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Abstract

The flux-limited Keller-Segel-Navier-Stokes system

n+u-Vn = An-—-V- (nf(|Vc|2)Vc),
ct+u-Ve = Ac—c+n, ()
u+(u-Viu = Au+VP+nV, V-u=0,

is considered in a smoothly bounded domain © C R2. It is shown that whenever the suitably
smooth function f models any asymptotically algebraic-type saturation of cross-diffusive fluxes in
the sense that

FOI<Kp-(E+1)7%

holds for all £ > 0 with some Ky > 0 and a > 0, for any all reasonably regular initial data a
corresponding no-flux/no-flux/Dirichlet problem admits a globally defined classical solution which
is bounded, inter alia, in L>(Q x (0,00)) with respect to all its components. By extending a
corresponding result known for a fluid-free counterpart of (x), this confirms that with regard to
the possible emergence of blow-up phenomena, the choice f = const. retains some criticality also
in the presence of fluid interaction.
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1 Introduction

The choice f = Ky = const. in the two-dimensional version of the chemotaxis model

Tce = Ac—c+n,

{nt = An =V (nf(IVeP)Ve), (1.1)

is critical in several respects: Firstly, the classical Keller-Segel systems thus obtained are themselves
well-known to be mass-critical in the sense that with some m. = m.(Ky) > 0, global bounded solu-
tions to associated no-flux problems in smoothly bounded planar domains 2 can be found whenever
the suitably regular initial data satisfy fQ n(-,0) < m. whereas some unbounded solutions emanating
from appropriately chosen initial data with [, n(-,0) > m, exist (see [25], [4] and [26] for the simplified
parabolic-elliptic case with 7 = 0, and [27], [18] as well as [19] for the fully parabolic variant involv-
ing 7 = 1). Secondly, already small perturbations of such constant f, asymptotically damping the
corresponding cross-diffusion mechanism in the spirit of gradient-dependent flux limitations recently
receiving considerable attention in the biomathematical literature ([1], [29], [2], [3]), seem to entirely
inhibit any such blow-up phenomenon: If f is suitably smooth and such that

FOI<Kp-(§+1)72  forall £>0 (1.2)

with some Ky > 0 and o > 0, namely, then all reasonably regular initial data of arbitrary size lead to
global bounded solutions both when 7 = 0 and when 7 = 1 ([28], [45], [46]).

A natural next task now seems to consist in determining how far such criticality features persist when
single two-component systems of the form (1.1) are embedded into more complex models. Here in
accordance with considerable developments in both the modeling and the analysis-focused literature, of
particular interest appear couplings of chemotactically migrating populations to liquid environments
(18], [9], [24], [33], [34]), and indeed some significant effects of fluid interaction have either been
indicated by numerical evidence ([34], [23]), or even been verified rigorously ([21], [22], [16], [10]).

In order to address this topic for possibly flux-limited Keller-Segel systems of the form in a framework
consistent with the modeling approach in [34], concentrating on the prototypical situation of bacterial
populations coupled to a surrounding liquid through transport and buocancy we shall subsequently
consider the problem

ne+u-Vn = An—V-(nf(]VcP)Vc), xeQ, t>0,
c+u-Ve = Ac—c+n, reQ, t>0,
u+ (u-Vu = Au+ VP +nV, V- -u=0, r e, t>0, (1.3)
gn — 8 =0, u=0, red, t>0,
L n(z,0) =no(x), c(z,0) =co(x), u(z,0)=up(z), x €,

in a smoothly bounded domain  C R?, with a suitably regular chemotactic sensitivity coefficient f
and a given gravitational potential ®.

Within this setting and that of a corresponding parabolic-elliptic simplification, the first of the above
two criticality features of f = const. has already been investigated numericaly and analytically: While



simulations predict that fluid coupling of this type may entail some blow-up delay by enforcing bound-
edness in the presence of large-mass initial data for which solutions to (1.1) blow up ([23]), a result
on global solvability for small-mass initial data indicates that the corresponding critical mass phe-
nomenon for (1.1), albeit with a possibly changed particular threshold value, persists also under the
influence of the considered fluid interplay ([43]).

Main results. The purpose of the present study now consists in examining corresponding sta-
bility properties of the second among the mentioned aspects of criticality related to the choice of
constant f in (1.1). Specifically concerned with the question whether in the fully coupled model
(1.3) still an arbitrarily small algebraic flux limitation of the form in (1.2) is sufficient to suppress
any unboundedness phenomenon, by means of an analytical approach quite completely different from
those pursued in the literature on (1.1) we shall find the following essentially affirmative answer.
In its formulation, as well as throughout the sequel, we let Wolf(ﬂ) = VVO1 2(Q;R2) N L2(Q) with
L2(Q) = {p € L*(1R?) | V- = 0}, and letting P represent the Helmholtz projection on
MNyoq L7 (4 R?) we let A = —PA and (A”)y> denote the Stokes operator in L?(€2;R?), with do-
main given by D(A) := W22(Q;R?)N Wolf(Q), and the family of its corresponding fractional powers,
respectively.

Theorem 1.1 Suppose that @ C R? is a bounded convex domain with smooth boundary, and assume
that ® € W2*°(Q), and that f € C?*([0,00)) is such that f € C%([0,00)) satisfies (1.2) with some
K¢ >0 and some

a > 0.

Moreover, suppose that

nog € CO( )
co € wh oo(
wy € WE2(Q) N W22(; R?).

is nonnegative with ng 0,  that

Q) is nonnegative,  and that (1.4)

Then there exist uniquely determined functions

n € CYQ x [0,00)) NCHL(Q x (0,00)),
¢ € Ng=1 CY([0, 00); WH24(Q)) N C%1(Q x (0, 00)) and (1.5)
0 € Nyegsny €010, 00): DIAY)) 1 CPA(@ x (0,00): B2)

which are such that n > 0 and ¢ > 0 in Q x (0,00), and that with some P € C°(Q x (0,00)), the
quadruple (n,c,u, P) is a classical solution of (1.3) in © x (0,00). Moreover, this solution is bounded
in the sense that one can find ¢ > 1 and ¥ € (%, 1) satisfying

sup { [, )= @)+ el Dllwrancay + 147u( Dl 2oy} < o (16)

By thus essentially asserting persistence of a boundedness feature, as known to be enjoyed by a
chemotaxis system, under the additional inclusion of fluid interaction, this result appears to be quite
in line with some precedent studies concerned with variants of (1.1) involving migration rates which



depend on population densities, rather than signal gradients. In fact, the substantially more favorable
mathematical structure of such systems has allowed for quite a complete knowledge concerning blow-up
dichotomies, and for a widely comprehensive transfer of results from corresponding taxis-only systems
to associated Keller-Segel fluid variants, both in cases governed by linear cell diffusion ([36], [37], [35],
[41]) and in models involving certain nonlinear diffusion mechanisms ([6], [5], [44], [7], [30], [32], [38]).

