To this end, we pick ¢ > n and then infer from Corollary 2.8 the existence
of ¢; > 0 such that

lu(-,)Vo(-,t)||Lao) < 1 for all t € (0, Thnaz)- (3.1)

Since in view of (0.2),
u < Au—xV-(@wVv)+a  in Qx(0,Thes),
from the order preserving property of the Neumann heat semigroup (e*);>¢ we obtain

t t
u(-,t) < et8y (. o) — x/ e=IAY . (u(-, 5)Vo(-, s))ds —|—/ et =518 qds (3.2)

to to

for all t € (0,Tmqee) and to € [0,t). Here, the third term on the right equals a(t — to), while the
first can be estimated according to

[t By (-, to)|| oo () < c2A(t —to) %
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with some co > 0, A being the constant from Lemma 2.1. As to the second term, we fix any
p € (g,00) and apply (3.1) and standard LP — L7 estimates for (e!®);>q (cf. also [Wi2, Lemma
1.3]) to obtain for suitably large cs and ¢y

He(t_s)AV (u(-, s)Vo(, s))HLw(Q) < es(t—s)7 %

LP(Q)

AN
o
N
—~
~
I
»

) (¢ =) T EGT ul, 9) Vol 8)l|Lao
2 for all s € (to,t) with s > ¢ — 1.

IA
o
N
Q
ok
—
~
\
vl
~—
|

Since 1 + ¢ < 1, we conclude from (3.2) that if ¢o € [0,1] is such that to > ¢ — 1 then

n 1_n
[u(, )|l L) < Cs{(t — 1) "2 4 (t —to)2 20 + (t - to)}
for some c¢5 > 0. Thus, picking ¢y := max{0,t — 1} here shows that with some ¢g > 0 we have
(s )|l Lo (@) < c6(1 + t*%) for all t € (0, Tynae).

Since u is bounded in € x (0, Z=ez) by (1.1), this shows that u is bounded in Q x (0, Tnaz). In
view of standard parabolic theory applied to the second equation in (0.1), we also obtain that v
is bounded in L ((0, Tynaz); WH?(Q)). Along with (1.1), this proves that Ty, = oo and that in
fact, (u,v) is bounded in © x (0, c0). /]]/
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