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Abstract
The Keller-Segel-Navier-Stokes system
ne+u-Vn = An—xV-(nVe)+ pn — un?,
cc+u-Ve = Ac—c+n, )
*
ur+ (u-Viu = Au+VP+nVeo+ f(x,t),
V-u = 0,

is considered in a bounded convex domain  C R* with smooth boundary, where ¢ € W>(Q)
and f € CY(Q x [0,00)), and where x > 0,p € R and p > 0 are given parameters.

It is proved that under the assumption that sup,.q f:ﬂ

ciently regular initial data (ng,co,up) satisfying ng > 0 and ¢o > 0, the initial-value problem for
(%) under no-flux boundary conditions for n and ¢ and homogeneous Dirichlet boundary conditions
for u possesses at least one globally defined solution in an appropriate generalized sense, and that
this solution is uniformly bounded in with respect to the norm in L'(Q) x L5(Q2) x L*(Q;R3).
Moreover, under the explicit hypothesis that g > %, these solutions are shown to stabilize
toward a spatially homogeneous state in their first two components by satisfying

||f(-,s)|\Lg(Q)ds be finite, for any suffi-

(n(-,t),c(~,t)) — (%, %) in L'(Q) x LP(Q) for all p € [1,6) as t — oo.

Finally, under an additional condition on temporal decay of f it is shown that also the third solution
component equilibrates in that u(-,#) — 0 in L?(Q;R3) as t — oo.
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1 Introduction

Mechanisms of chemotaxis, that is, of the partially oriented movement of cells in response to a chemi-
cal signal, are known to play an important role in various biological processes, and thus have attracted
great interest also at the level of a theoretical understanding ([20], [22]). Here the most thoroughly
studied class of models, containing the classical Keller-Segel system ([27]) as the most celebrated
representative, concentrates on the mere interaction between the cells and the signal substance, ne-
glecting any interplay with further components. In particular, liquid environments of cell populations
are considered to be essentially quiescent and without any significant effect on the cell motion.

Experiments indicate, however, that cells may well influence the motion of a surrounding fluid through
bouyant forces due to differences in densities, and that vice versa the fluid-driven transport of cells
and signal may substantially affect the overall behavior; for instance, populations of aerobic bacteria
suspended in sessile drops of water may exhibit quite a complex but structured collective dynamics,
inter alia involving the spontaneous formation of plume-like aggregates ([12], [59], cf. also [8]).

In this work we consider a model for such bioconvection processes in the case when the signal substance
is produced by the cells themselves, thus covering numerous biologically relevant situations when cells
actively use chemotaxis as a means of communication such as e.g. during the paradigmatic cluster
formation in populations of Escherichia coli ([45]). Accordingly, we shall subsequently be concerned
with the Keller-Segel system coupled to the incompressible Navier-Stokes equations,

ne+u-Vn = An—xV-(nVe)+ pn — un?, reQ, t>0,

c¢+u-Ve = Ac—c+n, r e, t>0, (1.1)
w+ (u-Vu = Au+VP+nVo+ f(z,t), re, t>0,
V-u = 0, reQ t>0,

for the unknown population density n, the signal concentration ¢, the fluid velocity field u and the
associated pressure P, in the physical domain © C R3. Here the constant x denotes the chemotactic
sensitivity, and supposing henceforth that y > 0 presumes that cells move toward increasing concen-
trations of the signal substance which is produced by themselves. The fluid motion is driven, besides
by a possibly nonzero external force f, by the presence of cells, as mediated through the gravitational
potential ¢. Furthermore, in requiring throughout that u > 0, we shall presuppose in (1.1) that on
the considered time scales of tactic migration and convection, also degradation effects are relevant at
large cell population densities, where in apparently good accordance with well-established modeling
approaches ([20], [49]; cf. also the particular chemotaxis-fluid model introduced in [28]) we assume the
underlying mechanisms to be of essentially (self-)competition type, thus leading to standard quadratic
absorption. Apart from that, allowing for arbitrary p € R and hence explicitly including the case
p = 0 enables us to cover also situations when individuals undergo quadratic decay but do not re-
produce, such as typically occurring in bioconvection models from the context of broadcast spawning
([28], [29], [11]). For a recent rigorous derivation of (1.1) on the basis of fundamental principles from
the kinetic theory of active particles, we refer to [1].

Mathematical challenges. The system (1.1) couples the delicate structures of three-dimensional
fluid dynamics on the one hand, and of chemotactic cross-diffusion reinforced by signal production on
the other. Indeed, even when posed without any external influence, the corresponding Navier-Stokes



system does not admit a satisfactory solution theory up to now; beyond classical results on global weak
solvability ([36], [53]), on local existence of smooth solutions ([15], [63]), and on absence of self-similar
blow-up ([47]), the question of global solvability in classes of suitably regular functions yet remains
open except in cases when the initial data are appropriately small ([63]).

