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Abstract
The coupled chemotaxis-fluid system
ni+u-Vn = An—V-(nVec)+rn— un?,
cc+u-Ve = Ac—c+n,
us+ VP = Au+nVeo+ g(z,t),

V-u = 0,

is considered under no-flux boundary conditions for n and ¢ and no-slip boundary conditions for
u in three-dimensional bounded domains with smooth boundary, where » > 0 and p > 0 are given
constants and ¢ € W1H>°(Q) and g € C1(Q x [0,00)) N L>®(Q x (0,00)) are prescribed parameter
functions.

It is shown that under the explicit condition g > 23 and suitable regularity assumptions on the
initial data, the corresponding initial-boundary problem possesses a global classical solution which
is bounded.

Apart from this, it is proved that if » = 0 then both n(-,¢) and c(-,t) decay to zero with respect to
the norm in L>°(f2) as t — oo, and that if moreover [~ [, |9|* < oo then also u(-,t) — 0 in L*°(Q2)
as t — oo.
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1 Introduction

Chemotaxis, the directed movement toward higher concentrations of a chemical signal, is known to
be a mechanism of great significance for pattern formation in numerous biological contexts ([15],
[9]). An outstanding role in the theoretical understanding of such processes is played by the classical
Keller-Segel model ([12]) which despite its simple structure has turned out to yield quite an appro-
priate theoretical description of collective behavior of bacterial populations under the influence of a
chemoattractant produced by the cells themselves ([9], [2]).

In various situations, however, the migration of bacteria is furthermore substantially affected by
changes in their environment. For instance, experimental observations by Goldstein et al. ([25])
report pattern generation and spontaneous emergence of turbulence in populations of aerobic bacte-
ria suspended in sessile drops of water. Another important example for a significant interaction of
chemotactic movement with a surrounding environment is the phenomenon of broadcast spawning in
which chemotaxis plays a crucial role for successful coral fertilization in enabling an effective mixing
within a flowing fluid ([3], [16]).

It is the goal of the present work to study basic mathematical features of a simple model for chemotaxis-
fluid interaction in cases when the evolution of the chemoattractant, as in the original Keller-Segel
system, is essentially governed by production through cells. More precisely, we shall consider the
Keller-Segel-Stokes system

n+u-Vn = An—V-(nVe)+rn — un?, refl, t>0,
c¢+u-Ve = Ac+n—ec, re, t>0, (1.1)

uy+VP = Au+nVo+g(x,t), x e, t>0,

V-u = 0, reQ, t>0,

for the unknown (n, ¢, u, P), where r > 0 and p > 0 are given parameters, and ¢ = ¢(z) and g = g(z, t)
are prescribed functions. Here n denotes the bacteria density, ¢ represents the signal concentration,
and u and P stand for the fluid velocity and the associated pressure. In (1.1) it is assumed that cell
kinetics follows a logistic-type law determined by parameters r and u, where allowing for the border-
line case r = 0 we explicitly include cases when cell proliferation can be neglected. The model (1.1)
moreover presupposes that in addition to the driving action of cells through buoyant forces within the
gravitational field with potential ¢, the motion of the fluid might be controlled by a given external
force g. In particular, the system (1.1) thereby includes the outcomes of the modeling approaches for
biomixing recently presented by Espejo and Suzuki ([5]) on the basis of an original work by Kiselev
and Ryzhik ([13], [14]).

As far as we know, there are only two results which deal with chemotaxis-fluid interaction in the
presence of a signal production mechanism. Espejo and Suzuki ([5]) proved global existence of certain
weak solutions for the particular two-dimensional version of (1.1) obtained by letting » = 0 and g = 0.
Very recently, the global existence and large time behavior of classical solutions to a corresponding
more complex Keller-Segel-Navier-Stokes system has been investigated in more detail in this two-
dimensional context ([22]).

As compared to this, the three-dimensional Keller-Segel-Stokes system (1.1) seems much less under-
stood; to the best of our knowledge, not even a mere existence result seems available. The purpose



of the present work is to firstly establish a result on global existence of classical solutions under rea-
sonably mild assumptions, and to secondly provide some information on the large time behavior of
solutions at least in cases when the dynamics in (1.1) is fairly simple. To state our results precisely,
we specify the precise problem context by considering (1.1) along with the boundary conditions

on  Oc

52520 and u=0 for z € 92 and t > 0, (1.2)
and the initial conditions
n(z,0) =no(x), c(x,0)=co(z), u(z,0)=up(x), x € Q. (1.3)

We shall assume throughout this paper that the initial data satisfy

ng € CY(Q), no >0 in Q,
co € Whe(Q), co>0 inQ and (1.4)
ug € W22(Q) N Wy (Q) fulfilling V - ug = 0,

and that the potential function ¢ and the forcing term g in (1.1) are suitably regular in fulfilling
e WhHe(Q) (1.5)

as well as

g€ CHQx[0,00)) NL>®(Q x (0,00)). (1.6)

Within this framework, our main result on global existence and boundedness of classical solutions to
(1.1) is the following.

