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Abstract

We consider the spatially two-dimensional version of a cross-diffusion system, as originally proposed
by Short et al. in [27] to describe the evolution of urban crime. Although sharing some basic structure
elements with the well-studied classical Keller-Segel chemotaxis model, this system contains an essen-
tial difference to the latter by accounting for a certain nonlinear mechanism of attractant production,
potentially yet increasing explosion-supporting properties.

The intention of this paper is to make sure that despite this, a theory of global smooth solutions can be
established after all within certain small-data settings which can be described in an essentially explicit
manner. The main results in this direction firstly identify hypotheses on smallness of the initial data,
and of some given external production terms, as sufficient to ensure global existence and uniqueness
of smooth and bounded solutions. Secondly, any such bounded solution is shown to asymptotically
approach some steady state, provided that the prescribed sources comply with appropriate additional
assumptions on their stabilization in the large time limit. Finally, a statement on asymptotic stability
of certain steady states is derived as a by-product.
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1 Introduction

This manuscript is concerned with the parabolic system

(1.1)
v = Av — v+ uv + Ba(x,t),

{ up = Au — xV - (%Vv) —uv + Bi(z,t),
which for the particular value y = 2 was proposed in [27] and [26] as a model for the spatio-temporal
evolution of urban crime. Here, besides assuming criminal agents to be continuously distributed in space
and time, with population density u = wu(x,t), and to adjust their motion toward increasing concen-
trations of an abstract so-called attractiveness value v = v(x,t), key hypotheses underlying the model
development in [27] rest on an inclusion of fundamental and statistically affirmed behavioral strategies,
as expounded in the context of the broken windows theory ([15]) and also becoming manifest in what is
commonly referred to as repeat and near-repeat victimization effect in criminology ([13]).

As a consequence of apparently noticeable mathematical delicacy, according to the modeling approach
in [27] an appropriate incorporation of such self-exciting tendencies in criminal activity is reflected in
the nonlinear signal production term +wuwv in the second equation from (1.1). In particular, this seems
to constitute a further significant complexification in comparison to related cross-diffusion systems from
mathematical biology, which even despite such additional nonlinear ingredients are yet lacking a com-
plete understanding. Indeed, already when interacting with a linearly produced signal, the potentially
destabilizing action of the cross-diffusive mechanism from (1.1) seems to substantially limit existence
theories, as indicated by a considerable literature on the classical Keller-Segel model

{ ur = Au — xV - <%VD>, (1.2)

v = Av — v+ u,

for chemotactic migration ([14]): Results on global classical solvability in n-dimensional domains with
n > 2 seem available only under smallness conditions on the key parameter y, in general requiring

x < \/% ([2], [32]), where in the case n = 2 the slightly weaker assumption y < xo with some yg >

1.015 is known to be sufficient ([18]); in the presence of larger values of y, global solutions so far have
been constructed only within appropriately generalized frameworks ([32], [28], [19]). Certain parabolic-
elliptic simplifications of (1.2) admit slightly more comprehensive existence results, especially in radially
symmetric settings ([9], [3]), but on the other hand moreover allow for the rigorous detection of exploding
solutions in some three- or higher-dimensional domains ([22]).

In line with this, available existence results for the more complex system (1.1) involving the relevant value
X = 2 seem limited to spatially one-dimensional settings ([25]), and to local-in-time classical ([24]) or
some global generalized solvability, at least in radial cases ([34]), in two-dimensional frameworks; findings
on global classical solvability in two-dimensional domains seem yet to require the smallness condition
x < 1 ([7]). Considerably more comprehensive insight, inter alia addressing qualitative features such as
the possibility of stable spatially heterogeneous behavior resembling crime hotspot formation, could be
gained only in related stationary systems ([4], [5], [10], [16], [29]).

Main results. The intention of this work is to develop an analytical approach capable of adequately
coping with the challenges linked to the interplay of taxis-type cross-diffusion in the above flavor on the



one hand, and the considered nonlinear signal production mechanism on the other, in contexts of smooth
solutions at least within certain ranges of suitably small initial data. This will be substantiated in the
framework of the initial-boundary value problem

ut:Au—xv-(%Vv)—qurBl(x,t), reQ, t>0,

vy = Av — v 4+ uv + Ba(z,t), zeQ, t>0, (1.3)
gu = 9v = z €N, t>0,

u(z,0) = up(z), v(z,0)=1vo(z), x € €.

in a bounded convex domain  C R? with smooth boundary, where xy > 0, and where throughout the
sequel we shall assume that the given source terms By and B for criminal agents and attractiveness are
suitably regular in the sense that

By € C1(Q x [0, 00)) is nonnegative and bounded, and that (1.4)
By € C?(Q x [0, 00)) is nonnegative and bounded, '
and that the initial data in (1.3) are such that
up € C°(Q) is nonnegative, and that (1.5)
vp € WH(Q) s positive in Q. '

In order to formulate our main results, we recall that, firstly, due to the Gagliardo-Nirenberg inequality
there exists K > 0 with the property that

/ng‘ng{/QNcp\?}.{/Q<p2}+K{/ﬂ<p2}2 for all p € W2(Q), (1.6)

that with some L € (0,6 + 41/2], as a consequence of [33, Lemma 3.3] we secondly have

4

; |V;;| < L/Q<,0|D2 In |? for all ¢ € C?(£2) such that ¢ > 0 in Q and g—f =0on 0%, (1.7)
and that, thirdly, according to the convexity of  we can find I' € (0, 1] such that the Neumann heat
tA)

semigroup (e"=);>( satisfies

et > F/ e inQ for all + > 1 and any nonnegative ¢ € C°(Q) (1.8)
Q

(see e.g. [8] and, for a one-dimensional version, also [11]).

