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Abstract
This manuscript is concerned with the Keller-Segel-Stokes system
n+u-Vn = An—-V. <TLF(|VC|2)VC),

¢ +u-Ve Ac—c+n, (%)
U = Au+VP+nVo, V-u=0,

under no-flux/no-flux/Dirichlet boundary conditions in smoothly bounded three-dimensional do-
mains, with given suitably regular functions F’ and ®. Here in accordance with recent developments
in the literature on refined modeling of chemotactic migration, the introduction of suitably decay-
ing F is supposed to adequately account for saturation mechanisms that limit cross-diffusive fluxes
near regions of large signal gradients. In the context of such nonlinearities which suitably generalize
the prototype given by F(§) = Kr(1 +¢)™%, € > 0, with Kp > 0, known results addressing a
fluid-free parabolic-elliptic simplification of (x) have identified the value o, = % as critical with
regard to the occurrence of blow-up in the sense that some exploding solutions can be found when

a < %, whereas all suitably regular initial data give rise to global bounded solutions when o > %

The intention of the present study consists in making sure that the latter feature of blow-up pre-
vention by suitably strong flux limitation persists also in the more complex framework of the fully
coupled chemotaxis-fluid system (x). To achieve this, as a secondary objective of possibly inde-
pendent interest the manuscript separately establishes some conditional bounds for corresponding
fluid fields and taxis gradients in a fairly general setting that particularly includes the subsystem of
(%) concerned with the evolution of (¢, u, P). These estimates relate respective regularity features
to certain integrability properties of associated forcing terms, as in the context of (x) essentially
represented by the quantity n.

The application of this tool to the specific problem under consideration thereafter facilitates the
derivation of a result on global existence of bounded classical solutions to (%) for widely arbitrary
initial data actually within the entire range o > %, and by means of an argument which appears to
be signficantly condensed when compared to reasonings pursued in previous works concerned with
related problems.
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1 Introduction

Flux-limited Keller-Segel systems in liquid environments. Due to their relevance in refined
models for chemotactic movement ([2], [32], [6], [7]), dependencies of cell migration rates on gradients
of the unknown quantities have received increasing interest in the recent literature on mathematical
analysis of taxis-type cross-diffusion systems. Exemplary studies are concerned with global solvability
in models involving p-Laplace type cell diffusion operators ([5], [25], [45], [33], [34], [26]), quite pre-
cisely identify critical parameters for the occurrence of blow-up in systems simultaneously accounting
for flux-limited cross-diffusion and diffusion mechanisms paralleling those in relativistic heat equations
([3], [4], [10], [30]), or also discuss wave-like solution behavior and pattern-supporting instability fea-
tures in various particular modeling contexts based on flux-limiting mechanisms ([1], [8], [32]).

With regard to issues related to singular structure formation, among the model classes most compre-

hensively understood seems to be the family of parabolic-elliptic systems given by

ng=~An—V- (nF(|Vc\2)Vc),

(1.1)
0=Ac—c+n,

where the given function I’ describes gradient-dependent limitiation of cross-diffusive fluxes by suitably
generalizing the prototype
FE)=Kr(1+&)2, £20, (1.2)

with Kz > 0 and o > 0. Indeed, with respect to the fundamental question how far even despite the
presence of such saturation effects, concentration phenomena in the sense of spontaneous emergence
of locally unbounded densities may occur in (1.1), when considered under homogeneous Neumann
boundary conditions in smoothly bounded N-dimensional domains with N > 2, the number a.(N) :=
% has been found to play the role of a critical exponent: Whenever F' is suitably smooth and such
that

IFOI<Kp-((+1)72  forall{>0 (1.3)

with some Kr > 0 and a > a., an associated initial-boundary value problem admits globally bounded
classical solutions for widely arbitrary initial data, while if N > 3, 2 is a ball and

F&)>kp-(E4+1)"2  forallé>0 (1.4)

with some kr > 0 and a < «., then some radially symmetric classical solutions exist which blow up
at some finite time 7' > 0 in the sense that lim sup, »7 [|n(:, )|/ L () = 0o ([43]; cf. also [31] and [44]).

Having this fairly complete knowledge for (1.1) at hand, in this study we intend to accomplish an
apparently natural next step toward an understanding of models for tactic movement in realistic
situations: Namely, we plan to examine to which extent the above blow-up related dichotomy may
be affected if buoyancy-induced interaction of a considered population with its liquid environment
is additionally accounted for. In fact, experimental evidence indicates a substantial relevance of
chemotaxis-fluid couplings in several contexts ([12], [13], [29], [35], [36]), and both numerical ([36],
[28]) and some rigorous analytical precedents ([22], [23], [24], [20], [14]) witness significant quantitative

effects of fluid interaction in various specific situations, mostly involving a given and hence passive
fluid.



To take aim at this question in a fairly general three-dimensional setting compatible with the seminal
modeling approach in [36], we shall below consider a fully parabolic counterpart of (1.1), coupled to
the incompressible Stokes equations, in the framework of the initial-boundary value problem

ng+u-Vn = An—V- (nF(|Vc|2)Vc>, refl, t>0,

c¢+u-Ve = Ac—c+n, reQ, t>0,

wy = Au+ VP +nVao, V-u=0, zeQ, t>0, (1.5)
gn =9 =0, u=0, zed, t>0,

n(x,0) =no(x), c(z,0)=co(x), wu(x,0)=mup(z), x € Q,

where Q C R? is a bounded domain with smooth boundary, where ® € W?2°(Q) represents a given
gravitational potential, and where F' appropriately generalizes the choice in (1.2). Since any exploding
solution of the corresponding fluid-free chemotaxis-only system trivially extends to an accordingly
singular solution of (1.5) upon letting ® = const. and ug = 0 therein, and since in view of the above
criticality feature of a.(3) = 3 we thus expect blow-up to occur in (1.5) whenever F satisfies (1.4)
with some kp > 0 and o < %, the major part of our ambition seems to consist in deciding whether or
not the assumption (1.3) with K > 0 and arbitrary o > % remains sufficient to ensure global smooth

solvability and boundedness also in the context of the full problem (1.5).