Theorem 1.1 Let Q C R? be a bounded domain with smooth boundary, and suppose that r > 0 and
that ¢ and g comply with (1.5) and (1.6). Then whenever u > 23, for any choice of ng,co and ug
fulfilling (1.4), the problem (1.1)-(1.3) possesses a global classical solution (n,c,u, P) for which n,c
and u are bounded in Q x (0,00) in the sense that there exists C' > 0 fulfilling

(Dl @) + et Dl @) + 1l D)l <€ for allt > 0. (1.7)

Here we emphasize that Theorem 1.1 detects an explicit parameter condition p > 23 under which
the suitable quadratic degradation of bacteria is sufficient to exclude any blow-up phenomenon, as
known to occur when g = 0 even in the case of the corresponding Keller-Segel system obtained on
letting w = 0 ([29]). Apart from this, Theorem 1.1 moreover somewhat improves the knowledge on the
latter chemotaxis-only system also in the case p > 0, for which, namely, up to now a corresponding
boundedness result has been achieved only for suitably large values of u beyond a certain number not
explicitly known ([26]).

The limit case r = 0 becomes relevant when either the considered time scales are much smaller than
those of cell proliferation, or when cells are a priori unable to reproduce themselves, such as e.g. in the
model for broadcast spawning phenomena discussed in [13] and [5]. In such situations, the solution
constructed in Theorem 1.1 enjoys the following decay properties.



Theorem 1.2 Assume that Q C R? is a bounded domain with smooth boundary, that ¢, g and
(no, co,up) satisfy (1.5), (1.6) and (1.4).

i) If w > 23 and r = 0, then the global classical solution (n,c,u,P) of (1.1)-(1.3) constructed in
Theorem 1.1) has the property that

In(-, t)HLoo(Q) —0 and ||c(-,t)||Loo(Q) —0 as t — oo. (1.8)
ii) If uw> 23 and r =0 as well as

/ / lg(z,t)2dzdt < oo,
0 Q

then the above solution moreover satisfies
u(-, )| oo () — 0 as t — oo. (1.9)

We do not pursue here in detail down to which critical value g > 0 the number p = 23 can possibly
decreased. The goal of this work is rather to provide some explicit condition on p sufficient for the
properties detected above. Accordingly, the interesting open problem of determining pg will be left
for future research, possibly within a more general framework allowing also further crucial model
parameters such as the chemotactic sensitivity to vary.

Before going into details, let us briefly mention that there exist some works addressing qualitative
properties of coupled chemotaxis-fluid systems in which the signal is consumed by bacteria, rather
than produced by cells (cf. [4], [28], [30] and [31], for instance). Since due to the dampening effect of
signal absorption, the structure of these systems is somewhat different from that of (1.1) with signal
production, the mathematical approaches already developed for these chemotaxis-fluid systems can
apparently not be applied to (1.1).

A key role in our approach will be played by an analysis of the coupled functional

y(t) ::6/9712(-,75)—!—/9Vc(',t)|4—I—/Qn(-,t)\Vc(',t)F, t>0.

Indeed, on the basis of some elementary integral estimates essentially gained due to the pure existence
of the quadratic dampening term —un? in (1.1) (see Section 2), this functional can be shown to enjoy
an entropy-like property, provided that g > 23 (Lemma 3.5). Suitable bootstrap arguments thereafter
provide higher regularity properties which shall firstly yield the global existence and boundedness
result from Theorem 1.1, and which will secondly allow for proving Theorem 1.2 by turning some
basic decay information (Lemma 5.1 and Lemma 5.2) into the uniform convergence properties (1.8)
and (1.9) in the respective situations.

We close this introduction with a remark that the full space problem corresponding to Theorem
1.2 remains untouched here, because for analyzing the asymptotic behavior it seems that different
mathematical techniques are required.

2 Preliminaries

In the sequel, we let A = —PA denote the realization of the Stokes operator in L2 () with domain
D(A) == W?22(Q)n Wol’Q(Q) N L2(2), where P denotes the Helmholtz projection mapping L?(£2) onto
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its subspace L2(Q) := {p € L*(Q) | V- = 0in D'(Q)} of L?(Q2) of all solenoidal vector fields. For
a € (0,1), we let A* denote the corresponding closed fractional power of A ([19]).

By a straightforward adaptation of the reasoning in [28, Lemma 2.1], one can derive the following

basic statement on local solvability and extensibility of solutions to (1.1)-(1.3).

Lemma 2.1 Let Q C R? be a bounded domain with smooth boundary and let ;1 > 0. Suppose that
(1.5) and (1.6) hold, and that ng, co and ug satisfy (1.4). Then there exist Tyar € (0,00] and a
classical solution (n,c,u, P) of (1.1)-(1.8) in Qx (0, Tyhaz) such thatn > 0 and ¢ > 0 in Q x (0, Tnaz),
that

n e CO(Q X [ max)) nC? 1(Q X ( maz))
c € C%Q x [0, Trnaz)) NCHHQ x (0, Trae)) and
u € C%Q x [0, Trnaz)) N CHLHQ x (0 Tnaz))

and such that

either Ty,qr = 00, OT
(-, )l oo () + e, ) lwree ) + AU, 1)l 2() = 00 for all a € (3,1)  ast 7 Tax- (2.1)

The following preliminary boundedness property immediately results from integration in the first
equation in (1.1).