Referring to these constants, our main results on global solvability in contexts of suitably small data can
be formulated as follows.

Theorem 1.1 Let x > 0 and Q C R? be a bounded convex domain with smooth boundary, and let
K > 0,L >0 and T" € (0,1] be such that (1.6), (1.7) and (1.8) are valid. For arbitrary 6 > 0, let
A :=min{1, Z—g}, and suppose that By and By are such that (1.4) holds and such that moreover

FQ
B3(-,t) <
/Q 1) = 4K L(L + 4)x*e2

202X forallt >0 (1.9)
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and

/ Ba(-,t) >0 forallt >0 (1.10)
Q

as well as

r
/ ‘V\/BQ('7t))|2 S W(S)\2 fOT’ allt>0 (111)
Q

Then for any ug and vy fulfilling (1.5) and

vo(z) >0  forallz e (1.12)
as well as r

/Q“g S SRL(L + e ° (1.13)
and r

Aﬂv¢mﬁglwaa%-& (1.14)

the problem (1.3) possesses a global classical solution (u,v) which for each T > 0 and p > 2 is uniquely
determined by the inclusions

v e OO0, T); WhP(Q)) N C%HQ x (0,T)), (1.15)

{uec%gxmjmmcm@quT»
and which is such that u > 0 and v > 0 in Q x [0,00). Moreover, this solution is bounded in the sense
that

sug lu(-,t)] oo () < 00 and su%) [v(, O)[lwpy < oo for allp > 1. (1.16)
t> t>

We emphasize that the explicit character of the right-hand sides in (1.9), (1.11), (1.13) and (1.14)
particularly enables us to conclude from Theorem 1.1 that given arbitrary functions By, Bs, ug and vg
fulfilling (1.4) and (1.5) as well as infy~q [, B2(-,t) > 0, one can find xo = xo(B1, B2, uo, v, 2) > 0 with
the property that whenever y € (0,x0), the claimed statement on global existence and boundedness
holds, ; and that hence any blow-up phenomenon is precluded in such situations. From the point of view
of In the framework of the intended application, the latter indicates that appropriate smallness of the
initial data, or alternatively an insufficient sensitivity of offenders to bias the attractiveness field, may
limit the system potential to spontaneously generate crime hotspots in the sense of aggregate-type and
spatially localized distributions of criminal activity. An interesting question going beyond the scope of
this study is whether such phenomena of locally large density formation, as numerically observed already
in [26], can rigorously be constructed in suitable settings involving either large initial data or suitably
supercritical x.

Next, in order to secondly identify some genuinely diffusion-enforced large-time relaxation property
of (1.3), at least within the set of all global bounded solutions, in our following result on large time
asymptotics we rely on additional assumptions on decay and stabilization of the external ingredients Bj
and Bs which essentially resemble the hypotheses introduced in [25] to derive a similar conclusion in the
one-dimensional version of (1.3).



Theorem 1.2 Let x > 0 and Q C R? be a bounded domain with smooth boundary, and suppose that By
and By are such that beyond (1.4),

t+1
/ /31 —0 ast — oo (1.17)
t Q

and
By(,t) = Ba oo a.e. in ) as t — oo (1.18)

with some 0 % By o € CY(Q). Then whenever (1.5) holds and (u,v) is a global classical solution of (1.3)
that satisfies (1.15) and possesses the boundedness features in (1.16), we have

u(-,t) =0 in L>(£2) as t — oo, (1.19)

and
V(1) = Voo in L>(92) ast — oo, (1.20)

where v denotes the solution of the boundary value problem

(1.21)

—AVs + Voo = B2,00, x € €,
oo = ), x € 00,

We shall finally see that this especially entails the following result on asymptotic stability of equilibria in
the presence of time-independent pairs (B1, Bs) of system ingredients suitably close to the homogeneous
sources (0,7n) with prescribed n > 0.

Theorem 1.3 Let x > 0 and Q C R? be a bounded domain with smooth boundary, and let n > 0. Then
there exists € = e(x,n, Q) > 0 with the property that whenever ¢ € C?(Q),ug € CO(Q) and vg € W1>(Q)
are such that

[l L) < € (1.22)
and
IVl r200) < e, (1.23)
and that (1.5) holds with
o2y < € (1.24)
as well as
lv0 = Vool Lo () < € (1.25)
and
[Vvg — Vuso||12(0) < &, (1.26)
the problem (1.3) with
Bi(z,t):=0 and Bs(z,t):=n+ ¢(x), (z,t) € Q x [0,00), (1.27)

admits a global classical solution (u,v) fulfilling (1.19) and (1.20), where v solves (1.21) with

By () :=n+ ¢(x), z € Q. (1.28)



Theorem 1.3 signifies that if only very few criminal agents are introduced as a source, any small per-
tubation of even a high level of constant attractiveness is insufficient to induce the formation of crime
patterns or clusters. Apart from that, we emphasize that both Theorem 1.2 and Theorem 1.3 do not
include the simple prototypical case when besides By also B is a positive constant, especially repre-
senting settings in which offenders are added at a constant rate. In fact, the simulations performed in
[26] and [27] suggest that in the latter case the system may possibly support the formation of crime
hotsopts for large , indicating that stabilization results in the flavor of those from Theorem 1.2 and
Theorem 1.3 may not be expected in such situations, and that hence the spatio-temporal dynamics of
(1.3) in the presence of persistent external sources of criminal agents may contain much more colorful
facets deserving further investigation beyond this study.