Besides this, also the corresponding chemotaxis-only subsystem of (1.1) obtained on letting u = 0,
that is, the system

{nt = An—xV-(nVe)+ pn — pn?, zeN, t>0, (1.2)

¢ = Ac—c+n, reQ t>0,

already possesses quite a delicate mathematical structure. In fact, if posed along with homogeneous
Neumann boundary conditions in three-dimensional balls, in the borderline case p = 0, even when
p = 0 this system is known to possess solutions which undergo a finite-time explosion in the sense
that for appropriate initial data, up to some 7" > 0 a classical solution (n,c) exists but satisfies
limsup; s [[n(-,t)|[ L) = oo ([67]). This striking property of the classical Keller-Segel system has
moreover been detected in numerous related frameworks such as in two-dimensional radially symmetric
([19], [25], [2], [50]) and also some nonradial settings ([46]), and is frequently interpreted as reflecting
its ability to properly describe aggregation phenomena.

On the other hand, the presence of a quadratic degradation term in (1.2), as implied by requiring
u > 0, may have a substantial regularizing effect in this respect: In the two-dimensional case, for
instance, it is known that whenever p > 0, (1.2) possesses global bounded smooth solutions for widely
arbitrary initial data ([48]); in the three-dimensional counterpart, a similar statement holds under
the additional assumption that pu > pog with some pg = po(x, p,2) > 0 ([64]). Apparently, however,
the literature so far leaves open the question whether blow-up may occur in the three-dimensional
version of (1.2) in cases when p is positive but small, in which only weak solutions are known to exist
globally ([35]). Anyhow, the strongly destabilizing action of chemotactic cross-diffusion has recently
been shown to enforce the occurrence of solutions which attain possibly finite but arbitrarily large
values when p > 0 is suitably small ([75]; cf. also [34] for a precedent concerning a a related parabolic-
elliptic variant). A further mathematical caveat reports finite-time blow-up of some solutions to a
high-dimensional parabolic-elliptic modification of (1.2) with the death term —un? replaced by cer-
tain superlinear but subquadratic terms ([65]).

Analysis of chemotaxis-fluid systems.  Asrecent analytical findings show, already cell transport
through a given fluid may substantially influence the solution behavior in certain Keller-Segel-type
chemotaxis systems ([28], [29]); in fact, even complete suppression of blow-up may occur ([30]). To
the best of our knowledge, however, the full mutual coupling of equations from fluid dynamics to
chemotaxis systems, including buoyancy-driven feedback on the fluid motion of the form in (1.1), has
been considered in the analytical literature mainly in cases when the signal substance is consumed by
the cells, rather than produced as in (1.2). For such models, numerous results have been achieved in
the past few years, addressing topics ranging from the mere existence of global solutions ([13], [73],
[3], [6]), also in the context of nonlinear cell diffusion ([14], [55], [60], [9], [77]), to global boundedness
([66], [5], [24], [4]) and even asymptotic issues such as eventual regularity and stabilization ([68], [7],
[74], [71], [76]).

In contrast to this, the knowledge on chemotaxis-fluid systems involving signal production such as in



(1.2) seems rather thin, although numerical simulations for a parabolic-elliptic variant of (1.1) posed
in Q = R? indicate interesting effects such as fluid-induced blow-up prevention in the sense that global
regular solutions exist despite the fact that the same initial data enforce finite-time blow-up in the
corresponding fluid-free Keller-Segel system ([43]).

Beyond a result on global existence of certain small-data solutions ([31]), the apparently first ana-
lytical result in this context which addresses large initial data asserts global existence of certain weak
solutions in a two-dimensional simplification of (1.1) obtained on neglecting the nonlinear convection
term (u-V)u in the case p = 0 and f = 0 ([11]). Global bounded smooth solutions of a boundary-value
problem for the three-dimensional counterpart of this chemotaxis-Stokes variant of (1.1) have recently
been shown to exist for any p > 0, suitably good-natured f and appropriately large p > 0 ([56]). In
smoothly bounded two-dimensional domains, the full system (1.1) has been addressed in [57], where
global bounded classical solutions have been constructed for arbitrary p > 0 and u > 0 and any f satis-
fying appropriate regularity and boundedness conditions. Moreover, the latter two works also provide
some results on the asymptotic decay of solutions when p = 0. For certain chemotaxis-(Navier-)Stokes
modifications of (1.1) involving some inhibition of chemotactic cross-diffusion at large cell or signal
densities, results on global existence and partially also on boundedness in two- and three-dimensional
settings have recently been established in [61] and [62] as well as in [39], [40] and [41].