Conditional L™ estimates for signal gradients in chemotaxis-Stokes systems. Main results
I. In order to develop an approach which is not only appropriate to address this topic, but which is
suitably broad so as to bear some potential for meaningful applications in different frameworks beyond
the particular present one, prior to our analysis of the specific system (1.5) we shall take up the
general problem of efficiently controlling signal gradients in contexts of chemotaxis processes coupled
to Stokes fluids. This problem has formed a natural core of several precedent studies concerned with
models related to (1.5), and a considerable variety of respective ad-hoc approaches, based either on
the detection of certain entropy-like features, or on maximal Sobolev regularity results, or on heat
semigroup estimates, can be found in the literature (cf. [27], [37], [38], [9], [41] for examples).

An essential characteristic of our subsequent analysis will now be made up by the intention to propose
the use of certain conditional L*° estimates for taxis gradients as a possible alternative to previous
strategies. The derivation of such bounds in suitably general settings will form a fairly extensive first
part of this manuscript, but as a considerable benefit of the related efforts, inter alia indicating their
potential value beyond the context of (1.5), we will thereafter be able to conveniently accomplish our
original objective by means of quite a compressed argument.

In order to make this more precise, in a bounded domain  C R3 and with given 7" € (0, 0],
m>0,K >0 and ¢ € (%, 1), let us consider solutions (z,v,Q), with

2 € g3 C[0,7); WHI(Q)) N C2H(Q x (0, 7)),

v e C%[0,T); D(AY)) N C%1(Q x (0,T);R3)  and (1.6)
Qe Q% (0,T)),



of the problem

z+v-Vz = Az—z+f, xeQ, te(0,7),
vy = Av+VQ+ fVO, V-v=0, reQ, te(0,7), )
%2 =0, v=0, zedQ, te(0,T), '
2(z,0) = zo(z), v(x,0) =vy(x), x € Q,
where 2y, vg and f are given functions which are such that
29 € WH(Q) is nonnegative and vy € D(AY) with (18)
|zollwroe () < K and  [[A%0|2() < K, '
and that -
f € C%Q x [0,T)) is nonnegative with (1.9)
Jo f(t) <m  forallt e (0,T). '

Here, as throughout the sequel, we let A = —PA and (AY)g~o denote the realization of the Stokes
operator in L%(Q;R3), with domain given by D(A) := W22(Q;R?) N Wolaz(Q), and the family of
its corresponding fractional powers, respectively, where P represents the Helmholtz projection on
L2(9;R%), and where W2 () := Wy (;R?) N L2(Q) with L2(Q) == {¢ € L2(Q;R?) | V- = 0}.

Within this framework, by means of quite a direct application of standard regularity estimates for the
Stokes semigroup we shall firstly obtain the following statement on regularity of the corresponding
fluid field, conditional in that some temporally independent LP bounds for the forcing term f in (1.7)
are involved.

Proposition 1.1 Let Q C R? be a bounded domain with smooth boundary, and suppose that ¥ € (%, 1),
m>0,K>0,p>2,0¢ (i,ﬂ] and n > 0. Then there exists C(m, K,p,0,n) > 0 such that any f,z,v
and Q fulfilling (1.9), (1.6) and (1.7), with some T € (0,00] and some (zo,vo) complying with (1.8),
satisfies

496—1 +n)

27+

p—1

1A% (-, 8)] 20 < Clm, K,pﬁ,n)-{H P If(ws)llmm)} for-allt € (0,T). (1.10)
se(0,t

On the basis thereof and of appropriate regularization features of Neumann heat semigroups, we shall
secondly derive uniform estimates for the first solution components in (1.7) and their gradients, subject
to a conditionality property similar to that expressed in (1.10):

Theorem 1.2 Suppose that Q C R3 is a bounded domain with smooth boundary, and let ¥ € (%, 1),
m>0,K >0,p>3andn>0. Then one can find C(m, K,p,n) > 0 with the property that given any
T € (0,00] as well as functions f,z,v and Q which satisfy (1.9), (1.6) and (1.7) with some (zp,vo)
fulfilling (1.8), we have

2 (G+m)

p—1 \3

120 D) lwree ) < Clm, K, p,m) - {1 + sup IIf(-,s)HLp(m} forallt € (0,T). (1.11)
s€(0,t



Approaching criticality in boundedness results for (1.5). Main results II. With the
above preparations at hand, in Section 3 we can thereafter return to our original question. In fact,
Proposition 1.1 and, especially, Theorem 1.2 will enable us to make sure by means of a fairly condensed
argument that global existence and boundedness in (1.5) can indeed be achieved under the assumption
(1.3) within the entire range of a known as the regime essentially maximal in this regard for (1.5):

Theorem 1.3 Let 2 C R3 be a bounded domain with smooth boundary, and let ® € W2*°(Q) and
F € C?([0,00)) be such that

FOI < Kp-(1+8)72  forall&>0 (1.12)

with some Krp > 0 and
o>
5
Then for any B
no € C°(Q) such that ng > 0,
co € WH(Q) such that co > 0 and (1.13)
ug € Uﬂe(%,l) _D(flﬂ)7

there exist uniquely determined

n € C%Q x [0,00)) N C%HQ x (0, 00)),
c€Ny>3 CO(]0,00); Wh4(0)) N C*H(Q x (0,00)) and
u € Uyea 1y ([0, 00); D(A”)) N C*H( x (0, 00); RY)

such that n > 0 and ¢ > 0 in Q x (0,00), and that with some P € C*°(Q x (0,00)), the collection
(n,c,u, P) solves (1.5) in the classical sense in 2 x (0,00). Moreover, this solution is bounded in the
sense that with some ¥ € (2,1) and C > 0,

In(, )| ey + leC, ) lwree @y + 1A u(, )l p2) < C for all t > 0. (1.14)

Before going into details, let us once again emphasize that applications of the above general estimates,
and especially that from Theorem 1.2, to much a larger variety of chemotaxis-Stokes systems beyond
the particular context of (1.5) are conceivable. Although in order to keep this manuscript reasonably
focused we do not discuss this here in detail, we at least may announce that one further example
concerned with a quasilinear Keller-Segel system coupled to the Stokes equations will be addressed in
[42].