Organization of the paper. After stating a basic result on local existence and extensibility in
Section 2, we shall build our existence theory on the observation, to be detailed in Section 3, that for

suitably chosen b > 0 the quantity
2 |VU|2
u“+b | ——— (1.29)
Q Q v

satisfies a superlinearly forced differential inequality, provided that the smallness assumptions from
Theorem 1.1 are fulfilled. In Section 4, accordingly obtained a priori estimates will successively be
improved in order to indeed warrant global extensibility. The proof of Theorem 1.2 and of Theorem
1.3 will thereafter be achieved in Section 5 on the basis of ideas from [25], augmented by an additional
observation on relative compactness of any bounded trajectory in (CY(Q))2.

2 Local existence and basic estimates

Local solvability, as well as a suitable criterion for a solution to be extensible, can be obtained by
following standard arguments.

Lemma 2.1 Let x > 0 and 2 C R? be a bounded domain with smooth boundary, and suppose that (1.4)
and (1.5) hold. Then there exist Taz € (0,00] and a pair of functions u and v, for each T € (0, Traz)
and p > 2 uniquely determined by (1.15), which solve (1.3) classically in Q x [0, Tynaz), and which are
such that u >0 and v > 0 in Q x [0, Tyyaz), and that

either Ty,qr = 00,  or

iimsup {Hu(-,t)HLoo(Q) + H + HU(',t)HWl,p(Q)} =oo forallp> 2. (2.1)

ol
mazx ’U(',t) LOC(Q)
ProoOF.  All statements can be derived by straightforward adaptation of existence and extensibility

arguments well-established in the context of chemotaxis-type parabolic systems ([1], [12]). O

As a first qualitative feature of this solution, let us state the following pointwise lower bound for its
second component that will play an essential role throughout our analysis, inter alia as a means to
provide appropriate control of the singular ingredient % to the cross-diffusive flux in (1.3).

Lemma 2.2 Let By, By, ug and vy satisfy (1.4) and (1.5). Then with T' € (0,1] satisfying (1.8), the
solution of (1.3) satisfies

I . . .
v(z,t) > og " min { ;&fzvo(y), ;gg/ﬂBg(-, s)} forallx € Q and t € (0, Thnaz)- (2.2)



Proor.  Using the order-preserving property of the Neumann heat semigroup along with the nonneg-
ativity of uv and (1.8), on the basis of a variation-of-constants representation of v we obtain

t t
v(,t) = et(A_l)vo—l—/ e(t_s)(A_l)u(-,s)v(-,s)ds+/ e=A-NpBy (. 5)ds
0 0

(t=1)+
> e 'inf vo(y) —|—/ e~ (=9 -F/ By(-,8)ds in Q for all t € (0, Thnagz)-
yeQ 0 Q

Since for t < 1+ In2 we have

1 r
f > — inf > — inf
O j2h o) 2 g juf o) 2 g Infwlw)

due to the fact that I' < 1, and since for ¢t > 1 + In 2,

(t—1)4 t—1
/ —(t=s) /BQ > F{inf/Bg(-,s)}-/ e~ (=5)ds
0 S>0 9] 0

this readily leads to (2.2). O

3 Construction of an energy functional

Now the crucial part of our analysis is approached through the following result of a straightforward L?
testing procedure performed to the first sub-problem of (1.3), where an element of decisive importance for
our strategy will be formed by the zero-order dissipative contribution fQ u?v to the following inequality.

Lemma 3.1 Let n > 0. Then the solution of (1.3) has the property that for allt € (0, Tpaz),

d K Vot Kyt 2
@ u2—|—{1 Ky* / }-/|Vu!2+2/u2v < | g‘ +X{/u2}
dt Jo 4y Q Q Q v dny Ja

1

+2HBl<-,t>uL2<m-{ / uQ}Q, (3.1)

where K > 0 is taken from (1.6), and where v := inf 4 y)cqx (0,Tas) V(T, 1)

PrOOF.  Using u as a test function for the first equation in (1.3), we obtain

2dt/ /|Vu|2 _X/ —Vu - Vv—/u v+/ Biu for all t € (0, Thnaz), (3.2)

where to applications of Young’s inequality show that

1 2 2
x/ YVu-vo < / |Vu2+X/ u—2|Vv\2
v 2 QO 2 Qv

1 o, 1 [ |V X4/ ut
< = - = | — for all t € (0,7, . 3.3
< 2/Q|Vu + 2/Q i 87 Jo or all t € (0, Tynaz) (3.3)




Since v > 7 in 2 X (0, Tinae), herein we may invoke (1.6) to further estimate
Xt XD [
8nJo v T 8y