Lemma 2.2 There exist m > 0 and C > 0 such that the solution of (1.1)-(1.3) satisfies

/ n(-,t) <m for all t € (0, Thnaz) (2.2)
Q
and
t+1
/ / n?<C forallt € (0, Trnae — 7), (2.3)
t Q
where 1
T := min {1 , 5Tmm}. (2.4)

PrROOF.  From integration of the first equation in (1.1) we obtain

d
/n_’[’/n—lu,/nz for allte(O,Tmaz) (25>
dt Q O Q

and hence
2
- for all t € (0, Thnaz),
s [rmig () et
because [, n? ‘ﬁ (fon)? for all ¢ € (0, Tiaz) by the Cauchy-Schwarz inequality. This implies (2.2),
whereafter (2.3) can be obtained upon a time integration of (2.5). O

In our subsequent analysis we shall make use of the following auxiliary statement on a boundedness
property in an ODI. For its elementary proof we refer to [20, Lemma 3.4] where the particular case
7 =1 is detailed.



Lemma 2.3 LetT >0, 7€ (0,7), a >0 and b > 0, and suppose that y : [0,T) — [0,00) is absolutely
continuous and such that

Y (t) + ay(t) < h(t) for a.e. t € (0,T)
with some nonnegative function h € LZOC([O7 T)) satisfying
t+7
/ h(s)ds <b forallt € [0,T — 7).
¢
Then
b
y(t) < max {y(O) +b,—+ 2b} for allt € (0,T).
at
As a consequence of Lemma 2.2, let us establish two fundamental estimates associated with wu.
Lemma 2.4 There exists C > 0 such that

/ |Vul> <C  forallt € (0, Thaz) (2.6)
Q

and

t+1
/ / |Au> < C for allt € (0, Tyaw — 7), (2.7)
t Q

where 7 = min{1, %Tmam} is as in (2.4).

PRrROOF.  We apply the Helmholtz projection P to both sides of the third equation in (1.1) and test
the resulting identity by Awu. Since A is self-adjoint and P is an orthogonal projector, by means of
Young’s inequality we can thereby estimate

Zdt/W“'2 /’A“|2 B /Au PlnVe + g
< 5 [1au?+5 [ Plvo+ g
< 5 [ 1Ak [ vor+ [ iof

|
< 3 A 4 190y [0 [ 1o foral € (0. Tue). (29
Using that [ | A2u\2 Jo IVul? ([19, p. 133, Lemma a)]) and that with some Cy > 0 we have

/Vu|2 <cl/ | Au?

for all t € (0, T)q4) thanks to the fact that || - ||j2.2(0 2( % and [|A(-)[ z2(q) are equivalent on D(A) ([19, p.
129, Theorem e)]), we see that for y(t) := [, [Vu(-,t)|* t € [0, Tjnae) and h(t) := 2HV¢H%OO(Q) Jon?(,t)+

2 [ g t)|%, t € (0, Trmaz), (2.8) 1mphes the 1nequahty

1 1
)+ —— () + / Aul2 < h(t)  for all £ € (0, Tpas). (2.9)
20, 2 J
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As from Lemma 2.2 and our boundedness assumptions on ¢ it is clear that there exists Cs > 0 such
that ftJrT s)ds < Cy for allt € (0, Tjpaz—7), thanks to Lemma 2.3 this firstly entails (2.6), whereafter
(2.7) follows by integrating (2.9) in time. O

By straightforward interpolation, the latter implies the following estimate on u which will play a
crucial role in obtaining a bound for [, n? and [, |Vc|? in Lemma 3.5.

Lemma 2.5 There exists C > 0 such that
t+1
/ / lul'* <C  forallt € (0, Thae — 7), (2.10)
t Q

where 7 = min{1, 3Tyas} s as in (2.4).

PRrOOF. We interpolate using the Gagliardo-Nirenberg inequality and the well-known fact that
|AC)|[22(q) defines a norm equivalent to || - [[yy2.2(q) on W22(Q)N Wol’z(Q) ([19, p. 129, Theorem e)])
to find C’l > 0 fulfilling

t+7 t+7
/t (-, $) 1l 730y ds < Cl/t [ Au(, )72 a9 2o (yds  for all t € (0, Tinar — 7).