2 Conditional bounds. Proofs of Proposition 1.1 and Theorem 1.2

2.1 Fluid regularity

Let us first employ known smoothing properties of the Stokes semigroup to see that in the considered
context of solutions (z, v, Q) of (1.7), regularity properties of the respective fluid can be related to the



respective forcing term through the expressions

Mp(t) =1+ sSup ||f(a S)HLP(Q)a le (OaT)> (21)
s€(0,t)
well-defined due to (1.9) actually for all p > 1, in the quantitative manner specified in Proposition 1.1:

PROOF of Proposition 1.1. Since 6§ < 1, we may assume that n < @, which ensures that

7 — 460 — 6n > 3, whence observing that 7 — 40 < 6 due to the restriction 6 > %, we obtain that

6 < 0 <
7—40 © 7— 40— 6n

1< 2.

As, on the other hand, we are presupposing that p > 2, if we choose any

6 6
T—40° 7T—46 —6nl’

A= Ap,0,n) € < (2.2)

then necessarily 1 < A < 2 < p, so that by continuity of the Helmholtz projection on L*(Q;R?) ([17]),

we can find C7 = C1(p,0,n) > 0 such that abbreviating Cy := [|[V®|| () and a := Zﬁ;ﬁ» due to the
Hoélder inequality we have

HP[SDVCI’]HLA(Q)

IN

CilleVe| r @)
C1C2llell )
C1Colollfnoy el — for allp € CO(Q). (2.3)

IN A

We next use that 6 < 1 and invoke known regularization features of the Stokes semigroup (=)0
([19, p.201]) to infer that with some C3 = C5(6) > 0, Cy = Cy(p,0,m) > 0 and pu > 0,

A% 0| 12(q) < C3l| A%l 2@y forall t >0 and ¢ € D(A”) (2.4)
as well as
HA@e_tAcpHLz(Q) < C4t_0_%(%_%)e_'ut||(p”LA(Q) for all t > 0 and ¢ € CO(; R?). (2.5)

We now let m > 0 and K > 0 be given, and suppose that f, zg, vg, v, z and @ satisfy (1.6), (1.7), (1.9)
and (1.8) with some T" € (0,0c]. Then taking (M, (t))¢c(o,r) as accordingly introduced in (2.1), from
(2.3) we obtain that

Hp[f(.,s)VCI)]HLA(Q) < Cngml_aM;}(t) for all t € (0,7) and any s € (0, 1),

whence a combination of (2.4) with (2.5) shows that

t
1A%, ) 2o HA%—MW [ a0l syvalas
0

L2(9)
13 .
< Csl| A%l 2 () + (14/ (t— s)*‘)*%(%f%)e*u(tfs)Hp[f(.,s)vcp]HLA(Q)ds
0
< C3K + CngC'4C5m1’“Mg(t) forall t € (0,7 (2.6)

6



thanks to (1.8), where Cs = C5(p,0,n) := [;* 0 o 0=3(32)e~H9dy is finite due to the lower bound for
A implied by (2.2), which namely warrants that

(e (D)

Since, conversely, the upper bound for A in (2.2) guarantees that

om gt (D) £ (T ()

_p . 46-—1
and that thus the inequality M, > 1 ensures that M (t) < MJ™" o4 (t) for all t € (0,T), we

conclude that (1.10) is a consequence of (2.6). O

In order to appropriately prepare an application of the latter in the course of our derivation of Theorem
1.2, we recall known embedding properties enjoyed by the domains of the operators A% appearing in
(1.10) to turn the latter into integral bounds for the fluid velocity itself:

Corollary 2.1 Let 9 € (%,1), and let m > 0,K > 0,p > 2,7 > 3 and n > 0. Then there exists
C(m, K,p,r,n) >0 such that if (1.9) and (1.8) as well as (1.6) and (1.7) hold with some T € (0, 0],
it follows that

1 (G52 n)

p—1 3r

[o( )@y < Clm, K, p,7,m) - {1+ Stlop)llf(',S)lle(m} forallt €(0,7). (2.7)
se(0,t

PROOF.  Since 49 — 3 > 0 and thus %ﬂ > 0, we may restrict ourselves to considering the case

when n < (49=-3)r+6 5i)r+6, in which
3r—64+5
0=0(r,n) := 7’47‘1‘7"77 (2.8)
r
satisfies
(49—3)r+6
o< 3r—6+5r. S _
- 4r

As (2.8) furthermore clearly ensures that

3r—=6
0 2.
> (2.9)
and that thus
3-8 1
4 4

due to our assumption that r > 3, we may employ Proposition 1.1 to find C; = Ci(m, K, p,r,n) with
the property that if 7" € (0, 00] as well as (1.9), (1.8), (1.6) and (1.7) hold, then with (My(t)):c0,1)
taken from (2.1) we have

p L40—1+n

|A%0 (- t)l 2y < C1MP™" ° (t)  forallte (0,7). (2.10)




Apart from that, (2.9) implies that

3 3 3r —6

3
20— —+—->2
r 4r

3
2.2
2+r ’

2

from which it follows that D(A?) is continuously embedded into L"(£2; R3) ([18], [21]), and that hence
we can pick Cy = Cy(r,n) > 0 such that

lellzr) < Coll A%l L2y for all p € D(A%). (2.11)