Main results. The present work focuses on an initial-boundary value problem for the full Keller-
Segel-Navier-Stokes system (1.1) in the delicate spatially three-dimensional framework in which any
theory needs to adequately cope with the circumstance that apparently only quite weak regularity
information is available in general; accordingly, already the construction of global solutions for ar-
bitrarily large initial data, constituting our first objective, will require substantial efforts and, in
particular, the design of a seemingly non-standard concept of generalized solvability. The second goal
will thereafter consist in describing the large time behavior of these solutions under appropriate as-
sumptions. Here since a considerably complex dynamical behavior must be expected to occur already
in the Keller-Segel-growth system (1.2) according to numerical simulations ([21]) and analytical re-
sults on the associated set of equilibria ([32]), and since we do not expect the additional presence of
a fluid interaction to have any regularizing effect in this regard, our exploration in this direction will
concentrate on the case when p > 0 is adequately large, having in mind previous studies asserting
uniqueness and global attractivity of nontrivial equilibria for the fluid-free system (1.2) if u is large

(69))-

In order to prepare a precise statement of our main results in these respects, let us fix the mathe-
matical framework by considering (1.1) in a bounded convex domain Q2 C R?® with smooth boundary,
where x > 0,p € R and p > 0, and where for simplicity we assume that

peWhe(Q) and  fe€ CHQx[0,00);R?), (1.3)

and that moreover f has the boundedness property

t+1
. 2
sup [ ds < . (1.4)

We shall consider (1.1) along with the initial conditions

n(z,0) =no(z), c(x,0)=co(xr) and wu(z,0)=up(x), x €, (1.5)



and under the boundary conditions

0 0
a—zza—:j:o and wu=0  ondQ. (1.6)
Here our standing assumptions are that

np € C°(Q) is nonnegative with ng #Z 0, that
co € WH*(Q)  is nonnegative, and that (1.7)
ug € W2(Q) N Wy (Q),

where Wolg(Q) denotes the closure of C§%, (Q2) 1= C§° (Q)NLE(Q) with respect to the norm in W12(Q) =
WH2(Q; R3), with L2(Q) := {p € L*(%;R3) | V- = 0} representing the space of all solenoidal vector
fields in L?(2).

In this context, we can in fact assert the following result on global existence in which, as substantiated
more thoroughly near the end of this introduction and in Section 2, we refer to a generalized solution
concept, apparently novel in this context, that turns out to be mild enough so as to favorably cooperate
with the sparse regularity information to be gathered in the course of our subsequent analysis.

Theorem 1.1 Let x >0, p € R and p > 0, and suppose that ¢, f and (ng, co,ug) comply with (1.3),
(1.4) and (1.7). Then the problem (1.1), (1.5), (1.6) possesses at least one global generalized solution
(n,c,u) in terms of Definition 2.2 below. Furthermore, this solution satisfies

_ 16
neLl? (2x][0,00)NL?3

loc loc

(0, 00); WhTS (€2)),
¢ € L((0,00); LY(Q)) N Lic([o, o) W23(Q))  and (1.8)

w e L((0,00); L2(9)) N Liu(€ x [0,00)) 1 L, ([0, 00); W2(2),

loc

and there exists C > 0 such that
[In( )l <C, e t)lls) <C and  lu(-,t)||p2) <C for ae. t > 0. (1.9)

Moreover, (n,c,u) can be obtained as the limit of solutions (ne, ce, us, P-) to the regularized problems
(3.1) below in the sense that there exists (€;)jen C (0,1) such that €; — 0 as j — oo and

ne—mn, c—c and U —>u a.e. in £ x (0,00)
ase=c¢; — 0.

Remark. By straightforward adaptation of our reasoning demonstrated below, it is possible to
assert global existence of a generalized solution actually under much weaker assumptions on f than
those stated in (1.3) and (1.4). In fact, it turns out that for the pure existence result no temporally
uniform boundedness condition like (1.4) is required; in such cases, however, boundedness properties
of u such as formulated in (1.9) can evidently no longer be expected.

Next, under an explicit condition on the size of u relative to x and p, we can make sure that all
our solutions approach a spatially homogeneous equilibrium in their first two components. We note



that even in the fluid-free case when v = 0, this apparently provides some progress with regard to
stabilization in the resulting logistic Keller-Segel system: For the latter, namely, though it has already
been known that large values of % enforce asymptotic stability of corresponding constant equilibria

([69]), findings on explicit lower bounds on % ensuring this seem yet lacking.