Since the embedding W12(Q2) < L5(£2) warrants the existence of Cy > 0 such that ||u(-, $)Ls(a) <

C2||Vu(:, 8)|l2(q) for all s € (0, Tnaz), (2.10) therefore is a consequence of Lemma 2.4. O
The above estimates on n and u also entail some basic regularity properties of c.
Lemma 2.6 One can find C' > 0 such that
/ c<C for all t € (0, Thnaz) (2.11)
Q

and

/ Ve <C  for all t € (0, Traz)- (2.12)

Q

PrROOF.  We first integrate the second equation in (1.1) over € and recall (2.2) to obtain

c;lt c+/c—/n<m for all t € (0, Thnaz),

from which (2.11) immediately follows.
We next multiply the second equation in (1.1) by —Ac, integrate by parts and use Young’s inequality
and the Holder inequality to see that

G Ll [1ack [ v = = [nacs [ @ voac

th o ; A
1/\Ac\2+/n2+/]u-V0]2
2 Ja Q Q

1 , . 2
< 2/Q|Ac| +/Qn +||UHL10(Q)||VC||L%(Q) (2.13)

IN



for all t € (0, T)nqz). Here the Gagliardo-Nirenberg inequality and standard elliptic regularity theory
combined with (2.11) provide C; > 0 and C3 > 0 such that

5 1 5
L1vdt < cillacligleliyg + Cilldliye,
< 02{ / |Ac|? + 1} for all t € (0, Thax ),
Q

whence again by Young’s inequality we find C5 > 0 fulfilling

A

2 2 2 - / 2 3
U Ve < Nl -C3 Acl|”+1
Il IVel? < el G5 { [ 18c? +1}

1
/ |Ac\2+03/ |u['%4+-C3  for all t € (0, Thnaz)-
2 Ja Q

IN

Therefore, (2.13) implies that for the functions given by y(t) := [, [Ve(-,t)|?, t € [0, Thas), and
h(t) :=2 [on?(-,t) +2C5 [ |u(-, t)[*°+2Cs, t € (0, Traz), we have

y'(t) + 2y(t) < h(t) for all t € (0, Thnaz)-

Since Lemma 2.2 and Lemma 2.5 provide Cy > 0 such that ftHT h(s)ds < Cy for all t € (0, Tynaz — T)

with 7 = min{1, $Tnez}, in conjunction with Lemma 2.3 this establishes (2.12). O

. . 2 4
3 Estimating [,n* and [, |V¢|
This section contains the main step of our analysis, to be achieved in Lemma 3.5, by establishing

an estimate for a certain linear combination of the functionals [, n?, [, |Vc|* and [, n|Ve[?. As a
starting point, let derive differential inequalities for the two uncoupled of these functionals.

Lemma 3.1 The solution of (1.1) from Lemma 2.1 satisfies
d
— [ n? —i—/ Vn|? < / n?|Vel® + 27“/ n? — 2;1/ n3 for allt € (0, Trnaz)- (3.1)
dt Jo Q Q Q Q

PROOF.  Since V - u = 0, testing the first equation in (1.1) against n yields

1d
iy A — _/\Vn\z—i-/nVn-Vc—i—r/nz—,u/n?’
2dt Jq Q Q Q Q

for all t € (0, Thnaz), which implies (3.1) due to the fact that by Young’s inequality,

/nVn~Vc§1/ |Vn]2+1/n2\Vc]2
0 2 Ja 2 Ja

for all t € (0, Thaz)- O



Lemma 3.2 We have

d 2
/ vcy4+/ ‘V|Vc\2’ < 14/n2\v(:\2+14/ jul*|Ve|*
dt Jo Q 0 Q
2
—|—2/ |Vc]2M for allt € (0, Traz)- (3.2)
o0 ov

Proor.  Using that Ve - VAc = %A|VC|2 — |D%c|?, by a straightforward computation using the
second equation in (1.1) and several integrations by parts we find that

1d
/\Vc[4 = /!Vc]QVc-V(Ac—c+n—u~Vc)

1
_ / |Vc|2A|Vc]2—/ |Vc|2|D2c|2—/ Vel
2 Jo Q Q
—/nv-(|vc\2vc)+/(u-vc)v-(vcy2vc)
Q Q

1 2 1 o|Ve|?
= — [ V|V + = |Ve|? [Vel” _ \Ve||D%c)? — | |Ve|*
2 Ja 2 Joa v 0 0
—/n|VC|2Ac—/nV0~V\V0]2
Q Q

—|—/(u V)| Ve Ac + / (u-Ve)Ve- V|Ve|? for all t € (0, Tnaz). (3.3)
Q Q

Here since |Ac| < v/3|D?c|, by Young’s inequality we can estimate

—/n|vC\2Ac \/§/nyv¢y2|p2c|
Q Q

1 3
/ \V02]D20]2+/n2\V02
2 Ja 2 Ja

IN

IN

and, similarly,

1
/(u-Vc)Wc\QAc < / \Vc\2]D2012+3/ lu - Ve|?|Ve|?
0 2 Ja 2 Ja

1 3
<! / Ve D%ef? 4 2 / fuf?| Vel
2 Ja 2 Ja

for all t € (0, Thnaz). As moreover

1 2
—/nVc-V|Vc\2< / ‘vwcﬂ +2/n2]Vc|2
Q 8 Ja Q

and

IN

1 2
/(u-Vc)Vc-V]Vc]Q / ‘V‘VC‘Q‘ +2/ lu- V2| Vel?
QO 8 Ja 0

1 2
/ [Ivep) +2/ 2| Vel
8 Ja Q

9
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for all t € (0, Thnaz), from (3.3) we infer that

1 2 1 o|Ve|?
Ve[t < —/‘vvcﬂ +/ vc2—/ Vel*
1 fvelt < =3 [|over] +5 [ wertii - [ v
+7/n2|Vc|2+7/ lu?| Vel for all t € (0, Tinaz),
2 Ja 2 Ja

which on dropping a nonpositive term on its right-hand side yields (3.2). O

In order to cope with the first integrals on the right-hand sides of (3.1) and (3.2), we shall additionally
make use of a differential inequality related to [, n|Ve|?.