Main ideas. In contrast to the simple situation of (1.1), any derivation of boundedness features for
solutions to (1.3) evidently needs to adequately cope with the circumstance that regularity properties
of the crucial quantity V¢ may potentially be affected by the fluid field which is a priori unknown.
Accordingly, this seems to limit accessibility to well-established direct strategies toward establishing
LP bounds for n, e.g. by controlling the time evolution in expressions of the form

/np—i—a/ V|, (1.7)
Q Q

as having played key roles in studies on chemotaxis systems for various choices of a > 0 and ¢ > 1
([32], [47], [20]). In fact, at a first stage the only source for regularity information on u appears to be
the standard energy identity for the Navier-Stokes subsystem of (1.3), any meaningful application of
which, however, seems to require integrability features of the forcing term nV® therein that go beyond
those trivially implied by mass conservation in the first solution component. A first and crucial step in
our analysis will accordingly consist in the derivation of some additional basic estimates for n which do
not rely on any features of the fluid field beyond its mere solenoidality, and which provide integrability
properties sufficient to allow for a successful initial regularity analysis of u (Lemma 3.3). Fortunately,
in Section 3 we shall see that precisely when o > 0, the assumption (1.2) warrants that this can indeed
be achieved by tracing the evolution of

—/anJr/Q(chM)’” (1.8)

for some p € (0,1), arbitrarily large r and suitably chosen M > 0 (cf. Lemma 3.6); although in its
principal design related to the strategy from [35] where similar sublinear powers have been essential,
this procedure deviates from the latter by simultaneously providing bounds for ¢ which will later on
come in handy when an apparently novel interpolation inequality will be applied (Lemma 4.1, Lemma
4.5 and Lemma 4.6). Only after this preparation, Section 4 will reveal that an analysis of higher
regularity features can be based on the examination of functionals in the style of those from (1.7)
with arbitrarily large p > 1 and ¢ > 1, when augmented by an added Dirichlet integral of the fluid
velocity. In fact, appropriately estimating respectively appearing ill-signed contributions will enable
us to derive temporally uniform bounds for the coupled functionals under consideration (Lemma 4.8),
and to thereupon obtain our main result by means of a final bootstrap argument to be performed in
Section 5.

2 Local existence and extensibility

Let us first note that according to approaches meanwhile quite standard, unique local-in-time classical
solutions enjoying a fairly handy entensibility feature always exist:



Lemma 2.1 Suppose that f € C%([0,00)) and that (ng, co, uo) satisfies (1.4). Then there exist Tpyaz €
(0, 00] and unique functions

n e CoQ x [0, Thnaz)) N C*HQ x (0, Thnaz)),

¢ € Mgo1 C[0: Tonaz); WH1(Q)) 1 C2HQ X (0, Tonae))  and
u < mﬂe(%,l) CO([0, Tinaz); D(A”)) N C*H( X (0, Trnaz,e); R?)

such that n > 0 and ¢ > 0 in Q x [0, Tynaz), that

if Toaz = 00, or forallg>1 and 9 € (%, 1) we have

lim s {InC,Oll@) + et Dllwrzaay + 147u(, )l 2(0) | = oo, (2.1)

max

and that (n,c,u, P) forms a classical solution of (1.3) in Q x (0, Tynas) with some appropriate P €
CYO(Q x (0, Tynae)). This solution has the additional property that

/Qn(-,t) = /Qno for allt € (0, Tinag)- (2.2)

PROOF.  This can be seen by straightforward adaptation of well-known arguments from the literature
on local existence, extensibility, positivity and mass conservation in related chemotaxis-fluid systems,
as detailed in [39], for instance. O

3 Basic bounds for n and c. Analyzing the Navier-Stokes energy

The first objective of this section is to make sure that functionals of the form in (1.8) enjoy certain
entropy-like features when the integrability exponent p € (0,1) appearing therein is suitably small.
Besides implying bounds for ¢ in L" spaces with arbitrarily large r, this will reveal some additional
regularity features of n that will turn out to be sufficient for a successful analysis of the standard
energy identity associated with the Navier-Stokes subsystem of (1.3).

Our analysis in this direction is launched by the following observation which already relies in an
essentiall manner on the flux limitation mechanism expressed in our overall assumption (1.2).

Lemma 3.1 Assume (1.2) with some Ky >0 and o > 0, and let p € (0,1) be such that

(0%

< . 3.1
P (3.1)
Then there exists C = C(p) > 0 such that
d 1-
—/ nf + p(p)/ nP~2|Vn|? < C/ Ve +C for allt € (0, Thaz)- (3.2)
dt Jo 2 Q O



PRrROOF.  We make use of the positivity of n in Q x (0, Tj,z) to see upon integrating by parts in the
first equation from (1.3) and using Young’s inequality along with (1.2) that

1d

——— [ n’+ 1—p/np_2Vn2
L [ [l

— (W) [ TRV Ve
Q

1—

< S [P 0= p) [ w0 vl
4 Jo Q

1 —

< 4p/ P2Vl + (1 —p)K]%/ WP(Ve+1)"|Vel2  for all £ € (0, Tongs).  (3.3)
0 Q
Here if a > 1, then by the Holder inequality and (2.2), abbreviating Cy := fQ ng we have

(1 =9I} [ (T + )0V < (- p)G [
Q Q

p
< a-prgierr{ [l
Q
= (1-pKFQ"*Ct  forallt € (0,Tma),

while if @ € (0,1) and p < a, then after employing Young’s inequality we may proceed similarly to
estimate

(1—p)K]2c/np(|Vc|2—|—1)O‘]Vc|2 < (1—p)K]2c/np]Vc|22a
Q Q
< @-pK} [ 0+ - pPKG [ Ve
Q Q
<

p
(1-p)K? Q' 5CF + (1 p)*K? /Q Vef?

for all t € (0, Tinaz), so that in both these cases, (3.2) is a consequence of (3.3).