Theorem 1.2 Let x > 0 and p € R, and suppose that

o>

X\ZE, (1.10)

where py = max{p,0}. If ¢, f and (nog, co,uo) satisfy (1.3), (1.4) and (1.7), and if (n,c,u) denotes
the corresponding global generalized solution of (1.1), (1.5), (1.6) provided by Theorem 1.1, then there
exists a null set N C (0,00) such that

o -2

— 0 forallpe€[l,6) as (0,00) \ N 3t — 0.
i

Lr(Q)
(1.11)

—0 and HC(',t) Y
1

L1(Q)

Finally, under an additional requirement on asymptotic decrease of f in a suitable sense it is also
possible to assert decay of the fluid velocity with respect to the norm in L?(), as known to be the
case in the unforced Navier-Stokes system.

Theorem 1.3 Let x > 0, p € R and p > 0 be such that (1.10) holds, and suppose that ¢, f and
(no, co, uo) satisfy (1.8) and (1.7) as well as

t+1
) 2
/t Ilf( ’S)HL%(Q)dS_)O as t — oo. (1.12)

Then for any choice of (ng, co,ug) fulfilling (1.7), the global generalized solution of (1.1), (1.5), (1.6)
given by Theorem 1.1 has the property that for some null set N C (0,00) we have

JuC )l 2 — 0 as (0,00) \ N 3t — oc. (1.13)

Plan of the paper. Unlike substantial bodies of precedent studies on chemotaxis-fluid systems
involving signal consumption mechanisms ([13], [66], [73]), an existence theory for (1.1) can appar-
ently not be based on a proper exploitation of energy-type inequalities yielding appropriate a priori
information on regularity of solutions. In fact, already the fluid-free chemotaxis system (1.2) seems
to lack any gradient-like structure whenever p # 0. Accordingly, our approach toward Theorem 1.1
will be based on alternative methods to verify the intuitive idea that the quadratic degradation term
in the first equation of (1.1) should enforce suitable regularity properties, uniformly with respect to a
small parameter ¢ involved in certain approximations of (1.1) which are known to admit global smooth
solutions (see (3.1)).

Indeed, as first consequences of an easily obtained estimate on fttH

tions (Lemma 3.2), we will achieve bounds for [, ¢® (Lemma 3.6) as well as for [, |u|? and :H Jo [Vul?
(Lemma 3.8); unlike in the analysis of (1.2), however, in the presence of coupling to fluid flows this
initial information on n seems insufficient to directly entail bounds for Ve, e.g. with respect to the
norm in L?(2) and uniformly in time, as can be gained in a standard manner for solutions of (1.2) upon

fQ n? for such approximate solu-



testing the second equation therein by Ac (cf. e.g. [35]). In our alternative attempt to nevertheless
derive some basic regularity progerties of the signal gradient, a key role will be played by an analysis
of the functional [,(|Ve¢|? 4+ 1)3 in which we will rely on an interpolation inequality (Lemma 4.1)

which allows to control [,(|Ve|? + 1)% in terms of [, ¢® and an integral involving certain second-order
expressions which appear as a dissipated quantity in this context. Based on the previously gained
information, this will finally yield estimates for ttH Jo ¢, ttH Jo ]Vc]% and ttH Jo ‘DQC‘% (Lemma
4.3 and Lemma 4.4) and thereupon provide sufficient regularity of the chemotactic flux term in (1.1)

so as to allow for successfully tracking the time evolution of the concave functional fQ ni with the

conclusion that also fttH Jo n_%\Vn|2 and ttH Jo ]Vn\% enjoy appropriate bounds (Lemma 5.1 and
Lemma 5.2). Section 7 will then be devoted to a straightforward limit procedure and the verification
that the regularity properties gathered above are sufficient to justify that the achieved limit indeed

satisfies (1.1) in the generalized sense described in Section 2.

Finally, the verification of the stabilization results in Theorem 1.2 and Theorem 1.3 is based on the
observation that in the nontrivial case p > 0, the largeness assumption (1.10) on p warrants that at
least formally,

n B 9
fn*7B(n70) —/(‘2<n_n*—n*1nm)+2/g(c_n*)

acts as a Lyapunov functional for (1.1) when n, := ﬁ and B > 0 lies in an appropriate range. Here
mathematical obstacles in a rigorous justification of this property, mainly stemming from the lack
of sufficient regularity of the limit gained before, can be overcome by firstly remaining at the level
of approximate solutions and proving that the corresponding energy inequality for these solutions
provides some quantitative convergence properties which are uniform with respect to the regularization
parameter € (Section 8.3). A key step in this context will consist in controlling F,,, p(n,c) from above
in terms of the corresponding dissipation rate (Section 8.2).