It now only remains to observe that if we assume (1.9), (1.8), (1.6) and (1.7) to be satisfied with
some 1" € (0, 00], then a combination of (2.11) with (2.10) shows that with M, as accordingly defined
through (2.1) we have

p_ 40—1+4n

[v(, Dllzr@) < Ci1CoMP~" (1) for all ¢ € (0,7),

and that

40—1—1—77_4~W—1+n_2r—6+6m_r—3
6 N 6 N 6r 3

by (2.8). O

+n

2.2 Uniform estimates for taxis gradients

The first step toward our analysis concerned with the first equation in (1.7) acts at levels which, through
relying on a standard zero-order testing procedure only, do not explicitly rely on any property of the
considered fluid field beyond its mere solenoidality. Although the estimates for z thereby obtained
involve topologies which are yet quite far from those to be finally addressed, they will form an essential
basic information in the course of an interpolation argument performed in Lemma 2.3 below.

Lemma 2.2 Let ¥ € (%, 1). Then for any m > 0,K > 0,p > 2 and q > 2 there exists C(m, K,p,q) >
0 such that if (1.9), (1.8), (1.6) and (1.7) hold with some T € (0, ], then

p_.g—1
p—1 3q
[2(, )l Loy < C(m, K, p,q) - {1+ sup, ||f(~,s)HLp(Q>} forallt € (0,T).  (2.12)
se€(0,t

PROOF. By continuity of the embedding W12(Q) < L(2), we can fix C; > 0 such that

lelZoq0) < C1 /Q Vel + Oy /Q G2 forall p € WH2(Q). (2.13)

Therefore, assuming (1.9), (1.8), (1.6) and (1.7) with some T" € (0, o], in the identity

ld 4((1—1)/ 2.2 / / -1
—— [ 24— Vzz|*+ [ 29= | 29 f, te (0,7, 2.14
qdt Jo q? Q| | Q Q 0.7) (2.14)



as obtained upon testing the first equation in (1.7) by 297! due to the solenoidality of v, we may
combine the Holder inequality with (2.13) and Young’s inequality to estimate

/qulf = /Q(zg)mq_l)f

2(g—1)
< 1221l HfHLW(Q)
qfl
< am { [ivape [} T,
Q Q L2 “
1 g=1
- \OHIE / g\’ T q
{q [vsie [ ) /.
q—1 2 PESRCE q
< .
- { {/ Vet / }} e o)
_ ! z%]2+q_2 24 20T F1Y for all t € (0,T).(2.15)
Q L2+ (Q)

Here since 1 < 575 7 + < < p, we may once again rely on the Holder inequality to see that thanks to
(1.9), with (M,(¢ ))te(o,T) as in (2.1) we have

: )
P— p—
Hf”L?;il (Q) S ”f” ”fHLl(Q)
p(g—1)

2pg+p—3q

< m 3D MYV (1) for all t € (0,7).

4(q—1) _qg—1
5 > 5 and 1—
q q

due to the fact that ¢ > 2, from (2.14) and (2.15) we therefore obtain that for any choice of ¢y € (0,7,

2pg+p-3¢  PL=1)

d 2pg+p—3q
zq /zq < @@ LCI  m T MY (1) for all t € (0,tp),

dt

and that thus, according to an ODE comparison argument,

p(g—1)

q g _q-1,g-1, 2P, 50T
z? < max 25, ¢ C{ m M, (to) for all t € (0, to].
Q Q

When evaluated at ¢t = ¢, in view of (1.8) this readily yields the claim. O

Indeed, the latter can be used to derive the following preliminary information on control of spatial
W1 norms of z, as addressed in Theorem 1.2. In its formulation and throughout the remainder
of this section, we let B = B, denote the sectorial realization of —A + 1 under homogeneous Neu-

mann boundary conditions in ﬂ o1 L(€2), and let (BP) 50 represent the associated family of positive



fractional powers B? = Bqﬁ . Then the respective domains D(Bg ) are continuously embedded into
Whee(Q)) whenever 23 — % > 1, whence for such parameters the quantities under consideration can

be estimated against expressions of the form ||B?z|| ra(q), together with the Lebesgue norms from
Lemma 2.2, through interpolation. This is substantiated in the following statement which circum-
vents problems potentially resulting from possibly insufficient regularity properties of zy, as merely
assumed here to belong to W5°°(£2) but not necessarily to D(Bqﬁ ) for any 8 > %, by subtracting a
suitable correction.

Lemma 2.3 Let 9 € (%, 1), and let m > 0,K >0,p>2,g>2 and § € (%, 1) be such that
q-(28—1)> 3. (2.16)

Then for alln > 0 one can find C(m, K,p,q,3,nm) > 0 such that whenever (1.9), (1.8), (1.6) and (1.7)
are satisfied with some T € (0, 00], we have

_p (¢—1)(2¢B—q—3)

o p—1 6928
HZ(,t) —e€ tBZOHWl*OO(Q) < C(m7 KaP:QMBan) ' {1 + sup Hf(73>HLP(Q)} ’ X

s€(0,t)
ot3
X {1 + HBﬁ (z(~,t) - e_tho> ‘ Lq(m}(qw +n)(2.17)

for allt € (0,T).