If a <1and a <p < 3%, finally, then in view of the Gagliardo-Nirenberg inequality we can pick
Cy = Cy(p) > 0 such that
_2p 2a 2p
lell 728y < CallVellizg el ’%‘Z )+C2Hs0H” ?Q) for all p € WH2(Q),

to see that again by Young’s inequality and (2.2),

(1=K} [ 2219+ 1) Ve
Q

« -«
o { [}
Q Q
Y (N s T o ST O L7
P PO @) L (@) Q
pa
p—a 2o 4\ E= l1-«a
- (-pK3C -{Z?i/np—2|w|2+c;a} ’ {/ |Vc|2}
Q Q

6
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for all t € (0, Tynaz). Taking C5 = C5(p) > 0 such that in accordance with Young’s inequality we have

1—-p o P
ab < =—ar—a + C3ba for all @ > 0 and b > 0,

por"

we therefore obtain that for all ¢ € (0, Tz ),

(1= K3 [ w19+ 1) Ve
Q

po
1-— 20p=e _4 p-a -
o -{p ] /np‘QIVn!2+Cf’“}+03-{(1—p)K?02” -{/W} }
pQClp—a Q Q

i=pa p(l—a)

1— 1— P 2 p-o a
_ p/np—z\vm2+< LS Y S o 03-{/ yvCF} ,
4 Jo p Q

so that since, clearly,

(o)

due to the fact that w < 1, we readily infer (3.2) from (3.3) also for such p. O

p(l—a)

< / Ve|? + 1 for all t € (0, Trnax)
Q

Fortunately, the ill-signed contribution to the right-hand side of (3.2) is dominated by the dissipation
rate appearing in a zero-order testing procedure which operates on the second equation in (1.3), but
which unlike that to be pursued later when analyzing functionals of the form in (1.7) (see Lemma 4.3)
does not presuppose any quantitative regularity feature of the fluid field.

Lemma 3.2 Suppose that (1.2) is satisfied with some K¢y > 0 and o > 0, and let p € (0,1), » > 3
and M > 1. Then there exists C(M) = C(M;p,r) > 0 with the property that

d 1-—
— (c+M)T+M/ \vcy2+/(c+M)7" < p(p)/ nP 2|V +C(M)  for allt € (0, Traz)-
dt Jo Q Q 4 Q

(3.4)
Proor.  We fix ¢ = ¢q(p,r) > 1 such that

,
3.5
L — (3.5)

and observe that then the inequalities » > p + 1 > 1 ensure that ¢ < ﬁ and ¢ < 7, and that hence

Pa g g -1
qg—1 (q—1)r

As furthermore clearly % > 2, we may interpolate using the Gagliardo-Nirenberg inequality to find
Cy = Ci(p,r) > 0 and Cy = Cy(p,r) > 0 such that

> 2, (3.6)

2q

2q 2 2q_
lell 2y < CillVelZa@llel ™2+ Cille] ™' for all o € W?(Q) (3.7)
LP (Q) LP () LP(Q)



and
lell? 2 < CollVel o) + CollelZoq)  for all p € WH2(Q). (3.8)
L @D (Q)
Moreover, relying on the left inequality in (3.6) we may invoke Young’s inequality to see that if we
abbreviate C3 := [, ng, then with some Cy = Cy(p,r) > 0 we have

1—p pa pq
ab < ———ae-1 + Cybra—atl forall @ > 0 and b > 0, (3.9)
pCy~

and to appropriately make use of these selections, we multiply the second equation in (1.3) by (¢ +
M)™! and integrate by parts to find that

d
- (c+M /\Vc+M

= —r/g)c(c—i—M)’”_l%-r/Qn(c—i-M)’”_l

= —r/(c—l—M)T+rM/(c+M)r_1—|—r/n(c+M)”_1 for all t € (0, Tyaz)- (3.10)
Q Q Q
Here by Young’s inequality,
o [ermy = {0y} T Lt (T0) 7
[¢) O ’I"—]. T—2
r—1 (r(r—2) , 1 1 r—1\5 "
L e L e (=5) T )

— 1\r—1
_ (7«_2)/((;+M)T+ (F=5)  Mrjal for all € (0, Tya). (3:11)
0 r—2

IN

while combining the Holder inequality with (3.7) and (3.9), we infer that according to (2.2) and our
definition of Cs,

1 % q(r—1) %
r/n(c—l—M)T < r- /nq : /(c+M) =T
Q Q Q
p 2 2('r 1)
- /,a”n2”p27q ||(C+M) H 2q('r 1)
L7 (Q) La=Dr (Q)
a1 2 p 20 o 26-1)
< G {HVWHLmHWII > nz]7 } e+ M)2|| 5,
() p(Q) LP(Q) L2(CZI( 1)1r> Q)
g—1 20(1’%1 pe ) & 2(r—1)
=1 Pq_ pq AR Uit}
= o e {TG [ a0 e a0
4 Q [ (g=Dr (Q)
_b
1— 2cq*1
< {p g /np 2Vnf? + ¢y }
pcgqﬁ 4 Q



2pg(r—1)

+C5]|(c + M)z | "L )

L@ Dr ()
1_ 1— Op . 2pq(T*1)l
— p(p)/ n?2|Vn|? + (A -p)Cy + Cs||(c + M)3 | (pgq’(?‘fi;’ (3.12)
4 Q p L (@=Dr (Q)

for all t € (0, Thnaz), with C5 = Cs(p,7) :== Cy - (C b )qu(qﬁl. We now employ (3.8) and then use

that according to (3.5) the positive number 6 = 0(p,r) : % satisfies
p_1-_"—r=pa _,

(pg—q+1)r
and hence 6 > 1, to see once more by means of Young’s inequality that

0

A

2pq<T*1)
Csl(c+ M)EPaTy < 0305-{ [z [ (c+M)”}
L@ Dr (@) Q Q
< /|V(c+M)5|2+/(c+M)T+(02905)119 for all ¢ € (0, Thae).