2 4K 2 ?
+ = U for all t € (0, Thaz)- 3.4
8777{/' }{/ } 8777{/ } ( boBY
%
/ Biu < ”Bl|L2(Q){ / u2} for all ¢t € (O,Tmax)
Q Q

due to the Cauchy-Schwarz inequality, by straightforward rearrangement we thus infer from (3.2)-(3.4)
that indeed (3.1) is valid. O

IN

As moreover

Indeed, the expression fQ u?v encountered above precisely appears as an ill-signed term in the course of
a second testing process which now operates on the second equation in (1.3):

Lemma 3.2 Let L > 0 be such that (1.7) holds. Then
2 2 4 L 4
dt/ Vel /‘W‘ 2L/ Vel + u2v—|—4/|V\/Bg|2 for all t € (0, Taz). (3.5)
Q

ProoF.  Using the identity Vv-VAv = %A|Vu|2 —|D?v|?, from the second equation in (1.3) we obtain
that

[Vol?

2 1Vu-V(Av—v+uv+Bg)—/12|Vv|2(Av—v+uv+Bg)
Qv QU

1 1 1 1
= /A|Vv\2—2/\D21)\2—2/\Vv!2+2/Vu-Vv+2/u]Vv]2+2/VU-VB2
Qv Qv Qv Q Qv Qv
1 1 B
—/ 2|Vv|2Av+/ |w2—/ “|vv|2—/ B2 g2
Qv Qv QU Qv
1 1 1 1 2
- /W.V|w2—2/ \D%P—/ |Vu\2Av+/ 19Ve|
QU2 Q’U QU2 BQU 8V

1
—/ |VU|2+2/VU-V’U+/ L\vol?
Qv Q Qv

1 B
+2/ —Vuv-VBy — / —22|Vv\2 for all t € (0, Trnaz), (3.6)
Qv Qv

where due to the convexity of (2, we know that fﬂgf:? <0 on 09 x (0,00) ([20]) and hence

1 2
/ ,8WU’ <0 for all t € (0, Thaz)-
0N v 81/

Since by straightforward computation one can verify that
1 1 1
/ — Vv - V[V — 2/ —|D%*v|? — / — Vo] Av = —2/ v|D*Inv*>  for all t € (0, Thnae)
Qv Qv Qv Q

8



(cf. e.g. [33, Lemma 3.2] for details), since we again integrate by parts and use Young’s inequality as

well as the pointwise |AInwv|? < 2|D?Inv|? to estimate

Q/Vu-Vv = 2/UVu-V1nv
Q Q
= —2/uvAlnv—2/qu-Vlnv
Q Q
u 2
= =2 [ wAlhv-2 [ —|Vv
Q Qv

< —Q/UUAIHU
Q

1
/U|A1HU2+2/U2U
2 Ja 0

/ v|D?*Inv|* + 2/ u?v for all t € (0, Trnaz),
Q Q

IN

IN

and since (1.7) entails that

1 4
/ v|D*Inv|* > / [Vl for all t € (0, Trnaz),
0 L Jq

V3

from (3.6) it thus follows that
d / |Vo|? /yvv|2 1 [ Vot
dt Jo v Q v LJg v3

< /UWU\Z—FQ/U%
Qv Q

1 B
+2/ “Vo-VBy— [ Z2|Vul?
Qv Qv

for all t € (0, Tjqz)- Here two applications of Young’s inequality show that

u 5 1 Vol* L 9
/QU|VU| §2L/Q 3 +§ qu for all t € (0, Thnax)

and

2 [ 2Vo-VBy— | 2 vor< [ D22l —a [ VB2 forallt € (0, Tha)-
QU Qv o B Q

Therefore, (3.7) easily leads to (3.5).

0

Favorably, by suitable linear combination of (3.1) and (3.5) the first expression on the right-hand side
of (3.5) can be eliminated, hence leading to an already quite propitious inequality for the quantity from

(1.29).



Lemma 3.3 Let (u,v) denote the solution of (1.8). Then the function y defined by

AL
y(t) ::/uQ(-,t)er/ NOCOE e 10, Thnaa), (3.8)
Q o v(,t)
with
him — 2 (3.9)
- L+4 '
satisfies
KL(L +4)x*
v+ {1 FEEEC b [ vutop + i)
Y Q
KL(L+4)x* 2 / )
< ——— -y (t)+ —sup | Bi(,s
4y ) Y s>0JQ ()
8
+ -sup/ |V\/Ba(-, s)|? for all t € (0, Thnaz), (3.10)
L+4 s>0JQ
where
. . o
= f t d A= 1, = .
7 (a:,t)GQIS(O,Tmax)U(x7 ) an min { ’2}

PrROOF.  We take an appropriate linear combination of the inequalities from Lemma 3.1 and Lemma

_ KL(L+4)x*
4y

3.2, choosing 1 := in the former, to see that writing ¢; := we have

_1
L(L+4)

y/(t)+{1—cl/u2}'/\Vu|2+2/u2v
Q Q Q
Q v 2L Q 'U3

1
1 Vol 5]’ 5) 2
< 2| B
T L(L+4) Jo 0P +Cl{/gu + 2 Billze /Qu

L+4)b
(;)/ u2v+4b/ IV/Bs|? for all t € (0, Thax ), (3.11)
Q Q

+

where the first summand on the right is precisely cancelled by the last one on the left due to our choice