PROOF.  As (2.16) warrants that

g+3 1 3 1 3 28-1
2q 2 + 2g 2 * 2 3 p
we may assume that 7 is so small that
q+3
v =7(¢n) = ETRREL (2.18)

satisfies v < 8. We may therefore draw on a standard interpolation property enjoyed by fractional
powers of sectorial operators in quite general settings (see e.g. [15, Theorem 2.14.1]) in choosing
Cy = Ci(q,B,m) > 0 such that

B—v

a
1Bl ooy < Cill B¢l fuey €l iy for all o € D(BP). (2.19)

Furthermore, the evident fact that v > %= guarantees that 2y — % > 1, meaning that D(B7) is

2q
continuously embedded into W1>°(Q) (]21]), and that thus there exists Co = Cs(q, 8,71) > 0 fulfilling
el < Col|B¢llpaqy  for all o € D(B7). (2.20)
As a final preparation, we take C3 = C3(q) > 0 in such a way that

lella) < Csllellweo @) for all p € WH>(€Q), (2.21)

10



and invoke Lemma 2.2 to see that whenever m > 0, K > 0 and p > 2, we can fix Cy = Cy(m, K,p,q) >
0 with the property that if (1.9), (1.8), (1.6) and (1.7) hold with some T € (0, 0], then

.qfl
12(- )|l Laqy < C’4M” 1 (¢) for all ¢ € (0,7), (2.22)
again with (M (t))sco,r) as defined in (2.1).

Thus, given any such 7' and arbitrary f, zo,vo,2,v and @ satisfying (1.9), (1.8), (1.6) and (1.7),
abbreviating
2(,t) = z(-,t) — e Bz, te(0,7), (2.23)

we can firstly rely on (2.22), (2.21) and (1.8) to see that with the correspondingly defined function
M, > 1, since e P is nonexpansive on L4(Q) for all t > 0 we have

12Ol < 12COllzaey + e Prolagay
SQMT%%HWWW>
< Cyb p‘% %(t) + 3K
< CGMPTT W) forallte (0,T),

where C5 = C5(m, K, p,q) := max{Cy, C3K}. Combining (2.20) with (2.19) hence shows that
IZC, Ollwreo@) < CollBYZ( 1)l Loy
bt B=1
CLO|I B Z(, )| oo IZC )HLq

p_.g=1 pB—

B=y _p_.g=1 B—v o
CiCCs ™ My~ * 7 ()|BYZ( 1) fary  forall t € (0,7),

IN A

IN

from which (2.17) results upon observing that

v q+3
— +
6 25 "
by (2.18), and that
p_g=1 B-y _ p q-1 8- b
p—1 3¢ B~ p-1 3¢ B
_ p (a-12¢8-q-3)
p—1 6420
due to the inequality v > %. O

The core of our analysis in this section is now contained in the following estimate for the higher-
order expressions on the right of (2.17) against the quantities in (2.1). This is achieved by means of
smoothing estimates for the semigroup (e~*#);>¢, where the corresponding convective contribution to
the first equation in (1.7) will be treated as a lower-order inhomogeneity. Thanks to our preparations

11



provided by Corollary 2.1 and Lemma 2.3, the resulting influence can appropriately be estimated in
terms of the expressions in (2.1), and of the quantities under consideration themselves, namely of

Ny p(t) :=14+ sup HBﬂ (z(',s) - efSBZON te(0,7), (2.24)
)

s€(0,t

La(Q)’

at a conveniently controllable sublinear power (cf. (2.44). If the fractional power § appearing herein
is suitably close to 1, then this indeed yields the following key result on regularity of z.

Lemma 2.4 Let 9 € (%, 1), and suppose that m >0, K > 0,p>2,q>2 and 8 € (%, 1) are such that
(2.16) holds, and that
2p(1—p3) > 3. (2.25)

Then for all n > 0 there exists C(m, K,p,q,3,n) > 0 with the property that if (1.9), (1.8), (1.6) and
(1.7) hold with some T € (0,00], then for all t € (0,T),

RG]
p— q
HBB<Z(,t) —€7tBZO)‘ < C(m7 Kvl%‘]aﬁa”) : {1+ sSup Hf(?S)HLP(Q)} (226)
La() s€(0,t)
ProOOF.  We prepare our estimation procedure by firstly using that ¢ > 2/3%1 and p > ﬁ to
verify that
3q
A= Ap, g, ::min{ 7} 2.27
(p,q,8) R ] (2.27)
satisfies 5 5
. q q
A > mln{ , } = 2.28
9y —2¢8+3) " 2q— 298+ 3 (2:28)
and hence, in particular,
3 3
A > > =3>1,
2-28+3  2-25+ (28— 1)
and moreover has the property that
3q 3
A< = <p, 2.29
29 —2¢8 2(1-p) (2:29)
so that
B0 | D
el < ol el By for all p € LP(Q) (2.30)

by the Holder inequality.
We next observe that, again by (2.16), 1y := 2¢5 — ¢ — 3 is positive and thus

~ . f28—q=3+7 . (¢-1)(R2¢f-q=3) 2¢p3
v _{ 3¢ o 643 } 298 —q—-3-1

e (0,m), (2.31)
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well-defined with

. 2¢6—-q—3  (q—1)(2¢8 —q—3) 293
v N { 3¢ 6425 }'2qﬂ—q—3
28 q—1 2¢8+q—1 N
N ?—'— 3¢ 3q as 11 0,

whence given 1 > 0 we can pick n1 = n1(p,q, 5,m) € (0,19) such that

<2q/6’+q—1+

2.32
P(m) < 37 1, (2.32)
where we can clearly achieve that, simultaneously,
m < 2q — 2qp5. (2.33)
According to the latter, namely, setting
3q
r=rp, 75) = 234
(p,q,5,n) VY — (2.34)
introduces a well-defined positive number r which satisfies
3q
r< =q, 2.35
2q — 2B + 3 — (2q — 2q3) (2:55)
and for which we moreover have 5
4 3, (2.36)

r> — >
2¢ — 298 +3
again thanks to (2.16).