Q Q

Together with (3.12) and (3.11) inserted into (3.10), this shows that

C‘llt (c+ M) + {4(’”_1)—1}-/Q|V(c+M)212+{r—(r—2)—1}-/Q(c+M)T

r

1—p _ r—1\r—1 (1—-p)C¥
< 4/an 22 + (PQ) M \Q|+T3+(0205) for all ¢ € (0, Thnas)

and thereby establishes (3.4), because r — (r—2) — 1 = 1, and because thanks to our restrictions r > 3
and M > 1,

(- a /\vc+M e 4)/<0+M)’”2!w|2215M7"2/‘V0’2ZM/’VC’2
4 Q 4 Q Q

for all t € (0, Thnaz)-

Among the consequences implied by an adequate linear combination of the inequalities provided by
the latter two lemmata, the following will be referred to below.

Lemma 3.3 Suppose that (1.2) holds with some Ky > 0 and o > 0. Then whenever p € (0,1)
satisfies (3.1) and r > 3, one can find C = C(p,r) > 0 such that

/ SO <O for allt€ (0, T (3.13)
Q

and

t+7
/ / nP=2|Vn|* < C forallt € (0, Trnaw — T), (3.14)
t Q

where T := min{1, %Tmam}.



PrROOF.  We first apply Lemma 3.1 to fix C; = C1(p) > 0 such that

(1

d _
2]9)/ nP=2|Vn|* < C’l/ |Ve|? + Cy for all t € (0, Trnaz),
Q Q

p
_ P
7 Qn +

and then rely on Lemma 3.2 to find Cy = Cy(p,r) > 0 fulfilling

d 1—
o (c+01)T+01/ |vc\2+/(c+cl)" < M/np2|vn|2+c2 for all t € (0, Tynaz)-
tJa Q Q 4 Q

Therefore,

o)== [ w0+ [ (c+a)s e T,

Q Q
and
L p(l - p) p—2 2
h(t) := | ()| Vn(-, 1), t € (0, Traz),
Q

satisfy

v () +yt)+h(t) <Ci+Cy  forallt € (0, Thax), (3.15)

so that by nonnegativity of h,

t
yt) < y(0)e ™t + (C1+ Cy) / e n(s)ds
0
= y(O)e_t +(C14+Cy)-(1— e_t)
< C3=0Cs(p,r) = /(Co +C)"+C+ O for all t € (0, Thnax)- (3.16)
Q

As —y(t) < [onP(-,t) and

p p
/npg Q|1_p-{/n} = Cy = Cy(p) := |Q|1_p-{/n0} for all ¢ € (0, Tynaz) (3.17)
Q Q Q

by the Hoélder inequality and (2.2), combining (3.15) with (3.16) we thereafter obtain that

t+7 t+7
l (s)ds Mﬂﬂﬁ+ﬂ—l y(s)ds + (Cr + Co)r

<
< O3+ Cy+Cyt + (CL + Cy)T
< C1+Cy+ Cs 420y for all t € (0, Thnae — 7)

due to the restriction 7 < 1. This implies (3.14), whereas (3.13) results from (3.16) together with

(3.17).

Through an interpolation along with (2.2), the weighted first-order estimate in (3.14) provides a bound
for n with respect to some spatio-temporal Lebesgue norm that combines square integrability in time

with some superlinear summability feature in space:

10



Corollary 3.4 If (1.2) holds with some Ky >0 and a > 0, and if p € (0,1) satisfies (3.1), then there

exists C' = C(p) > 0 such that
t+1 5
Y ds < C lte (0, Thnes —7),
|t as<0 foraneeg ")

where again T := min{1, %me}.

(3.18)

PROOF.  Using that p(24_p) > %, we employ the Gagliardo-Nirenberg inequality to fix C1 = Cy(p) > 0
such that
4 4-2p 4
lell? <CilVeli@llell 2 +Cillel”, for all ¢ € W2(Q),
LP2=p) (Q) LP(Q) L7 (Q)

which when applied to ¢ := n? shows that

t+7 ) t+7 » 4
. — 2(. p
[ s = [ b s

Lr(2=p) (Q)

t+7
a[ 1905 ()220 125 (-, 9)]

4—2p

IN

ds
)

SIININ

L

t+7 » 4
+a/ 87, ds
t Lp

()
2 2—p t+1
S Cl-{/no} / /nPQIVn’2
4 Q ¢ Q

2
+Ol7— . { / no} for all ¢ € (07Tmax)
Q

according to (2.2). The claim therefore results from the estimate in (3.14).

O

In order to make appropriate use of the latter in the context of the announced analysis of the Navier-
Stokes system in (1.3), let us recall from [42, Lemma 3.4] the following elementary result concerned

with elementary calculus.

Lemma 3.5 Let T € (0,00] and 7 € (0,T), and suppose that h € L}, ((0,T)) is nonnegative and such

that
t+7
/ h(s)ds <b  forallt e (0,T —7)
t

with some b > 0. Then whenever \ > 0,

t
/e)‘(ts)h(s)dsgl

for allt € (0,T).
0 — €

—AT

By means of the latter, we can now utilize the outcome of Corollary 3.4 to derive the following basic

regularity information on the fluid component.

11



Lemma 3.6 Assume that there exist Ky > 0 and o > 0 such that (1.2) holds. Then one can fix
C > 0 with the property that

/ WO <C for all t € (0, T (3.19)
Q

and

t+7
/ / Vul> <C  forallt € (0, Tae — 7), (3.20)
t Q
again with T := min{1, %Tmaw}.