(3.9) of b. Since (3.9) moreover says that % =1, from (3.11) we thus obtain that

2
y'(t)+{1—cl/u2}-/|Vu|2—|—/u2v+b/’vv|
Q Q Q Q v
2 2
< cl{/uz} +2||Bl|yL2(Q){/u2} +4b/ VB> forallte (0, The). (3.12)
Q Q Q

Here we use the definition of v to estimate
/ ulv > '7/ u? for all t € (0, Thaz ),
Q Q

10



and then employ Young’s inequality to find that

1
2 2
2||Bl||L2(Q){/’LL2} < ’7/ 2+/B% for all t € (O,Tmam)~
Q 2 Jo v Ja

2
7/u%rb/ [Vol >M\y(t)  forallt e (0, Thae)
2 Q Q v

Since

by definition of A, and since

/ u2 < y(t) for all t € (O,Tmax)v
Q

from (3.12) we easily derive (3.10). O

Now smallness assumptions in the style of those in Theorem 1.1 warrant that both the initial value of y
and the y-independent forcing terms in (3.10) remain conveniently small, hence enforcing bounds for y
through a simple ODE comparison.

Lemma 3.4 Suppose that for some 6 > 0, the functions By, Ba,ug and vy are such that beyond (1.4)
and (1.5), the assumptions (1.9)-(1.14) from Theorem 1.1 are satisfied with K > 0,L >0 and T € (0, 1]
such that (1.6), (1.7) and (1.8) hold, and with X\ := min{1, %} Then there exists C' > 0 such that for
the solution of (1.3) we have

/ <O for allt € (0, Tha) (3.13)
Q

and

/QW <C  forallte (0, o). (3.14)

PrROOF.  Writing v := g—g, in view of Lemma 2.2 we obtain from the assumptions (1.10) and (1.12)

that

v >y in Q x (0, Tinaz),

KL(L+4)x*

whereas (1.9) and (1.11) warrant that abbreviating ¢; := e

LL-&-AL " SUPs>0 fQ |V\/W|2, we have

4
46102 — w %Sup/B%(,S)—i— 8 Sup/ ‘v B2(78)‘2
DI o o gV
1’\2

>0 L+4 >0
KL(L+4)xe | 4e 9 8 r 9
N AL SN GE—— 0%+ . Oy
I'6 AKL(L+ 4)x*e? L+4 8KLyx'e

and ¢y = %Sups>o fQ B%(-,s) +

2r's
KL(L+4)x'e I r's 5
- TS '{KL(L+4)X46 * KL(L+4)X46} A
= A\ (3.15)

11



Now defining y as in (3.8) with b taken from (3.9), invoking (3.10) we see that

(1) + {1 - cly(t)} : /Q IVl + My(t) < c1g®(t) + e for all t € (0, Thas), (3.16)

while (1.13) and (1.14) ensure that

8
0) — 2 V. /o2
w0 = [+ [ vval
< I o+ 8 a )
= 2KL(L+4)x*e L+4 16KLyx%
1 1 1

= 1
461 + 461 201 (3 7)

and thus, in particular, y(0) < % Therefore,

- 1 -
T := sup {T € (0, Thnaz) | y(t) < o for all ¢ € [0, T)}

is a well-defined element of (0, T},42], and to verify that actually T' = T},,,, we assume that this be false
and then obtain from (3.16) that since 1 — ¢1y is nonnegative on (0,7"), we have

Y () + My(t) < ey (t) + co for all t € (0, 7).

Since
A
Yy(t) i= — t>0
y(t) 20 >0,
satisfies
A2 A2 2
T+ Mgt) —eg?(t) —co = — — — —cg =" —¢3>0 forallt>0
¥ () + A y(t) — 1y (t) — e2 e T ae 2= 22 or all t >

due to (3.15), in view of (3.17) we may employ an ODE comparison argument to see that y < g
throughout [0,7] and thus, in particular, y(T') < y(T) < é This contradiction to the definition of T
shows that indeed T' = T};,4, and thereby implies both (3.13) and (3.14) upon an evident choice of C. [J

4 Improved regularity estimates. Proof of Theorem 1.1

Forming a second place in which we explicitly rely on the presence of the absorptive term —uw in the
first equation from (1.3), the following lemma asserts a basic L' boundedness property of v which will
pave our way toward an appropriate further exploitation of the estimates from Lemma 3.4.

Lemma 4.1 Suppose that the assumptions of Theorem 1.1 hold. Then there exists C' > 0 such that the
solution of (1.3) satisfies

v(,t) <C for all t € (0, Trhaz)- (4.1)
Q

12



ProoOF. We mtegrate the first two equations in (1.3) over € to see that

i Lot [ = = [ws [ B+ [

< —/ uv + 1 for all t € (0, Trnaz) (4.2)
Q
and
d/v+/v—/uv+/3
dt Jo Q Q Q °
< / uv + ¢2 for all t € (0, Tnaz), (4.3)
Q

respectively, where

¢l = Sup/Bl(-,t)—i- sup /u(-,t)
t>0 JQ te(O,Tmaa:) Q

and

C2 1= SUP/ BQ(7t)
t>0 JQ

are finite according to (1.4) and Lemma 3.4. On adding (4.3) to (4.2) we therefore obtain