2 A generalized solution concept

To begin with, let us specify the solution concept which will be pursued in the sequel. With regard to
the second and third equations in (1.1), our concept will basically coincide with the natural notions
of respective weak solutions of the corresponding subproblems. According to a lack of knowledge on
suitable regularity and compactness properties encountered below, however, concerning the crucial
first solution component n we shall need to further weaken our concept so as to require that n, instead
of fulfilling an integral identity, rather satisfies two integral inequalities which will, in a weak sense,
identify n as a subsolution and supersolution of the respective evolution subsystem of (1.1). Here a
genuine relaxation will stem from the fact that these inequalities need not necessarily involve n itself
but may rather refer to transformed variants thereof; however, in contrast to related but apparently
different notions of renormalized solutions ([10], [51]), all these transformations will be required to
be globally injective in that the involved mappings ® will be assumed strictly increasing throughout
[0,00). Let us first make this more precise, thus yet concentrating on the first equation in (1.1).

Definition 2.1 Let ® € C?([0,00)) be nonnegative with ® > 0 on [0,00), and let ng : Q — [0, 00),
co:Q — R and up : Q — R3 are such that ®(ng) € L*(Q). Suppose that n : Q x (0,00) — [0,00),



c:Qx(0,00) =R and u: Q x (0,00) = R3 are such that Vn, Ve and Ac are measurable, that
®(n), ®"(n)|Vn|?, ®(n)Ac,n® (n)Ac,n® (n) and n*®(n) belong to L}, .(Q x [0,00)), (2.1)

that moreover

@' (n)Vn, ®(n)Ve and ®(n)u  lie in L (Q x [0,00); R?) (2.2)

and that V -u =0 in D'(Q x (0,00)).
Then (n, c,u) will be called a weak ®-subsolution (resp., a weak ®-supersolution) of the first equations

in (1.1), (1.5), (1.6) if

—/OOO/Q<I>(n)¢t—/<I>(nO -0 % / /@” )| Vnl?p / /(I)’ )Vn -V
—i—x/ / n)Ve- V(p—l—x/ / n)Acy — X/ /nfb )Acp
+p/0 /an)/(n)(p—,u/o /Qn2<I>'(n)cp—|—/0 /Qq>(n)u.w (2.3)

holds for all nonnegative p € C5°( x [0, 00)).

Now our concept of solutions for the whole system (1.1), (1.5), (1.6) reads as follows. Here any below,
for given vectors v € R3 and w € R?® we define the matrix v ® w by letting (v ® w);j = vyw; for

i,j €{1,2,3}.
Definition 2.2 A triple of functions

fulfilling
cu € L (9 x [0,00); R?) and  u®u € L (Qx [0,00); R3*3),

as well asn >0 a.e. in 2 x (0,00), is said to be a generalized solution of (1.1), (1.5), (1.6) if V-u =0
in D' (2 x (0,00)), if

[ o fpoton = [ oo [ o

+/ /mp—l—/ /cu-Vgo (2.4)
0o Ja 0o Jo
for all p € C§°(Q x [0,00)) and

; Qu o — /uo o(,0) = —/OOO/QVU'VQO+/OOO/Q(U®U)-V¢
+/Ooo/Qanb-<,0+/Ooo/Qf'90 (2.5)

for all p € C§(Q x [0,00);R3) fulfilling V - ¢ = 0, and if there exist ®1,P2 € C?*([0,00)) such
that ®; > 0 and ®, > 0 on [0,00), and such that (n,c,u) is a weak ®1-subsolution and a weak
Dq-supersolution of the first equations in (1.1), (1.5), (1.6) in the sense of Definition 2.1.



Remark. It can easily be checked by standard arguments, following those detailed in [72] in a relatd
but simpler context, that each generalized solution (n,c,u) which is sufficiently smooth, e.g. in the
sense that n and ¢ belong to C%(Q x [0,00)) N C%1(Q x (0,00)) and that u lies in C°(Q x [0, 00); R3) N
C?H(Q x (0,00); R?), is actually classical; that is, in that case there exists P € C%(Q x (0, 00)) such
that (n,c,u, P) is a global classical solution of (1.1), (1.5), (1.6).

3 Approximate solutions and basic properties

In order to gain a solution of (1.1), (1.5), (1.6) through a suitable approximation procedure, we follow
well-established approaches to regularize both the chemotactic sensitivity in the first equation in (1.1)
as well as the nonlinear convective term in the Navier-Stokes subsystem of (1.1) ([44], [53], [63]).
Accordingly, let us introduce the family of approximate problems given by

Net + Uz - Vne. = An. —xV - (lfTEnEVcE) + pne — pun?, reQ, t>0,
Cet + e - Ve = Ace — ¢+ ng, reQ, t>0,
et + (Yeue - Vue = Au. +VP.+n.Vo+ f(x,t), reN, t>0, (3.1)
Vou. = 0, reQ, t>0, '
One =0, %= =0, wu. =0, x €00, t>0,
ne(x,0) = no(x), co(z,0) =co(x), u(x,0)=wup(x), x €,
for e € (0,1), where Y denotes the Yosida approximation determined by
Yep:=(1+eA)lp, o Li(9). (3.2)
Here and in the next lemma, by A := —PA we mean the realization of the Stokes operator in L2 ()

with domain given by D(A) = W22(Q) N WOI(E(Q), where P : L2(Q2) — L2(Q) denotes the Helmholtz
projection. It is well-known that A is self-adjoint and sectorial in L2(£2) and hence possesses densely
defined self-adjoint fractional powers A% for any o € R.