Proor.  We pick any p € (0,1) fulfilling (3.1), and then infer from Corollary 3.4 that there exists
C1 > 0 satisfying

t+r
2

: ds < C for all t € (0, Tynax — 7). 3.21

/t Hn( S)HL%(Q) s Oy or a ( ) ( )

2
Moreover, by continuity of the embedding W2(Q2) < L»(Q) we can employ an associated Poincaré-
Sobolev inequality to fix Cy > 0 with the property that

1912 ) + 1€l < Call Vel for all o € Wo* (% R?), (3.22)

and abbreviating C3 := [[V®|| Lo (q), We then test the third equation in (1.3) against v and invoke the
Holder inequality along with (3.22) and Young’s inequality to see that

24 Vul? /n’wV@
s 1+ [ v = [

<
< Gslnll, 2, H HLf(Q)
< CaGsn ”Lm(mHVUHLQ Q)
1 , C2C%
< L [gup s ©2% for all ¢ € (0, Tag)-
< 2/9\ ul 5 HnHL%(Q) or all t € (0, )

Again using (3.22), we thus obtain that with A := 3 02 we have

/ ul? + )\/ lu|? + / IVu|? < h(t) = CZQCanHi%(Q) for all t € (0, Trnaz), (3.23)

so that since o
/ h(s)ds < Cy := C1C3C3 for all t € (0, Trnaz — T) (3.24)
t

by (3.21), we firstly infer upon applying Lemma 3.5 that

¢
/MQ < 6)‘t-/\u0!2+/ e M=) n(s)ds
Q Q 0

C
< Cy:= / |u0|2+ﬁ for all t € (0, Thaz)-
0 _

12



Besides directly establishing (3.19), due to (3.23) and (3.24) this furthermore shows that

1 t+7 t+7
2/ / |Vul|? < / (-, t)[? —I—/ h(s)ds < Cs + Cy for all t € (0, Tynax — T)
t Q Q t

and hence also implies (3.20). O

4 An advanced quasi-entropy property. Estimates in L? x W24 x |}/
for some p > 2 and ¢ > 1

This section will be devoted to the derivation of some time-independent integrability properties for n,
and espcially also for the signal gradient Ve, in some superquadratic Lebesgue spaces. This will be
achieved in Lemma 4.8 by analyzing a functional which extends that from (1.7) through an additional
summand fQ |Vu|?, and in the course of an appropriate estimation of the respective contributions
stemming from the interaction mechanisms in (1.3) we shall make essential use the regularity features
of u asserted by Lemma 3.6 together with the L" bounds for ¢ from Lemma 3.3.

4.1 Interpolating between zero-order and weighted second-order expressions

In order to prepare a suitable exploitation of this latter information currently available for ¢, let
us briefly derive a functional inequality which interpolates gradients between weighted L? norms of
Hessians and some zero-order Lebesgue norms. Though being quite in the spirit of precedents that
involve L* norms of the considered functions ([40, Lemma 3.8]), their particular preciousness in the
context of our present purposes originates from their meaningful applicability already in situations
when L" bounds are a priori known for some finite r; in contrast to a previously obtained variant of a
similar flavor ([36, Lemma 2.7]), our result does not involve any additional zero-order summands on
its right-hand side, and moreover is fully homogeneous with respect to multiplication of the estimated
function by constant factors.

Lemma 4.1 Let ¢ > 1 and X\ > 2 be such that A < 2q+ 2. Then there exists C = C(q, ) > 0 such
that for all o € C*(Q) fulfilling g—f =0 on 09,

2):&»2 2\ 2‘12+i;)‘

q q

[ivep<c{ [ woprionep ™ { et (4.1)
Q Q Q

PROOF.  Since g—f = 0 on 0f), an integration by parts followed by an application of the Cauchy-
Schwarz inequality shows that since |Ay| < v/2|D?¢| in Q,

/ Vel
0

/IVsD\HVsO-VsO
Q
= —/Qsosz-VIVsO\AQ—/QsO\VsDIAzAw

= —(A—2)/Q¢>IVW4V¢~(D2<p-Vs0)—/Qs0|V<P\AZA@

13



IN

(A -2+ V2) /Q ol - [Vel*2 - D)

a-2+vaf [ |ww2q-2m2wr?}é {/ @2!V90!2A_2q_2}%- (42)

Here we may rely on our assumption A < 2¢g + 2 to infer that by the Holder inequality,

IN

2q+2—X A—qg—1

{ [ emppn } <{ [t} 7 [wer) T

whence (4.2) implies that

q+1
A

o) - (o)
o-2+ve){ [ wF“mW} A [ 1ol } -

and that thus (4.1) holds with C(g, ) 1= (A — 2+ V/2) 71, 0

IN

As a particular implication specifically adapted to our context, let us note the following.
Corollary 4.2 Assume (1.2) with some Ky > 0 and o > 0, and let ¢ > 1 and X > 0 be such that
A < 2q+2. Then for alln > 0 one can find C(n) = C(n;q,\) > 0 such that
/ Ve* < 77/ |Ve|?772| D> + C(n) for all t € (0, Thnaz)- (4.3)
Q Q

PROOF Due to the Holder inequality it is sufficient to consider the case when A\ > 2, in which
since 55 +2 < 1, an application of Young’s inequality to (4.1) shows that given any 1 > 0 one can pick
Cy = Ci(n,q, )\) > 0 fulfilling

/ |Ve* < 77/ |Ve|?772| D?%c|? + 01/ cTa= for all t € (0, Trnaz)-
Q Q Q
As from Lemma 3.3 we know that supc(o.1,...) Jo T (+,t) is finite, this implies (4.3). O

4.2 Analyzing [,n” + [, |Vc[*"+ [, |Vul? for some p > 2 and ¢ > 1

Let us now turn our attention to the major part of this section by noticing the preliminary outcomes
of three testing procedures applied to (1.3). For convenience in notation, we may and will assume
here that the exponent « in (1.2) be such that o < 1.

Lemma 4.3 Assume (1.2) with some Ky > 0 and o € (0,1), and let p > 2 and ¢ > 2 — «. Then
there exists C' = C(p,q) > 0 such that for all t € (0, Tqex) we have

(g=1)—2(1—0) 1) 2(1 a)
/np /np 2|Vn|2<C’/ e —|—C/]V| B +C (4.4)

14



plag—1)—2(1—a) -
& [vepes [ [weprapre < o [ w T w0 [ 19 I e [ (weval 4s)
Q Q Q

as well as )
d/ vu\2+/ \Au\ZSC-{/ yw\?} +C/n2+C (4.6)
dt Jo Q Q Q

PrROOF. In view of the first equation from (1.3), using (1.2) along with our assumption that o < 1
we see that due to Young’s inequality,

1
4 nf + (p — 1)/ nP Va2 = (p-— 1)/ nPLf(|Ve)Vn - Ve
Q Q Q

pdt
—1 —1
p/np—2|vn|2+p/npr(\ch)ych
2 Jo 2 Jo

-1
p/np2|Vn]2
2 Jo

2
+(p_1)Kf
2

IN

IN

/ nP|Ve|>~2*  for all t € (0, Thnaz),
Q

so that since p > 2 implies that 2 ( L > 1, we obtain that

p(p —1)K?
— [ nP+ / nP~2|Vn|* < <)f/ nP|Ve>72%  for all t € (0, Traz)- (4.7)
Q Q 2 Q
Here we note that our hypothesis p > 2 ensures that 6 := % satisfies
—9)(1 —
p_ 1. P=2)1-q) >0,
p(g+a—2)
whence a further application of Young’s inequality shows that
2-2 0 @-2008
/ nP| V22 < / o / Vel for all £ € (0, Thuae). (4.8)
Q
Observing that pf = % and that
(2—2@)9_2 1 -« _y plg—1)—2(1 — )
-1  ° q_ _plgta=2) p—2 ’

p(g—1)—-2(1-q)
we thus infer (4.4) from (4.8) when inserted into (4.7).