{/u—i—/ }—i—{/u—i—/v}gcl—i-@ for all t € (0, Thnaz),

so that by means of an ODE comparison argument we conclude that

/u(.,t)—{—/v(-,t)gmax{/uo—l—/vo,cl—i—@} for all t € (0, Thnaz),
Q Q Q Q

which implies (4.1). O
In fact, interpolating between (4.1) and (3.14) yields LP bounds for v with arbitrary finite p.
Lemma 4.2 Under the assumptions of Theorem 1.1, for each p > 1 one can find C(p) > 0 such that

/ vP(, 1) < C(p) for all t € (0, Thaz)-
Q

PROOF.  Since the Gagliardo-Nirenberg inequality implies the existence of ¢; > 0 such that

/Q'Up—”fHsz < Cl||v\f”L2p ”\[HL2 Q)"‘ClH\[H

2yp-1 P
_ Cil{/ !Vvl} -/v+cl{/v} for all ¢ € (0, Trnaz),
4p Q v Q Q

this follows by combining Lemma 3.4 with Lemma 4.1. O

Along with the L? estimate for u from Lemma 3.4, the latter information warrants integrability features
of the source term uv in the second equation from (1.3) which are sufficient to assert bounds even for
Vv in LP spaces with arbitrarily large p > 1.
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Lemma 4.3 Suppose that the assumptions of Theorem 1.1 are met. Then for any p > 1 there exists
C(p) > 0 with the property that

/Q Vo, < C(p)  for all t € (0, Tonas). (4.4)

Proor.  We pick any ¢ > 5 2 such that ¢ < 2 and then obtain from Lemma 4.2 that with some ¢; > 0
we have

llv(-, )”Lﬁ(g) c1 for all t € (0, Thaz)-

Since in view of our hypotheses we may invoke Lemma 3.4 to find ¢y > 0 fulfilling
Hu('at)HLQ(Q) <c for all t € (Omiax)a
by means of the Holder inequality we can estimate

”u(‘at)v(Vt)HLq(Q) < ||u(7t)HL2(Q)HU(7t)“L%(Q) < cie for all t € (Ovaax)‘ (45)

We now recall known regularization features of the Neumann heat semigroup ([30, Lemma Lemma 1.3
(ii) and (iii)]) to see that there exists ¢z > 0 satisfying

t t
”vv(’t)HLp(Q) = "vet(Al)U0+/ ve(tS)(Al)u(')s)v('78)d8+/ ve(tis)(Ail)BQ(VS)dS
0 0 Lr(Q)
! -3-(3-1 —(t—s)
< a3l Vool e +C3/ (t—s) 2 i vle [u(-s s)v(-s 8)|| Lo ds
0
t
+C3/ (t— ) 3 Byl ) lmyds  for all £ € (0, Tonaa).
0
Hence, using (4.5) we infer that with c4 := sup;~q || B2(:, 1)/ Lr() we have
t RS S A
IVl Dl < el Vel +ac [ (t- 973G e 9ds
0
t 1
+03C4/ (t—s)"ze =9 ds
0
< CgHVU()HLp + c1c2C3C5 + C3C4Ch for all t € (Omiam)a
Where 05 = fooo 0_%_(%_5)6_%10’ and cg := fooo 0~ 3e %do are finite thanks to our restriction that
q> p+2 O

Through the latter and Lemma 2.2 thus able to suitably control the cross-diffusive flux in (1.3), we can
proceed to derive an estimate for u with respect to the norm in L*°(2).

Lemma 4.4 Under the assumptions of Theorem 1.1, we can fit C' > 0 such that

lu(-, )|l < C for all t € (0, Trnaz)- (4.6)
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Proor.  Given T € (0, Tinaz), we estimate

M(T) = sup |lu(-?)||L=(0)
te(0,T)

by using a variation-of-constants representation associated with the identity u; = (A—1)u—xV-(:Vv)—
uv + B1 + u and employing three comparison arguments and two well-known smoothing properties of
the Neumann heat semigroup ([30, Lemma 1.3 (ii) and (iv)]) to firstly obtain that

t ‘ t
u(-t) = BNy, —X/ elt=9)(A-1y. (u( 7S)Vv(~,é>’)>als —/ et =)A=y s)o(-, s)ds
0 0

’U(',S)
t t
+/ e(ts)(Al)Bl(‘,s)ds—F/ =)A=y (. 5)ds
0 0
t 3 u(-,s)
< - — o) ae =) || N0 k(.
Y AR Fror MG

¢ ¢
+/ 6_(t_5)||Bl(',S)HLOO(Q)dS+Cl/ (t_3)_%6_(t_8)||u('7S)HLQ(Q)dS in €2 (4.7)
0 0

for some ¢; > 0 and all ¢ € (0,T},4,). Here since the assumption (1.12) together with Lemma 2.2
warrants the existence of ¢y > 0 fulfilling

v(x,t) > ey for all z € Q and t € (0, Thnaz),

twice invoking the Holder inequality we can estimate

u(‘vt) 1
: < |- )
’U(-jt) VU( 7t)‘ L4(Q) = Cs Hu( ,t)”LS(Q)”V'U( 7t>HL8(Q)
1 3 1
< GOl o luC O o) V¢, Oy for all ¢ € (0, Tonas).