Lemma 3.3 For allt € (0, Typaz), we have

[ alVel + (u—3) /Q n?|Vef?

2
< 5/ |Vn|2+i/ [VIvep] +(r—2)/n|Vc|2
Q
5 9
5 [uPvelt+ 5 [ v

2
+/ OIVel” (3.4)
o0

dt

ov

PrROOF.  We differentiate the integral on the left of (3.4) using the first two equations in (1.1) to see
upon integrating by parts and employing the identity Ve - VAc = %A]Vd? — | D?c|? that

d

n|Vc|2 = / \Vc|2{An — V- (nVe)+rn—pun® —u- Vn}
dat o

+2/nVc-V{Ac—c+n—u~Vc}

Q

= /VC’QATL—/ |Vc|2V-(nVc)—i-r/n|Vc|2—u/nZVc]Q—/(u-Vn)|Vc|2
Q Q Q Q Q

+/nA]Vc|22/n]D2022/n\Vc]2+2/nVn-VcZ/nVc'V(u-Vc)
Q Q Q Q Q
= —2/Vn~V]Vc\2+/nVc~V]Vc\2+(r—2)/n]Vc]z
Q Q Q
—;L/712|Vc|2—/(u-Vn)|Vc|2
Q Q

2
+/ na|vc|—2/n|ch|2+2/nVn-Vc
oo OV Q Q

+2/ (u-Ve)Vn - Ve+2 / (u-Ve)nAc for all t € (0, Thaz)- (3.5)
Q Q

Here by Young’s inequality,

2 2 1 2 2
2 [ Vn-V|Ve2<2 [ |2+ 2 ‘V|Vc| ] (3.6)
Q ) 2 Ja

10



and

1 2
/nVc-V|V02 §/n2|Vc|2+/ 1P| (3.7)
Q Q 4 Jo
and .
—/(u-Vn)|Vc|2 g/ yvm%/ 2| Vel (3.8)
Q Q 4 Jo
as well as
2/nvn-vcg/yvn\2+/n2|vc|2 (3.9)
Q Q Q
and
2/(u-vc)vn.vcg/ |Vn|2+/ [u?|Vel* (3.10)
Q Q Q

for all t € (0, Thnaz). Since finally two more applications of Young’s inequality along with the pointwise
estimate |Ac| < v/3|D?c| show that

2/(u-vC)nAc < 2\/5/ lu - Ve|n|D?c|
Q Q
< 2/n\D20\2+3/n]u]2]Vc\2
Q 2 Jo
9
< 2/n|D20|2+/n2|V0]2+/ |u\4|Vc|2 for all t € (0, Thaz),
Q Q 16 Jo

in view of (3.6)-(3.10) the identity (3.5) readily implies (3.4). O
Properly combining Lemmata 3.1-3.3, we arrive at the following.

Corollary 3.4 We have

d 1 2
{6/n2+/ |Vc|4+/n]Vc|2}+/ \Vn|2+/ ’V’de’
dt | Jo Q Q Q 4 Jo

+(p — 23)/ n?| Vel + 12u/ n3
Q Q

61 9
< 12r/n2+(r—2)/n|Vc|2—l—/ |u|2|Vc]4+/ lul*|Ve|?
Q Q 4 Ja 16 Jo

d|Ve|? d|Ve|?
2 22 _ 11
+ /m\Vc\ e —i—/mn 5 (3.11)

for allt € (0, Trnaz)-

PROOF.  We only need to take an evident linear combination of the inequalities provided by Lemma
3.1, Lemma 3.2 and Lemma 3.3. ]

Here it turns out that if u is suitably large, then in (3.11), all integrals on the right can adequately
be estimated in terms of the respective dissipated quantities on the left, in consequence implying the
following main result of this section.
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Lemma 3.5 Suppose that p > 23. Then there exists C > 0 such that
/ n*(-,t) < C for all t € (0, Traz) (3.12)
Q

and

/ Ve(,)|* < forallt € (0, Thaz) (3.13)
Q
PROOF.  Since p > 23, Corollary 3.4 implies that
y(t) = 6/ n?(-,t) -l—/ Vc(-,t)|4—|—/ n(-,t)|Ve(-, )% t €0, Trmaz),
Q Q Q
satisfies

! 2 1 2 2 3
y(t) +y)+ | [Vn|"+ ‘V|Vc| ‘ +12u [ n
Q 4 Jo Q
61 9
< (12T+6)/n2+/ |VC\4—|—(T—1)/TL|VC|2—|—/ \u|2\Vc]4+/ lul*|Ve|?
Q Q Q 4 Jo 16 Jq

o|Ve|? o|Ve|?
+2/ V02+/ n 3.14
m' \ ey o (3.14)