To derive (4.5), we use that according to an argument due to [20, Lemma 3.2] we can find C; =
C1(q) > 0 such that

1 2q20|Ve]?
2 /Q Vel ov

IN

1 / ]vyvcyqf e
Q

-1 2
_ 612/ \Vc|2q_4‘V|VC|2’ + Oy for all t € (0, Thnaz),
Q

15



to see intergating by parts in the second equation from (1.3) that since Ve VAc = 1A|Ve|? — |D%c|?
and |Ve| < V2|D2¢|,

1d
—— Ve[ = Ve|*2Ve-ViAc—c+n—u-V
% t/| ‘| /\ c| c { c—c+n—u c}

= 1/ ]Vc|2q2A|Vc\2—/ ]Vc]2q2|D20|2—/ \Vc]Zq
2 Ja ) 0

—/nv-(wc\?q-?vc)—/ Vel22Ve - V(u - Ve)
Q Q
. _q—l 2¢—4 22_1/ 2q728‘vc|2
= -2 /vac| vIvep| - [ wepra i
- [ wepripe — [ vep
Q Q
—/ n- {2(q —1)|Ve|*71Ve - (D?%c- Ve) — ]Vc|2q_2Ac}
Q

—/ |Ve|*72Ve - (Vu - Ve)
Q

IN

i — / Ve|?-2 D2
Q
+(2¢ — 2+ \@)/ n|Ve|?772| D?¢| +/ |Ve|?4Vu|  forall t € (0, Thae), (4.9)
Q Q
because for all ¢t € (0, Tyaz),
/ |Ve|*2Ve - V(u-Ve) — / Ve[*2Ve- (Vu-Ve) = / |Ve[*Ve - (D?%c - u)
Q Q Q

1
= /u-V|Vc|2q:0
2q Jo

by solenoidality of . Since Young’s inequality asserts that

1
(2q_2+\f2)/n|vc|2q—2\p%| < / Ve[24-2| D22
0 2q Jo

q(2¢ — 2+ V2)?
* 2

/n2|Vc|2q_2 for all ¢ € (0, Tynax),
Q)

and that here due to the fact that \ := % satisfies A > 0 > 1 we have

/nvacyzq—z < / n”+/ Ve|2=22x —1  for all t € (0, Thnaa),
Q Q Q

from (4.9) we readily obtain (4.5) upon noticing that 2¢ > 1 and computing
plg—1)—2(1-«a)

—1)—2(1 — 2q9)\ —1
:p(q ) ( @) as well as (242) =2- d =2 .

~ 9 o1 ~ 2(gta—2) _ ~ 9
¢t e gy b

2

(4.10)
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Finally, testing the Navier-Stokes subsystem of (1.3) by Au we find that thanks to Young’s inequality,

/|vy2 /|Auy2: /AuPuV /AuPnV(I)]
2dt 0

< / |Au!2+2/ \P[(u.V)u]Pm/ PlVD]?
4 Jo Q Q

< 1/|Au|2+2/|(u-V)u|2—|—2/]nV¢>|2
4 Ja Q Q

<

1
4/ |AU|2+2||U|%OO(Q)/ |VU|2+2||V(I)‘|%00(Q)/”2 (4.11)
0 Q 0

for all t € (0,Tynaz), where on the basis of our assumption on f we may clearly invoke Lemma 3.6
to infer finiteness of sup,c(o1,...) Jo lu(-,t)|?, and to thus see by means of a Gagliardo-Nirenberg
interpolation and Young’s inequality that with some Cs > 0 and C3 > 0 we have

22 e /Q VulP < CollAull iz lull 2 /Q Vul?

1 2
< / \Au\2+03-{/ |Vu]2} for all ¢ € (0, Thnaz)-
4 Jo Q

We therefore obtain (4.6) as a consequence of (4.11). O

IN

Next intending to estimate the expressions on the right-hand sides in (4.4), (4.5) and (4.6) through
appropriate interpolation, we shall first focus on the integrals in (4.4) and (4.5) that involve n. By
merely resorting to mass conservation as the only time-independent information on n currently at
hand, we see that these can favorably be controlled by means of the corresponding dissipation rate in
(4.4) when the exponent ¢ is suitably large relative to p:

Lemma 4.4 Let o € (0,1), p> 2 and
g>p(l—a)+a. (4.12)
Then for all n > 0 there exists C(n) = C(n;p,q) > 0 such that

plg=1)-2(1—-a) —9 2
n qta—2 S n Tlp ‘Vn| —+ C(’rl) fOT’ all t e (0, Tmaa:)- (413)
QO Q

PrOOF.  We first note that (4.12) together with our assumption p > 2 implies that ¢ > (1—a)-2+a =
2 — a, and that thus also

plg—1)—2(1—a)—(g+a—-2)>2(q—-1)—-2(1—-a)— (¢+a—2)=qg+a—2>0,
whence 0 := % is well-defined with @ > 1. Therefore, the Gagliardo-Nirenberg inequality
in conjunction with (2.2) yields Cy; = Ci(p,q) > 0 and Cy = Ca(p, ¢) > 0 such that

0 B 2
JREE
0 L7 ()
2(0—-1) » 20
< CH|IV 2 2 p C 2P
< CuVn iy Inf I, o+ CutI,
2(0-1)
< C'2||Vn2||L2(Q) + Oy for all ¢ € (0, Trnaz),

17



so that since (4.12) furthermore ensures that

2(0 — 1 2 1-— —
20-1) ,_2 pl-a)+a 7y,
P p q+a—2
and that thus @ < 2, an application of Young’s inequality readily yields the claim. O

On the other hand, requiring g not to be too large as compared to p enables us to directly apply
Corollary 4.2 in order to similarly estimate the integrals merely involving the taxis gradient against
the dissipated quantity in (4.5).