All these problems (3.1) are indeed globally solvable in the classical sense:

Lemma 3.1 For each € € (0,1), there exist functions

ne € CP(Q x [0,00)) N C*H(Q x (0,00)),

ce € CY(Q x [0,00)) N CHLHQ x (0,00)),

ue € CO(2 x [0,00)) N C*HQ x (0,00)) and
P. € CY9(Q2 x (0, 00))

(
with the property that (ne, ce,ue, P-) solves (3.1) classically in Q x (0, 00).

ProOOF.  Local existence, up to a maximal existence time T,z € (0,00], can be seen e.g. by means
of a contraction mapping argument involving standard regularity theories for the heat equation and
the Stokes system ([33], [52], [54], [17], [16], [18]; cf. also [42] for an early approach), where

if Thnaz,e < 00, then forall ¢ >3 and a € (%, 1),
e )l o) + llee (5 D)llwraay + [A%ue( )l 2@) = 00 ast 7 Tinaaes (3.3)

9



details in a corresponding reasoning in a closely related framework can be found in [66, Lemma 2.1].
Thereafter, assuming 7T},q. to be finite for contradiction and fixing any ¢ > 3 and o € (%, 1) for defi-
niteness, due to the regularizing actions of the Yosida approximation in the third and the boundedness
of the saturated chemotactic sensitivity 1 fgng in the first equation in (3.1), by following well-established
a priori estimation procedures it is possible to derive bounds, possibly depending on €, ¢ and « but not
on t € (3Tmazes Tnaze), for ne(-, 1), c(-, ) and A%u.(-,t) in L>(Q), WH(Q) and L*(Q), respectively
(cf. the reasonings in [66, Lemma 5.4] and [73, Lemma 3.9], for instance). In view of (3.3), this means
that in fact Ty,40, = 00. O

The following basic and essentially well-known properties of these solutions are due to the presence of
the quadratic degradation term in the first equation in (3.1).

Lemma 3.2 For each € € (0,1), the solution of (3.1) satisfies

Q
/ ne(x,t)dr < m := max { / no, p+/L | } forallt >0 (3.4)
Q Q

and t+1
1
/ / n?(z,s)drds < (o m for allt > 0. (3.5)
W

PrROOF. By the Hélder inequality, integrating the first equation in (3.1) implies that

2
nazp/na—u/ngngr/na—'u</ng> for all ¢ > 0, (3.6)
Q Q Q Q Q[ \ Jo

which entails (3.4) on an ODE comparison. A time integration of the first identity in (3.6) thereafter
yields (3.5). O

The estimate (3.4) has an immediate consequence on the spatial L' norm of c..

Lemma 3.3 We have

/ ce(x,t)dr < max { / o, m} forallt >0, (3.7)
Q Q

where m is as given by (3.4).

PRrROOF.  We integrate the second equation in (3.1) and use Lemma 3.2 to find that

/c6 /05 /nggm for all t > 0.
dt

By comparison, this proves (3.7). O

3.1 A bound for c. in L°(Q)

On the basis of (3.5), we next plan to improve our knowledge on the spatial regularity of c¢., having
in mind that any approach toward this which proceeds by testing the second equation in (3.1) against
powers of c. will not rely on any a priori information on regularity of the fluid profile, because
V -ue = 0. In order to make use of the spatio-temporal information provided by (3.5) in the course of
our corresponding testing procedure in Lemma 3.6, we shall utilize the following elementary lemma
which will also be referred to in several places below.

10



Lemma 3.4 Let tg € R, T € (ty,00|, and suppose that the nonnegative function h € L} (R) has the

loc

property that there exist T > 0 and b > 0 such that

1 t+1
/ h(s)ds <b  forallt € (to,T).
T Jt

Then for any choice of a > 0 we have

! —a(t—s) br
e h(s)ds < ———— for all t € [ty, T).

to Tl
Consequently, if y € C°([to, T)) N C'((to,T)) has the property that
y'(t) +ay(t) <h(t)  forallte (to,T),

then

b
y(t) < e_a(t—to)y(to) + ﬁ for allt [to,T),
and in particular
b
y(t) Sylto) + 1 ——r  Jorall t € [to,T).