We now recall known smoothing properties of the semigroup (e~5);>o ([15], [39]) to, firstly, fix C1 > 0
such that
HVe_thoﬂLoo(Q) < Chllellwreo ) for all ¢ € WH(Q), (2.37)

to, secondly, see that since 1 < A < ¢ by (2.29) and (2.27), there exists Cy = Ca(p, ¢, 8) > 0 fulfilling

1B Pl oy < Co - (1 4+t P25 e gl gy forall p € CO@) and £ >0, (2.38)

and to, thirdly, observe that as 1 < r < ¢ by (2.36) and (2.35), we can similarly find C3 =
Cs(p,q,8,m) > 0 such that

1B Bl Loy < Cs - (1 4+ 720" D)e gl iy forall p € CO@) and £ > 0. (2.39)

Apart from that, based on the fact that (2.36) actually even warrants that » > 3, we may employ
Corollary 2.1 and furthermore invoke Lemma 2.3 to infer that whenever m > 0 and K > 0, we can
find C; = Ci(m, K,p,q,8,m) > 0, i € {4,5}, such that given T € (0, 00| as well as f, 29, vo, z,v and @
satisfying (1.9), (1.8), (1.6) and (1.7), we have

Ly (52 4m)

[0, )|l r () < CaMy—" (t)  forallte (0,T) (2.40)
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and
_p_ (a—1)(2¢B—q—3) q+3+n

Hv(z(-,t)—e—tho)Hme)gcg,M;—l ()N, 2P (1) forallte (0,T), (241)

with (Mp(t))e(o,r) and (Ng,5(t))ico,r) as given by (2.1) and (2.24).

We henceforth let T € (0, 00] as well as f, 2o, v0, 2,v and @ be given such that (1.9), (1.8), (1.6) and
(1.7) hold with some m > 0 and K > 0, and accordingly define (Mpy(t));c0,r) and (Nys(t))ieo,1)
through (2.1) and (2.24). Then relying on a Duhamel representation associated with the first sub-
problem in (1.7), we can use (2.38) and (2.39) to estimate

HBﬁ <z(-,t) — e*tho) ’

La(Q)

t t
/ BPe =B (. s)ds — / Bﬁe_(t_S)B{v(-,t) -Vz(-, s)}ds
0 0

La()
t
< G [ (1= BE ) I ds
0
t
+03/ (1 +(t— s)*B*%G*%))e*(t*@Hv(-, $) - Va(, 8)|| (@ ds (2.42)
0
for t € (0,T), where by (2.30) and (1.9),
p—X P(Afl)
£t pa) < m@DIM"~2(t)  for all t € (0,T) and s € (0,1), (2.43)

and where thanks to (2.40), (2.41), (2.37), (1.8) and the fact that M, > 1 and N,z > 1, for all
t € (0,7) and s € (0,t) we have

IN

lv(-; $)llLr @)l V2(+; 8) || Lo (@)

o)l {Hv(z<-, )= )| ot ||Ve—5320||mm}

_p . (a—1)(2¢B—q—3) q+3+n1

oMl ) N () + ok

,(7"3;3 +771+(€!*1)(2¢15*q*3)) q+3+n1

()N, (1) (2.44)

[o(-;8) - V2(-5 8) L)

IN

P r—3
_P_. +771)
p—1 3r
Cy M}

IN

_p
CeM, ™"

IA

with Cs = Cs(m, K, p,q,3,m) := Cy - max{C5, C1 K}. Since
e _B-3(i_1) _ > _p-3(A_ Ly

C7 = Cq(p,q,B) ::/ (1+o 237 d)e %do and Cs = Cs(p,q,5,m) ::/ (1+o 2t a))e %do
0 0

are both finite due to the circumstance that

N
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by (2.28), and that, similarly, 8+ 3(1 — %) < 1 by the first inequality in (2.36), from (2.42)-(2.44) we
thus conclude that for all ¢ € (0,7),

p(A—1) Ll r3;3+,71+<q71)<211267q73>) q+34+m;
HBﬁ (z(-,t) —e_tho)‘ oy < CoMT T (0) o CobT T W (1) N, 2P (1) (2.45)

with
Co = Co(m, K, p,q, B,n) := max {0207?71(5:3A , C3CsCs}.

We may now rely on the inequality “;12"1 < q+3+(§q5 —0=3) — 1, as asserted by our restriction that

m < 1o, to see that due to Young’s inequality there exists C19 = Cio(m, K, p, q, 3,m) > 0 such that

1 28 298
ab < ia‘”“”l + Cpb2eP-a-3-m foralla > 0 and b > 0.

From (2.45) we therefore obtain that for all ¢ € (0,7,

p(A—1)

Nos(t) < 1+CoMy™ " (t)

+1Nq5(t) + Cyo - {C9Mp&.($+nl+ww)(t)}m
2% 7

and that thus

p(A—1)
Nyp(t) < 2+2CoMy»~* (1) (2.46)
r— —1)(2q8—q—3)
= SO T T () forall £ € (0,7), (2.47)

+2Cg2qﬁqu3fn1 ClOMppj.

Since

A—1 1
L —o1--<1
3 <

2¢—2q8+1 2¢B+q—1 _2¢8+q—1
h\ - = < +

3q 3q 3q

thanks to (2.27), and since (2.34) says that

r—3 1 2¢—2¢B+3-—m _2¢6—q—3+m

3 3q 3q

r—3 (¢—1)(2¢8 —q—3) 2953 296 +¢ -1
. = <
( 3 Tt 6428 ) 208 —q -3 g VST
according to (2.32), according to the definitions of (M (t)).e(0,) and (Ng,5(t))ieo,r) in (2.1) and (2.24)
we directly infer (2.26) from (2.46). O

Our main result on (1.7) can now be achieved by suitably adjusting the auxiliarly parameters ¢ and
B in the above, and by adequately coping with the correction term e 5z in (2.26):

Proor of Theorem 1.2. Since % =1- % > % due to our assumption that p > 3, we can
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fix 8 = B(p) > % such that f < %, and that thus (2.25) holds. Given n > 0, we thereupon pick
q=q(p) > 23%1 suitably large fulfilling

which ensures that

$(7) = (q— 1)(235@ q—3) n <2q5 %Srqq —1 i ,ﬁ) : ((122)3 + A), n>0, (2.48)
satisfies
B\ (q— 1)(2356_ ¢=3) (o 3)(2325; g—1) _ 2(Q3;r D ; +,
and that hence we can choose 11 = n1(p,n) > 0 in such a way that
) < 2 4. (2.49)