As Lemma 3.4 and Lemma 4.3 yield ¢3 > 0 and ¢4 > 0 such that
u( )l 2) < 3 for all t € (0, Trnaz) (4.8)
and
Vo, )l zs) < ca for all t € (0, Thnaz),

it thus follows that

1

. ) ul-, s) cicicy 3 t 3
N ‘ Js < 3MT/ b (t-9)g
61/0( s) e v(',s)vv(7 ) Tt S o O( v S
1
1
< ABUBNET) forallt e (0,T),
C2

with c5 := fooo o~ 1e~7do. Since (4.8) furthermore entails that writing cg := fooo o~ 2 %do we have

t
/ (t— s)_%e_(t_S)Hu(-, 8)|l2()ds < c3ce for all t € (0, Tnaz),
0
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from (4.7) we therefore conclude that there exists ¢; > 0 such that
M(T) < er+ C7M%(T> for all T' € (0, Trnaz)
and that hence

M(T) < max {1, (207)4} for all T € (0, Thhaz),

which on taking T Tjpq, results in (4.6). O
Our main result on global existence and boundedness has thereby actually been completed already:

PROOF of Theorem 1.1. In view of the assumptions (1.9)-(1.14), we may apply Lemma 4.4 and Lemma
4.3 which together with Lemma 2.1 firstly imply the statement on global existence. Thereupon, the
boundedness properties in (1.16) result from (4.6) and (4.4) when combined with the outcome of Lemma
4.1. ([l

5 Large time behavior. Proof of Theorems 1.2 and 1.3

In order to prepare our analysis of large time features enjoyed by global bounded smooth solutions in
the flavor of Theorem 1.2, let us first make sure that bounded trajectories in fact are eventually bounded
in Hoélder spaces.

Lemma 5.1 Let By and By satisfy (1.4), (1.17) and (1.18), and suppose that with some uy and v
fulfilling (1.5), (u,v) is a global and bounded solution of (1.3) in the sense that (1.15) and (1.16) hold.
Then there exist to > 1, v € (0,1) and C > 0 such that

lu Dllga @ + Gl SC for all t > t, (5.1)

and that )
v(x,t) > c for all x € Q and t > 1. (5.2)

PROOF.  When combined with the dominated convergence theorem, (1.18) entails that [, Ba(-,t) —
fQ By« as t — 00, so that since B3 is continuous in  with 0 < By, # 0, for some ¢; > 0
we obtain infys, [o Ba(-,t) > 0. Replacing (By, Ba,u,v)(-,t) with (B, Bo,u,v)(-,t1 +t) if necessary,
in view of the uniqueness statement in Theorem 1.1 and Lemma 2.2 we may henceforth assume that
infyso [ Ba(-,t) > 0 and that

V> in 2 x (0, 00) (5.3)

with some ¢; > 0.

Now thanks to (1.4) and the assumed boundedness properties of u and v in (1.15), by referring to
standard regularity theory for linear parabolic equations ([17]) we find v € (0,1) and ¢3 > 0 such that

()l S 2 forall ¢ >1 (5.4)

and that
[Vo(-, )l L) < c2 for all t > 1. (5.5)
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Relying on (5.5), (5.3), (1.4) and again the boundedness assumptions on (u,v), from well-known Hélder
estimates for bounded solution of semilinear parabolic equations ([23, Theorem 1.3]), we obtain ¢z > 0
satisfying

Hu('vt)HCv(ﬁ) <cs for all t > 2,

which along with (5.4) leads to (5.1), while (5.2) is implied by (5.3). O

In appropriately making use of the latter by means of compactness arguments, we shall utilize the
following elementary result on decay in a linear ODE, a proof of which can be found e.g. in [6, Lemma
4.6].

Lemma 5.2 Let y € C'([0,00)) and h € L}, ([0,00)) be nonnegative functions satisfying

y'(t) + ay(t) < h(t) for allt >0

with some a > 0. Then if
t+1
/ h(s)ds — 0 as t — oo,
¢

we have
y(t) — 0 as t — 0o.

We can thereby indeed turn the hypothesis (1.17) into a statement on uniform decay of u in the intended
form:

Lemma 5.3 Assume that (1.4), (1.17) and (1.18) hold, and that (u,v) is as in Lemma 5.1. Then
u(-,t) =0 in L>(Q) as t — oo. (5.6)

PROOF.  As Lemma 5.1 provides tg > 0 and ¢; > 0 such that v > ¢; in Q X (¢g,00), integrating the
first equation in (1.3) we see that

d
_ u:—/uv+/B1§—C1/U+/Bl for all t > tg.
dt Jo Q Q Q Q

Since fttH Jo Bi(z, s)dzds — 0 as t — oo according to (1.17), an application of Lemma 5.2 shows that

/u(-,t)—>0 as t — o0.
Q

The claimed property (5.6) now results from this and the precompactness of (u(-,t));>1 in L>®(Q), as
guaranteed by Lemma 5.1 and the Arzela-Ascoli theorem. O

By means of an energy method, we can next verify the convergence property of the second solution
component claimed in Theorem 1.2.
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Lemma 5.4 Let By and By satisfy (1.4), (1.17), and let (u,v) be as in Lemma 5.1. Then
v(,t) = v in L(N) as t — oo, (5.7)
where Vs, denotes the solution of (1.21).