(3.10)

(3.11)

PrROOF.  Without loss of generality assuming that ¢g = 0 and T € (0, ), for fixed ¢t € (0,7T) we pick
a nonnegative integer N such that N7 <t < (N + 1)1, whence by nonnegativity of h we can estimate

N t—jT

t t
/ e—a(t—s)h(s)ds < / e—a(t—s)h(s)ds — Z/ e_a(t_s)h(s)ds
0 t t

—(N+1)r j=0 Jt=(+1)T

IN
[]=
@
<
Q
3
e
<
3
>
»
U
»

Since clearly (3.8) entails that

t—g1
/ h(s)ds < br  for all j € {0,..., N},
t—(j+1)T

this implies that

N 00

t
/0 e p(s)ds < ijz; eI < ijZO e T = %.

This precisely yields (3.9) and hence shows that any function y with the indicated properties satisfies

(3.10) and (3.11), because then
t
y(t) < e y(0) +/ e~ =) (s)ds for all t € (0,7)
0

according to a comparison argument.

Let us furthermore note the following simple inequality.

11



Lemma 3.5 Leta > 0,6>0 and o > 1. Then
(a—b)F >2""%" — b (3.12)

PROOF. If a < b, then since @ > 1 we have ol-aga < g < b%, whence (3.12) is valid due to the
fact that then (e —b)4+ = 0. On the other hand, if @ > b then (3.12) follows from the observation that
by the Minkowski inequality, a® = [(a — b) + b]* < 2~ ![(a — b)® + b]. O

We can now prove the following estimate, which is the first place in which the spatial dimension three
enters our argument in a quantitative manner.

Lemma 3.6 There exists C > 0 such that for each ¢ € (0,1) we have
/ S(x,t)dx < C for allt > 0. (3.13)
Q

PRrROOF. We multiply the second equation in (3.1) by ¢2 and use that V - u. = 0 to see upon
integration by parts that

1d
/cg+5/c§|Vc€2+/c§:/ngcg for all t > 0, (3.14)
6dt Jo Q Q 0

where by the Cauchy-Schwarz inequality,

1 1
3 2
/ngcg < </ ng) </ c;0> for all t > 0. (3.15)
Q Q Q

Here we can use the Gagliardo-Nirenberg inequality to find C7 > 0 fulfilling

1

2 5
10 — .33
</QC€ > =l o

2 5
LIVl 2@l 22 ) + 01”62”2%(9

A

)

30 4 2 % 6 % °
1 cz|Vee| | +Ch Ce for all ¢ > 0. (3.16)
Q Q Q

Now since Lemma 3.3 asserts the existence of Cy > 0 such that

/ ce < Cy for all t > 0, (3.17)
Q

combining (3.15) with (3.16) and once more employing Young’s inequality we obtain

1 1 1 1
3 3 3 3
[t = s ) (w0 ( [2) e
902 P00
/ch_f|Vca|2+41</Qng></ch> +712 2{/9713—#1}
9C? 2 1 Ci1C3
/c§|Vce|2+41</n§>{3/c§+3}—|— 122{/11?4—1} for all t > 0.
Q Q Q Q

12
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Therefore, (3.14) implies that there exists C3 > 0 such that

d f
e +24/cﬁ]Vc€\2§Cg{/n§+1}{/cg—i—l} for all ¢ > 0, (3.18)
dt Q Q Q

where we use that once more employing the Gagliardo-Nirenberg inequality, the Holder inequality and
Young’s inequality we can find C4 > 0 satisfying

/ ¢ = g
Q

30 4
30117 17 3112
C4HVC5HL2(Q)”C H %( Q) + C4HCsHL11§(Q)

A

30 17? % 6
— 31704(/ c§|V05]2) </ cs> +C4</ CE> for all t > 0.
Q Q Q

According to (3.17), this means that with some C5 > 0 we have

1
/c§+1§05</ 4\V05]2> +C5 for all t > 0,
Q Q

so that applying Lemma 3.5 to a := g,a = { fQ c + 1} and b := 1 for fixed ¢ > 0, we obtain that

17

4 2y 92T 6 15
/ Ve |? > 27550, 15{/054—1} —1 for all ¢t > 0
Q Q

2| Vee|? —3
fc6+1 5(Cy c+1 -1 for all ¢t > 0.
QO Q
2

2
Now making use of the elementary inequality 215 > £

that there exist Cg > 0 and C7 > 0 such that

24fQ c§|V05]2
Joct+1

and that hence

U\‘w
U\‘M

> 2"

In z, valid for any z > 0, from this we infer

ZCGIH{/CS+1}—C7 for all t > 0,
Q

whence returning to (3.18) we conclude that

d
dln{/c6+1} = 7EIQCS
dt [¢) € fQCg—f—l
< —061n{/c§+1}+C7+03{/n§+1} for all t > 0. (3.19)
Q Q