Lemma 4.5 Assume (1.2) with some Ky > 0 and o € (0,1), and let p > 2 and ¢ > 2 — « be such
that
qg<p-—o. (4.14)

Then given any n > 0 one can pick C(n) = C(n;p,q) > 0 such that

plg=1)—2(1—a)
/ Vel? B < 77/ |Ve|?772|D?c> 4+ C(n) for all t € (0, Thnaz)- (4.15)
Q Q

PrROOF.  We only need to observe that since p > 2, the inequalities ¢ > 2 —« and ¢ < p — a warrant
that

plg—1)—2(1—a)>p(l—a)—2(1—a)>0

and
—1)—2(1— 4 —
o Pla—1) =2 a)_(2q+2): lgta=-p) g
p—2 p—2
respectively, so that \ := 2.2 (q—I;:QQ(l—a) is positive with A < 2¢ + 2. Therefore, namely, the claim
results from Corollary 4.2. 0

Apart from that, let us prepare our subsequent estimation of the rightmost summand in (4.5) by the
following two lemmata, the first of which again quite trivially results from Corollary 4.2 when ¢ is
suitably small.

Lemma 4.6 Assume (1.2) with some Ky >0 and a > 0, and let ¢ > 1 be such that
q<2. (4.16)

Then for all n > 0 there exists C(n) = C(n;q) > 0 with the property that
/ |Ve|?? < n/ V|12 D%c|* 4+ C(n) for all t € (0, Thnaz)- (4.17)
Q Q

Proor.  This immediately follows from Corollary 4.2, because (4.16) warrants that 2¢ — (2¢ 4 2) =
q—2<0. ]

Secondly, the corresponding fluid velocity gradient will be controlled by making use of the following
result that relies on the L? bound for u provided by Lemma 3.6.
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Lemma 4.7 Assume that (1.2) be satisfied with some Ky > 0 and o > 0. Then there exists C > 0
such that

/ |Vul® < C/ | Aul? for allt € (0, Thnag)- (4.18)
Q Q

Proor.  Since well-known regularity features of the Stokes operator guarantee that [|A(-)[|r2(q)
defines a norm equivalent to [|-[|yy2.2() on D(A) ([31]), by means of the Gagliardo-Nirenberg inequality
we see that with some C7 > 0 and C5 > 0 we have

/Q [Vul® < Cilfullfyaag)lull 2@ < CallAullfallull 2y for all ¢ € (0, Taa)-

Due to the boundedness property in (3.19) this already establishes (4.18). O

It now turns out that if one last time we adequately make explicit use of our overall assumption
on validity of (1.2) with some positive «, then we can find p > 2 and ¢ > 1 in such a way that
the assumptions (4.12), (4.14) and (4.16) are simultaneously satisfied. We may therefore derive the
following from a combination of Lemma 4.3 with Lemma 4.4-Lemma 4.7.

Lemma 4.8 Suppose that (1.2) holds with some K¢ > 0 and o > 0. Then there exist p > 2,q > 1
and C > 0 such that

/ nP(-,t) <C for all t € (0, Tnaz) (4.19)
Q
and
/ Ve <C for allt € (0, Tyas) (4.20)
Q
as well as
/ Vu( )2 <C  for alit € (0, Tha). (4.21)
Q

PROOF.  Assuming without loss of generality that o < 1, we fix any ¢ € (2 — «, 2) and use that then

a-(g+a—2)

0
11—« -

1_70(—((14'@)

in choosing p € (¢ + a, {=). Then necessarily p > (2 — a) + a = 2, so that Lemma 4.3 applies so as
to yield C7 > 0 such that

d
{/np—l—/ \Vc\zq—i-/ ]Vu\z}—i-/np_zwn\?—i-/ ]Vc|2q_2\D20\2+/ | Aul?
dt | Jo Q 0 0 Q 0

p(qfl)*2(1*0¢) 9
< Ci+ Cl ate=2 +Cp [ n
Q

9.p(¢=1)—2(1—a) 1) 2(1 o)
+Cl/ ’VC|

2
+01/ yvc|2q|vuy+cl-{/ |vuy2} for all ¢ € (0, Thae). (4.22)
Q Q
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To derive (4.19)-(4.21) from this, we employ Lemma 3.6 to fix Cy > 0 such that

L le ‘VU(',I%)P, te (OaTmax)y
it = { 0 tERN (0. Thnar),

has the property that again with 7 := min{1, %Tmaz} we have

t+T1
/ h(s)ds < Co for all t € R, (4.23)
t

and thereupon let
B :=2(C5. (4.24)

Then observing that % —p= % > 0 and hence 2 < p < %, by using

Young’s inequality along with Lemma 4.4 we can find Cs > 0 fulfilling
plg=1)—2(1—a) 9 plg=1)—2(1-a)
B[l n+C [ n ez +C) [ n® < (B+2C)) [ n ez +(B+C1)|Q (4.25)
Q Q Q Q
< / nP2|\Vn|2 4+ C3  forall t € (0, Thnas).(4.26)
Q
Moreover, taking Cy > 0 such that in accordance with Lemma 4.7 we have

/|vuy3gc4/ |Au>  for all t € (0, Thnaz),
Q Q
in view of Young’s inequality we obtain that
1 4Cy\ 3 3 i1
2 3 4\ 3 3] 3 3
= (==)°B 2 L
/'v“’ T oV (%) /Q{4C4|v“‘} +204 QW“'
2 1 4CYy 3
< Z S B (it
= 3 /{404’%‘} 3 {< 3) ’QH /‘v“’
— | |Vuf+C
C4/g;| u| + 5

/ |Aul>+Cs5  for all t € (0, Thaa) (4.27)
Q

IN

2
with C5 = % . (%) M3|Q|. Writing Cg := % . {(204> Cl} , we thereafter combine Young’s

inequality with Lemma 4.6 and Lemma 4.5 to infer the existence of C7 > 0 satisfying

(g—1)—2(1—a)
B/ |v02q+06/ Vc|3q+C'1/ A=

9.p(a— 1) 2(1 a)

< (B+Cy) [ (Ve [ Vel

< / V|22 D?%c|+ C;  for all t € (0, Thaz), (4.28)
Q
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so that since, again by Young’s inequality,

e fywae = G} (5 e}
: ;/{zoﬁ“} 2 [{CE) ewep)?