In order to take full advantage of the dissipated quantities appearing on the left-hand side herein, we
first invoke the Gagliardo-Nirenberg inequality which provides C7 > 0 such that

3 2 3 3
Hyvc|2 . < Oleych ) H| of? + 01H|vc|2 for all € (0, Tnaz)-
L3(Q) L2(Q) L1(Q) L1(Q)
Since from Lemma 2.6 we know that
/ Ve|* <Cy  forall t € (0, Trnaz) (3.15)
Q

with some Cs > 1, this shows that
16 2 9|2 8
/ Vel¥ < 105 / ‘V|Vc| ( IoNe::
Q Q

and hence )
/ ’vyvcﬂ > 03/ Vel5 =1 forall £ € (0, Tynas), (3.16)
Q Q

w|oo

where C5 := 0;10; .
estimate

Using Young’s inequality, on the right-hand side of (3.14) we can therefore
—1)?
(r—1)/n\vc2 < M/n2+/ Vef*
0 4 Q Q0

12



and hence, with some Cy > 0,

—1)2
(r—1)/n|vc|2+/\vc|4+(12r+6)/n2 < {M+12r+6}/n2+2/ Vel
Q Q Q 4 Q Q
12u/n3+03/\Vc\136+C4
Q 8 Ja

1 |
12u/n3+/ ‘V|Vc|2‘ +-+Cy (3.17)
0 8 Jo 8

IN

IA

for all t € (0, T)az), and similarly, again by means of Young’s inequality and (3.16) we obtain positive
constants C5 and Cy fulfilling

1
6 / w2 et < & / Vel ¥ + G / uf®
< /‘V|Vc| ‘ ++C5/|u10+05|§2| (3.18)
and
9/\u\4\V0]2 < @’/\vcy%%rcﬁ/ |2
6 Jo
< /‘V|Vc| i ++06/ 10 4 Gl (3.19)

for all t € (0,T)4z). In estimating the boundary integrals in (3.14), we make use of the one-sided
pointwise inequality

o|Ve|?
ov

< Cq|Vel? for all z € 9Q and ¢ € (0, Thaz),

valid with some C7 > 0 due to the fact that % =0 on 0N ([17]). We moreover recall the boundary
trace embedding W%Q(Q) < L?(09) in finding Cg > 0 such that

1
el z2a0) < CS”SOHW%,a(m for all p € W22(Q),

which by Ehrling’s lemma, since W12(Q2) < W%Q(Q) < LY(Q), entails that for each § > 0 one can
pick Cy(0) > 0 such that

2
[ e<s[1verrao([1e)  foralpewt).
o0 Q Q

Applying this first to 6 = 61 := ﬁ and then to § = §5 := C%, thanks to Young’s inequality, (3.15)
and (2.2) this enables us to estimate the two rightmost summands in (3.14) according to

2 2
2/ Ve \28|VC’ +/ nM < 207/ yvc|4+c7/ n|Vel?
29 v o0 Ov 09 09
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c
< 307/ yvc|4+47/ n?
o0 o0
1 2
< / VIvep +3c7c9(51)(/ vep)
Q
5 2
/v 2+ 70709( 2)(/71)
< /]vyvq i /|Vn| +Cho (3.20)

for all £ € (0, Tynaz), where Chg := 3C2C7Co(6;) + CrCatba)m?.
In summary, from (3.14) and (3.17)-(3.20) we infer that

/ 1 22 2 3
y(t)+y(t)+1 ‘V\Vd ‘ + |Vn] +12u n
Q
1 1 1
< R
= {8+16+32+ }/‘ch"

+/ |Vn|2—|—12u/n
Q Q

H(Cs + 06)/ W+ Oy for all £ € (0, Tonas)
Q
and hence
Y (t) +y(t) < (Cs + 06)/ [+ forallt € (0, Thae)
Q

with Cy1 := (3 4+ Cy) + (15 + C5|Q|) + (55 + Cs/Q) + Cro. As a consequence of Lemma 2.3 and the
spatio-temporal L' bound for u asserted by Lemma 2.5, we thus conclude that there exists Cia > 0
such that

y(t) _6/n +/ Ve|* + /nyvc|2§012 for all t € (0, Tynaz),

which implies both (3.12) and (3.13). O

4 Higher regularity properties. Global existence

In order to prove Theorem 1.1, in view of Lemma 2.1 we need to further establish higher regularity
estimates. We first use the L2 estimate for n from Lemma 3.5 in order to control the solution
component u.