-3
We now employ Lemma 2.3 and Lemma 2.4 to see that given m > 0 and K > 0 we can find
Cy = Cy(m, K,p,n) > 0 such that whenever T' € (0,00] and f as well as zg, vo, z,v and @ comply with

(1.9), (1.8), (1.6) and (1.7), as before letting (Mp(t))e(o,r) and Ny s(t))ico,r) be as defined in (2.1)
and (2.24) we have

p_ (¢=1)(2¢8—q—3) M-ﬁ-m

l2(,1) — e Pl < LMy T ()N (1) forallte (0,T)  (2.50)

and
P (2qﬁ+q—1 +11)

(t) for all t € (0,7). (2.51)

Finally fixing C'3 > 0 such that, in accordance with a known boundedness feature of the Neumann
heat semigroup,

le™ Pollwroc oy < Csllpllwroiqy — for all o € WH(9),

we may combine (2.50) with (2.51) and (1.8) to infer that given any such m, K, T, f, z9,v0, z and v,
and correspondingly taking (Mpy(t))ie(o,r) and Ny g(t))ie(o,r) from (2.1) and (2.24), we can estimate

I2C D)llwree@) < l201) — e P aollwieo ) + lle™ P 20llwrq)
p  (¢—1)(2¢8—g—3)

_p . q+3
oM 257+

()N () + Csllzollwie o)

3 (¢—=1)(29B—q—3) | (2qB+q—1 +3
oo oim U (e (5 ) }
1%9 D

IN

IN

(t) + C5K

at3 +m

_p_.
< o M T G L K forall t € (0,T)

by (2.48). In view of (2.49), this immediately establishes (1.11). O
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3 Boundedness in (1.5) for all subcritical nonlinearities. Proof of
Theorem 1.3

Next addressing the flux-limited Keller-Segel-Stokes system (1.5), let us first recall standard theory
on problems of related types to state the following basic result on local existence and extensibility,
actually available for fairly general F'.

Lemma 3.1 If® € W2°°(Q) and F € C*([0,00)), and if no, co and ug comply with (1.13), then there
exist Tz € (0, 00| and unique functions

n € C%Q x [0, Tinaz)) N C*(Q x (0, Tnaz)),

cE ﬂq>3 CY([0, Trnaz); WHI(2)) N 02’1(55 (0, Thnaz)) and

u € Upe(a,1)C°(10, Tinaa); D(A”)) N O3S x (0, Tnaz); R?)

with the properties that n > 0 and ¢ > 0 in Q x (0, Tiyaz), that one can find P € CH0(Q x (0, Tyyaz))
such that (n,c,u, P) is a classical solution of (1.5) in Q x (0, Tinaz), and that

if Tynax = 00,  then for all ¥ € (%, 1),

iimsup {Hn(‘at)HLOO(Q) + [le(, D) llwree o) + HA%('J)HL%Q)} = 00. (3.1)

max

For this solution we additionally have

/ n(-,t) = / ng for all t € (0, Trnaz)- (3.2)
Q Q

PROOF. This can be seen by standard arguments well-documented in closely related contexts
(cf. [40], for instance). O

Now the reward for all our efforts related to Theorem 1.2 consists in the circumstance that its outcome
facilitates the derivation of LP bounds for the first solution component in (1.5) through a noticeably
short argument which in essence reduces to quite a straighforward combination of a standard testing
procedure with the conditional estimate in (1.11).

Lemma 3.2 Suppose that ® € W2>°(Q), that F € C*([0,00)) satisfies (1.12) with some Kr > 0 and
o > %, and that (1.13) holds. Then the solution of (1.5) from Lemma 3.1 has the property that

sup  [[n(-, )|/ Lr(o) < o0 for all p > 3. (3.3)
te(omiaz)

PROOF. Without loss of generality assuming that o < 1, we note that since 2 - (1 — ) < 1 by
hypothesis, we can choose n > 0 such that still

2+3n)-(1—a)<1. (3.4)

Taking 9 € (%, 1) such that uy € D(A?), for fixed p > 3 we may then apply Theorem 1.2 to m :=
1+ [on0 >0, K := L+ max{|[co 1. ||A’l9uOHL2(Q)} >0, (f,2,0,Q) := (n,c,u, P) and T := Tynaq
to find C; = Ci(p) > 0 such that

_p_(2
Vel Dl e < CME (1) forall t € (0, Thnaa), (3.5)
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where in line with (2.1), we have set M, (t) := 1+ sup,¢ (o) In(+, 8) ||l Lr (o) for t € (0, Tinaz)-

To derive (3.3) from this, we test the first equation in (1.5) against n?~! and intergate by parts to
obtain that since V - u = 0, due to Young’s inequality we have

1d
—— [ nP+(p— 1)/ P2 Vn? = (p— 1)/ P F(|Ve*)Vn - Ve
pdt Jgo Q 0
-1 -1
< p/np_2|Vn|2+p/on2(|Vc\2)|Vc]2
2 Ja 2 Jo
—1 —1)K?
< p/ nP=2|Vn|? + 7@ LS, / nP|Ve|?~2
2 Ja 2 Q
for all t € (0, T)qz), so that
2 < )K2 2—2a
a ), \Vn2| n?|Ve| for all ¢t € (0, Trnaz)- (3.6)
Q

Here since we are assuming 2 — 2« to be positive, we may utilize (3.5) to estimate