= / ]Vu|3+06/ |Ve|?? for all t € (0, Trnaz),
2Cy Ja Q

upon collecting (4.25), (4.27) and (4.28) we conclude from (4.22) that

o) = [ P /|vc 12 4 /|Vu L€ [0, Tona),

Q

has the property that
y'(t) + By(t) < h(t)y(t) + Cs  for all t € (0, Tinaa)

with Cs := C1 + C3 + Cs + C+.

To proceed from this, we note that if 7T}, < 2 and hence 7 = %Tmaw, then (4.23) implies that

Trmaz T 2T
/ h(t)dt = / h(t)dt + / h(t)dt < 2Cs,
0 0 T

(4.29)

and that in the case when T, > 2 and thus 7 = 1, for eack positive integer N and any k €

{0,..., N — 1} we similarly obtain from (4.23) that

N
/ h(t)dt < Cy- (N — k),
k

meaning that for any such N and k,

/th(a)da < Oy {N— (k — 1)}

IA

Therefore, in both these cases we find that
/t h(o)do < Cy - (t —s) + 2Cy for all t € (0, Tinaz) and each s € [0,1),
so that an integration of (4.29) shows that due to (4.24),
y(t) < y(O)efot(h((’_B)dU + Cy /t el (M(@)=B)do ¢
0

t
< y(O)eC2t+202—Bt+08/ ng-(t—s)-i—QCg—B.(t_s)ds
0

21
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t
= 9(0)6202 e 3t 4 086202/ e~ 2 (t=9)gs
0
2086202

B

= y(0)e*% e 3 4 (1-e 7Y

2086202
B

By definition of y, this yields (4.19)-(4.21). O

< y(0)e22 + for all t € (0, Thnax)-

5 Bounds for A%y in L? and for n in L*. Proof of Theorem 1.1

The following consequence of the integrability features in (4.19) and (4.21) on further fluid regularity
is quite straightforward.

Lemma 5.1 Assume (1.2) with some Ky > 0 and o > 0. Then for all 9 € (3,1) there exists
C =C(0) >0 such that

||A19u(o, 2@ <C for all t € (0, Trnaz)- (5.1)

PROOF.  Since ¥ < 1 and thus 3 —9 > 1, we can pick r = r(¢) € (1,2) suitably close to 2 such that

1 < 3 — 4. Then by continuity of the embedding W?(Q) — L%(Q), utilizing (4.21) we see that
with some C; = C1(¢) > 0 and Cy = C3(9) > 0 we have
(- V)ullr@ < Cullull 2o IVullra@) < Co forall t € (0, Tnaz),

27
7

which in conjunction with (4.19) and the boundedness of the Helmholtz projection on L"(£2; R?) ([13])
ensures the existence of C5 = C3() > 0 such that h := —P[(u - V)u] + P[nV®]| satisfies

|A( )|y < Cs  for all t € (0, Tnaa)-

Therefore, recalling known smoothing properties of the Stokes semigroup ([11], [15, p.201]) we obtain
that with some Cy = Cy(¥) > 0 and p > 0,

t
A (-, 8) || o) = HA%—tAuO+ / e =)An(., 5)ds
0

L2(Q)

IN

t 1,1
||A19U0||L2(Q) + 04/0 (t— s)_ﬁ_?'i'ie_“(t_s)nh(', S)HLT(Q)dS

IN

oo
1A 0|l 202 +C3C4/ oIt eTh g
0

for all t € (0, Tjaz)- As the latter integral is finite due to the inequality — — % + % > —1, in view of
the inclusion ug € D(AV) asserted by (1.4) this entails (5.1). O

Along with the fact that in (4.19) and (4.20) we have p > 2 and 2¢q > 2, the latter now provides
sufficient information on regularity in the cross-diffusive and transport-related contributions to the
first equation from (1.3) to ensure boundedness of n actually with respect to the spatial L* norm.

22



Lemma 5.2 If (1.2) is satisfied with some Ky > 0 and o > 0, then there exists C > 0 fulfilling
()L < C for allt € (0, Trnaz)- (5.2)

ProOF.  Using (1.2) and the fact that D(A”) < L>®(Q) for all ¥ € (3,1) ([14], [17]), on the
basis of (4.19), (4.20) and (5.1) we readily infer the existence of » > 2 and C7 > 0 such that h :=
f([Ve|?)Ve + nu satisfies

[A( ) Lr ) < Ch for all t € (0, Tnaz)- (5.3)
We then take any A\ € (2,7) and employ the comparison principle along with a known smoothing
estimate for the Neumann heat semigroup (e'2);>9 on Q ([12]) to see that with some Cy > 0 and
> 0 we have
[n(, )l Lo =

t
ePng —/ elt=9)Ay . {n(-,s)h(‘, s)}ds
0

L>(Q)

IN
\
w

t
ol + Ca [ (6= ) F Rl sl o) propds for all £ € (0, T,
0
Since according to (2.2) and (5.3) we can estimate

In(, R < Il 8)|zoe @y InG, )l g 1R 9) 2@

1-0
- {/ no} : ||n(~,s)\|%oo(ﬂ) for all s € (0, Trnaz)
Q

IN

with @ := P52 € (0,1), this implies that
0
sup [n(es )y < Cs + C - { sup un<-,t>||Loo<Q>} for all T € (0, Tpae),
te(0,T) te(0,7)

with

1-6 o0 11
C3:= max{HnOHLoo(Q) , C1Cy - {/Qno} . / O'_Z_Ae_ugdd}
0

being finite due to the fact that A > 2. As 6 < 1, we thus obtain that

sup (-, )| (@) < max {1, 2C5) 70} for all T € (0, Tynaa),
te(0,T)

from which (5.2) follows upon letting T° 7 T)qz- O
We have thereby collected all ingredients needed to derive our main result from Lemma 2.1.

PROOF of Theorem 1.1.  We only need to combine the bounds provided by Lemma 5.2, (4.20) and
Lemma 5.1 with Lemma 2.1. O
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