Lemma 4.1 Suppose that > 23. Then for all o € (0,1) one can find C(a) > 0 such that
[A%u(-, )] L2y < C(a) for allt € (0, Thaz)- (4.1)
In particular, there exist 0 € (0,1) and C > 0 satisfying
Ju(, D)llco) < C for all t € (0, Thagz)- (4.2)
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PROOF.  On the basis of the variation-of-constants formula for the projected version of the third
equation in (1.1), that is of the identity u; + Au = P[nV¢ + g], according to standard smoothing
propeties of the Stokes semigroup we see that there exist C1 > 0 and A > 0 such that

t
1A 1) gy = HA%—“‘W | APl 0+ gl )
0 L2()
t
< A o —a,—A(t—s) . .
< Al + € [ (=57 Pt o+t
t
< [A%ollzz@) + Cr /0 (t — )¢ 96 e ey (- ) 2y + a8 e s

for all t € (0, Tinax), again because P acts as an orthogonal projection. Since from Lemma 3.5 and
our overall assumptions on boundedness of V¢ and g we know that there exists Cy > 0 fulfilling

IVl ooy lIn(s $)lz2e) + 195 $)llz20) < C2 - for all ¢ € (0, Tinaz),

this shows that

t
[A“u(- )2y < [[A%u0l|L2¢0) + 0102/ YA do for all t € (0, Thnaz)-
0

As the inequality @ < 1 warrants that fooo 0 % 2 do converges, and that thanks to (1.4) also
| A%up|| 22 (0 is finite, we thereby obtain (4.1), which in turn entails (4.2) upon choosing any o € (3,1)
and recalling a well-known embedding property of D(A®) into spaces of Holder continuous functions
([61, [71)- O
In conjunction with the estimate for Ve in L*(Q) provided by Lemma 3.5, the latter entails bounded-
ness of n.

Lemma 4.2 If u > 23, then there exists C > 0 such that
(-, )| o) < C for allt € (0, Traz)- (4.3)

Proor.  Given T € (0,Tnaz), in order to prepare an estimation of the finite number M (T) :=
supye(o,1) 7+, t)[| Lo (@) we write h := Ve + u and then obtain from Lemma 3.5 and Lemma 4.1 that
there exists C'; > 0 such that

1(, ) pay < C1 forall t € (0, Trnaz)- (4.4)
Since ng = An — V - (nh) +rn — un? in Q x (0, Tyuae) due to the fact that V - u = 0, by means of an

associate variation-of-constants formula we can represent n(-,t) for each t € (0,7) according to

n(-t) = e(t_tO)An(-,tg)—/te(t_s)AV-(n(-,s)h(-,s))ds

to

+ /t e(t_S)A(rn(-, s) — un(-, s))ds

to

= nl(-,t)—l—ng(-,t)—i—ng(-,t), (45)
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where ¢y := (t — 1)4. Here by the maximum principle we can estimate
1 (D)l o) < lInollzeey  ift € (0,1], (4.6)

whereas if ¢ > 1 then standard LP — LY estimates for the Neumann heat semigroup provide Cy > 0
such that

_3
21 (5 D)l Lo (0) < Calt —to) 2l 20) [ L1 () = Calln( to)llL @) < Cam (4.7)

holds because of (2.2).
Next, since ré — pé? < Cs := % for all £ € R, again by the maximum principle we have

t
na(-t) < / =8 Csds = C3(t — tg) < Cs. (4.8)
to

Finally, to estimate ng we fix an arbitrary p € (3,4) and then once more invoke known smoothing
properties of (e72)y>0 ([27, Lemma 1.3 (iv)]) and the Hélder inequality to find Cy > 0 such that

t _1_3
[n2(, )llLo(@) < 04/(t—5) 272 |n(, $)R(:s 8) |l po(yds

to

¢ 1_3
< O [ =TI I s

! —-1-3 a —a
< G [ (6= E ) I D 0 9l s,

to

where a := % € (0,1). In view of (2.2), (4.4) and the definition of M (T'), this entails that

Ly s
I Dl (@) < CrCamI~ / o5 B de - MO(T),
0

so that since & + % < 1 according to our restriction p > 3, in combination with (4.5)-(4.7) we obtain

(5 > 0 such that

(-, )| oo () = supn(x,t) < supni(z,t) + sup na(w,t) +supng(z,t) < C5 + CsM(T)
e el el el

for all t € (0,T). Therefore,
M(T) < Cs + CsM*(T)  for all T € (0, Tynaz)
and hence
1
M(T) < max {1, (2(]5)ﬂ} for all T € (0, Trnaz)-

This proves (4.3). O

This information now readily implies boundedness of Ve in L9(Q2) for arbitrary finite g.
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Lemma 4.3 Assume that > 23. Then for each ¢ > 1 one can find C(q) > 0 such that
() lwra) < Clg) for all t € (0, Trnaz)- (4.9)

Proor.  With the regularity properties from Lemma 4.1 and Lemma 4.2 at hand, one can readily
derive this by means of standard parabolic regularity arguments applied to the second equation in
(1.1) (cf. e.g. [22, Lemma 3.12] for details in a related situation). O

Our main result on global existence and boundedness thereby becomes a straightforward consequence
of Lemma 2.1.

PROOF of Theorem 1.1.  In view of the extensibility criterion in Lemma 2.1, the estimates gathered in
Lemma 4.2, Lemma 4.3 and Lemma 4.1 assert that 7,,,, = 0o, and that hence the global boundedness
properties in (1.7) hold. O

5 Decay. Proof of Theorem 1.2

In the case r = 0 addressed in Theorem 1.2, the absence of any cell reproduction term in (1.1) implies
the following basic decay properties of n and c.