—1)K? K}
p(p ) F/np|vc‘22a p( ) FHV H%QQZ%)/TLP
Q

IN

2 2

IN

C2Mp 1 ( +n)-(2- 2a)(t)/ np for all ¢ S (O7Tmaaﬂ)7 (37)
Q

where Cy = Cy(p) = % C?72* Now thanks to (3.2), an interpolation on the basis of the
Gagliardo-Nirenberg inequahty shows that with some C5 = C3(p) > 0 and Cy = Cy(p) > 0 we have

3p—1_ _
AT g
Qn = ||n2||L2(Q)
2(3p—1)

C’3||Vn2||L2 Q)HnQHB(p 1)) L0y Hn2” Blp—1)

IN

Q)
Cyl|Vn2 ||L2(Q) +Cy for all t € (O,Tmaw),

IN

and that thus

2(p— 1 "
<p)/ |V’I7,g|2 > 05 : {/ np} - 0405 for all t € (OaTmax) (38)
p Q Q
with C5 = C5(p) := 2(;’541) and
3p—1
) 3(p—1) .
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Now a combination of (3.8) with (3.7) and Young’s inequality shows that for each T € (0, T1nqz), (3.6)
entails the inequality

i np+05‘{/np} S CQMP l( +77) (2 QQ)(T)/’I’LP—FCZJLC{)
Q Q

1
)G UL 2\ 25-(3+m)-(2-20)
_ {2{/Qn}} '{(C5> - Co M} (T )}+C4C5

< & { / np}
S 3 0
LM TG oo forall £ € (0, T)
with Cs = Cg(p { C’g}ﬁ. Since M,, > 1, this implies that if we let C7 = C7(p) := Cs+CuCs,
then for any such T we have
jt p—l—% {/np} <C’7M”1pl(+n)(2 20{)(T) for all t € (0,7,
Q

which through an ODE comparison argument guarantees that

Kk, P (2 (2—2c %
/np(-,t) < max{/ng, {26’7M;1 o1 (5 (22 )(T)} } for all t € (0,7),
Q Q Cs

and that therefore, again since M, > 1,

2C7\ pr
M) < 1+ max (ol ()220}
< CsMNT)  forall T € (0, Trnaa) (3.10)

with Cs = Cg(p) := 1 + max {{|nol| > () (2(%7) ~}and A = A(p) = L5 - z% (2+m)-(2-20).

It now only remains to observe that according to (3.9), our restriction on 7 in (3.4) ensures that

A:?)(p;l).pil.(§+n).<2_2a):(2+3n)-<1—a><1

to finally conclude from (3.10) that

1

My(T)<Cy™  forall T € (0, Trnax),

which implies (3.3) upon taking 7' 7 T)pqs- O

In view of Theorem 1.2 and Proposition 1.1, the latter immediately implies bounds for the quantities
in (3.1) related to the signal concentration and the fluid velocity.
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Lemma 3.3 If ® € W2>(Q) and F € C?([0,00)) is such that (1.12) is valid with some Kr > 0 and
o > %, and if (1.18) holds, then there exists 9 > % such that Tiae as well as the functions ¢ and u
from Lemma 3.1 satisfy

sup le(-,8) ey < 00 (3.11)
t€(0,Tmax)
and
sup ||A19U('7t)”L2(Q) < 0. (3.12)
tE(OaTmaz)

PROOF.  The boundedness feature in (3.11) is an immediate consequence of Theorem 1.2 when ap-
plied to any fixed p > 3 and combined with Lemma 3.2, while (3.12) similarly results from Proposition
1.1. O

Now thanks to the L* bounds for Ve and w implied by Lemma 3.3 due to the continuity of the
embedding D(AY) — L>®(Q;R3), a straightforward applciation of heat semigroup estimates to the
first equation in (1.5) finally yields L estimates also for n:

Lemma 3.4 Let ® € W?(Q) and F € C%([0,00)) be such that (1.12) holds with some Ky > 0 and
a > %, and assume (1.13). Then with Tyae and n taken from Lemma 3.1, we have

sup [[n(-,t)|| Lo () < o0 (3.13)
tE(O,Tmaz)

ProOF.  We fix any A > 3 and then readily infer from (1.12), Lemma 3.2 and Lemma 3.3 the
existence of C7 > 0 and Cy > 0 such that hy := nF(|Ve|?)Ve + nu and hy := n satisfy

th(',t)HLA(Q) <(C; and ”h2(7t)HL%(Q) < Oy for all t € (O,Tmax).

As known smoothing estimates for the Neumann heat semigroup (e'2);>¢ on  ([16], [39]) provide
C3 > 0 and Cy > 0 fulfilling

|2V - ollpee) < Cs - (1+ t_%_%)HSOHL)\(Q) for all ¢ € C1(2;R?) such that ¢ - v = 0 on 99

as well as

62|l ooqy < Ca- (14 73) for all p € C°(Q),

19113 0

by means of a variation-of-constants representation associated with the identity ny = An—n—V-hy+ho
we thus obtain that due to the maximum principle,

t t
()l e = et(A_l)no—/ €(t_s)(A_1)V'h1('78)dS+/ =)A=y (., 5)ds
0 0 Loo(9)
—t ! —1_3\ —(t—s)
< e \|noum(m+03/0 (14 (6= )7 373 (-, 5) 2 gy s

t
23\ (s
+c4/0 (1 =9 1) e CNhal )]y o ds
< HnOHLC’O(Q)‘f'Clc?,/ (1+0_%_%)6_0d0
0

+CQC4/ (1+ U_%)e_”da for all t € (0, Thaz)-
0
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The claim thus follows from the observation that the rightmost two integrals herein are both finite
due to the fact that the inequality A > 3 warrants that —% — % > —1 and —% > —1. O

Our main result for (1.5) has thus actually been established already:

PROOF of Theorem 1.3. Both the statement on global existence and uniqueness and the claim
concerning the boundedness property in (1.14) directly result from Lemma 3.1 in conjunction with
Lemma 3.3 and Lemma 3.4. ([l
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