ProoF.  Following an idea from [25], in contrast to the approach in the latter we shall here use Lemma
5.3 and the assumed boundedness of the solution to appropriately cope with with the integral fQ(uv)2
related to the nonlinear production term of signal in the second equation of (1.3). In particular, on the
basis of (1.3) and (1.21) we compute

1
Ld (v—1v0)? = /(v—voo)-(AU—v+uv+B2)

= /Q(v — Vo) {A(v — Voo) — (V= vs0) +uv + (Bg — B2,oo)}

- —/Q]V(v—voo)\Q—/Q(U—Uoo)Q—i-/Q(U—Uoo)'{u”"'(B?_B?vOO)}

for all ¢ > 0, where the first term on the right is nonpositive, and where the rightmost integral can be
estimated by Young’s inequality according to

/Q(U—voo)-{uv—i-(Bz—B2,oo)} < ;/Q@_Uoo)Q"';/Q{“U"’_(B?_Bzoo)}?
< 5 [wmvrs [ [ (Ba- By

for all t > 0. Therefore, y(t) := [,(v—voc)? and h(t) := 2 [, (u(-, )v(-,))*+2 [(B2(-,t) — Bao)?, t > 0,
satisfy

y'(t) + y(t) < h(t) for all t > 0,

so that since Lemma 5.3 along with the boundedness of v and v yields ¢; > 0 such that

t+1 t+1
/ /(uv)ggcl/ /u—>0 ast — 0o
t Q t Q

t+1
/ h(s)ds — 0 ast — 0o
t

and that thus

thanks to (1.18), an application of Lemma 5.2 enables us to conclude that y(¢) — 0 and hence
v(-,t) = Vs in L?Q) as t — 00.

In conjunction with the relative compactness of (v(-,t));>s, in C°(€2), as asserted by Lemma 5.1 with
some suitably large to > 0, this yields (5.7). O

Our proof of Theorem 1.2 thereby becomes complete:

18



PROOF of Theorem 1.2. The conclusion immediately results from Lemma 5.3 and Lemma 5.4. U

Our main result concerning asymptotic stability of equilibria finally reduces to suitably dealing with the
explicit requirements made in Theorem 1.1 in its essential part.

PrOOF of Theorem 1.3.  Given i > 0, we fix § > 0 such that

n
§< = :
<! 69
and 0
5 < 1 ‘ (5.9)
2
and thereupon let
T r r
= . 5. )\2 = -0 d =0 5.10
T SK Lyte © 2T OKI(L 1 4)x ke M ST K yte (5.10)
with A := min{1, E—g}. We then take € = €(n, x, 2) > 0 small enough such that
n
< 0 5.11
=50t 1) (5-11)
and .
2 < 5.12
- cg +1 ( )
as well as
e2 < ¢y, (5.13)

where in accordance with standard elliptic regularity theory, ¢4 > 0 and c¢5 > 0 are such that whenever
f€CH Q) and ¥ € C?(Q) satisfy

{ —AY +1p = f(z), z € Q,

gqf =0, x € 0.
we have
1] Loy < eall flle= (o) (5.14)
and
VYl 2200y < esllfllz(o) (5.15)

Now assuming that ¢ € C?(Q) is a given function fulfilling (1.22) and (1.23), we let By, B, B2 o and
Voo be as defined through (1.27), (1.28) and (1.21), and suppose that uy and vy comply with (1.5) and
moreover satisfy (1.24)-(1.26).

We then firstly note that ¢ := v, — 7 satisfies —AY + 19 = —Avsg + Voo — 1) = By oo — 1 = ¢ in Q with
g% = 0 on 052, whence (5.14) and (5.15) apply so as to warrant that thanks to (1.22),

[l L) < calldllpoeo) < cae (5.16)
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and
/Q V[ < 2l¢lf2m gy < cBe?. (5.17)

Therefore, (1.25) and (1.26) especially entail that due to (5.11) and (5.8),

vo

Voo — |lvo — UOOHLOO(Q)

N+ — [lvo — Vool Lo ()

N —C4e — €

g >5 i, (5.18)

1 ’V’Uo|2

V2 = /
Lrovar = 5 [ B2
- VUO
2 Q| |
1 1
/ |Vvoo|2+/ |V (v — vso) |2
nJa nJa

1 1
! / Wyl + / 19 (00 — vo0)
nJo nJao

% 2 82

(AVARAYS

and that thus also

IN

IN

IN

n n
S C3 (519)

by (5.12). Moreover, using that (5.11) in particular entails that ¢ < 7, from (1.28) and (1.22) we infer
that

Byow=n+o¢p>n—¢c> in €,

N3

which firstly guarantees that
_ 1|
BQ(‘,t) = BQ,oo > —— > forallt >0 (5.20)
Q Q 2

according to (5.9), and which secondly, in conjunction with (1.23), implies that

1 VB3 o |?
/ VV/Bs( )P = / VBaeol”
9] 4 (9] BZoo

< — VBZ,OO
2 Q| |
1/ 9
= — [ Vs
2 Q! |
&2
=
n
< ¢ for all t > 0. (5.21)



Now since (5.20) and (5.21) ensure validity of (1.10) and (1.11), and since (1.12), (1.13) and (1.14)
are fulfilled thanks to (5.18), (1.24), (5.13) and (5.19), noting that (1.9), (1.17) and (1.18) are trivially
satisfied due to (1.27) and (1.28) we may employ Theorem 1.1 and Theorem 1.2 to see that that indeed
a global classical solution with the claimed asymptotic properties exists. ]
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