Lemma 5.1 Suppose that u > 23 and r = 0. Then

/(]Oo/gnz(x,t)dxdt < o0, (5.1)

and there exists C > 0 such that

C
< — .
/Qn(x,t)da: < i forallt >0 (5.2)
as well as c
/Qc(x,t)dfv < 1 for all t > 0. (5.3)

PrOOF.  Asin Lemma 2.2 we simply integrate in space to obtain under the assumption r = 0 that

d / 2 H (/ >2
— [n=—p [ n<—— n for all t > 0,
dt Jo ) 2\ Jo

which readily implies both (5.1) and (5.2).

Thereupon, (5.3) follows upon an ODE comparison of the functions y and § which for suitably large
C1 > 0 are given by y(t) := [, c(z,t)dz and F(t) := 57127 t > 0, noting that from the second equation
in (1.1) and (5.2) we obtain Cy > 0 fulfilling

forall t >0

>0 forallt >0



(cf. [22, Lemma 4.2] for details). O

Under an additional assumption on the temporal decay of g, Lemma 5.1 also entails asymptotic
extinction of u at least with respect to the norm in L?(€2).

Lemma 5.2 Let u > 23 and r = 0, and assume that

/Ooo/g|g(x,t)|2da:dt< . (5.4)

Then
/ lu(x,t)|?dz — 0 as t — oo. (5.5)
Q

PrROOF.  Using u as a test function for the third equation in (1.1), employing the Holder inequality
we see that

i fy o+ [l = [ nveus |
—— u|” + Vul® = nVo-u+ | g-u
T AR A ) )
< {IVoll=@lnlzz + l9ll2@ | - lullpa@) — forall ¢ > 0.

Since the Poincaré inequality provides C1 > 0 such that [, lu> < ¢4 Jo |Vu|? for all t > 0, we thereby
readily obtain Cy > 0 and C3 > 0 such that y(t) := [, [u®(-,¢)|*, t > 0, satisfies

Y () + Coy(t) < h(t) == (3’3~{/Qn2(-,t)+/g\g(-,t)]2} for all ¢ > 0

and hence, by an ODE comparison,

¢
y(t) < e_CQty(0)+/ e_CQ(t_s)h(s)ds
0

— Oyt _Cat % ¢
< e Py(0)+e 2 h(s)ds+ [ h(s)ds for all t > 0.
0
As fooo fQ h(t)dt < oo according to Lemma 5.1 and our assumption on g, this entails (5.5). O

In turning the basic decay information on n from Lemma 5.1 into the uniform convergence property
asserted in Theorem 1.2, we shall make use of the following Holder estimate implied by the regularity
properties collected in the previous section.

Lemma 5.3 Let > 23. Then there exist € (0,1) and C > 0 such that
Inll 0.8 guppepny SC - forallt>1. (5.6)

ProOOF.  Writing the first equation of (1.1) in the form

n =V - (vn - hl(x,t)) Fho(z,t), x€Q, t>0, (5.7)
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with
hi(z,t) == n(z,t)Ve(z, t) + n(x, t)u(z, t)
and
hy(z,t) == rn(z,t) — pn?(x,t)
for x € Q and t > 0, we can estimate
(Vn— ) -Vn > S[Vnf = 2|
and
[V — | < [V + [

in 2 x (0,00). As Lemma 4.1, Lemma 4.2 and Lemma 4.3 imply that both h; and hy are bounded in
L*>((0,00); L1(2)) for any ¢ € (1,00), and that n is a bounded solution of (5.7), a known result on
parabolic Holder regularity ([18, Theorem 1.3]) immediately asserts (5.6). O

By means of standard arguments, we can finally verify the claimed statements on decay of solutions
in the case r = 0.

PROOF of Theorem 1.2. i) To verify the first statement in (1.8), supposing on the contrary that
this be false we could find C7 > 0 and (¢;)en C (1, 00) such that ¢; — oo as j — oo and

In(-,tj)lzee@) > C1 forall j €N. (5.8)

On the other hand, invoking Lemma 5.3, by means of the Arzela-Ascoli theorem we see that (n(-,%))i>1
is relatively compact in C°(Q), and thus on extracting a subsequence we may assume that

n(-,tj) = ne in L(Q) as j — oo
with some nonnegative n., € C°(€2). However, the decay property (5.2) implies that
n(-,t) =0 in LY(Q) as t — 00.
Therefore, combining the above two observations we see that necessarily
Noo = 0,

which contradicts (5.8) and thereby proves the first claim in (1.8). The claimed stabilization property
of ¢ can be derived along the same lines, relying on an application of Lemma 4.3 to any ¢ > 3, and on
(5.3).

ii) Likewise, under the assumption that g € L?(Q x (0,00)) the claimed uniform decay of u results
from Lemma 5.2, because also (u(-,t));>1 is relatively compact in C%(Q) according to Lemma 4.1. [J
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