As Lemma 3.2 warrants that with m as in (3.4) we have

t+1
/ {C7+C3{/n§(-,s)+1}}ds§08 ::C7+C'3-{(p+—;1)m+l} for all t > 0,
t Q

13



in light of Lemma 3.4 the inequality (3.19) guarantees that

Cy
1n{/9c2+1}gln{/ﬂc8+1}+1_606 for all ¢ > 0,

and that hence (3.13) is valid. O

3.2 Basic estimates for wu,

We next rely on the standard energy inequality associated with the fluid evolution system in (3.1)
to derive some basic estimates for u.. For later reference, let us separately state the starting point
therefor.

Lemma 3.7 For alle € (0,1), we have

1d
/ |ue |2 —|—/ V. |? = / nete - Vo —|—/ [ ue for allt > 0. (3.20)
2dt Jo Q Q Q

PrROOF.  This immediately results on testing the third equation in (3.1) against u.. n

Now along with our overall boundedness assumption (1.4), the inequality (3.5) asserts the following.

Lemma 3.8 Assume that (1.4) holds. Then there exists C' > 0 such that for all € € (0, 1),

/ uc(z,t)2dz < C forallt >0 (3.21)
Q
and
t+1
/ / \Vu.(z,s)|>dzds < C forallt >0 (3.22)
t Q
as well as
t+1 0
/ / lu(x, s)| 3 deds < C for allt > 0. (3.23)
t Q

PROOF.  According to the Poincaré inequality and the fact that Wolj(ﬂ) < L5(Q), we can find
Cq1 > 0 and C5 > 0 such that

/ V. |* 26’1/ |uc |? for all ¢ > 0
Q Q

and

1
3
/ |V, |* > Cg(/ ]u\6> for all ¢ > 0.
Q Q

Writing C3 := ||Vl (), from (3.20) we therefore obtain on using the Hélder inequality, Young’s
inequality and the Minkowski inequality that

d
o [P+ [ vl o [
Q Q Q

14



< 2/Qn€us-w>+2/f-u5

s ) (o) o ([
Bl o
TR RT

< 5 [Vl {203(/Q 2)5 = |f\5>2}

< L werva [ [1) o

2
with Cy := max{%, C%} Thus,

5
d 1 3
/ ]u52+/ |Vu5|2—|—01/ e 2 gc4/n§+c4</ |f|§> forallt >0,  (3.24)
dt Jo 2 Ja Q Q 0

where

t+1
04/ / ng(w, s)dxds < C5 := (1+5+)mc4
t Q

with m as in (3.4), and where by (1.4) we can find C > 0 such that

5
t+1 N
04/ </|f(:r,s)|5> ds < Cg  forallt>0.
t Q

An application of Lemma 3.4 thus shows that

Cs + C,
2 L 2 5 6
/Q|Ua(‘7t) <C7 .—/Q\uol RN for all ¢ > 0,

wereafter integrating (3.24) in time yields
1 t+1
2/ / |Vu5(-75)|2d5§/ luc (-, t)|? + Cs + Cs < Cg := C7 + C5 + C forallt >0
t Q Q

and thereby verifies (3.22).
Finally, by means of the Gagliardo-Nirenberg inequality we infer the existence of Cy > 0 fulfilling

t+1 M t41 ) 4
[ [l < cn [ 10t s) et s) s ds

2
< Cy-205-C3  forallt>0,

and conclude. O
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4 Higher regularity properties of c.

A crucial step in our analysis will consist in detecting further regularity properties of the second solu-
tion component. In fact, Lemma 4.3 and Lemma 4.4 shall inter alia reveal spatio-temporal estimates
for Ve, and D?c. which will become important in passing to the limit € \, 0 in those integrals in
(2.3) that originate from the cross-diffusive term in (3.1). After a technical preparation, the key step
toward this will be achieved in Lemma 4.2 through an examination of the evolution of the functional
Jo(IVee*+ 1)% which is non-convex with respect to |Vc.|?, with the restriction to the sublinear power
% herein being mainly determined by the integrability exponent appearing in Lemma 3.6.

4.1 An interpolation lemma

As a main ingredient for the proof of Lemma 4.2, let us separately state the following Gagliardo-
Nirenberg-type interpolation inequality which may be viewed as a variant of a corresponding precedent
established in [71, Lemma 3.8] for situations when the spatial L> norm is involved, rather than that
in L5(Q).

Lemma 4.1 There exists C > 0 with the property that whenever ¢ € C?(Q) is such that ¢ - g—f =0
on 082, the inequality

/Q<|V80|2—|-1>§ < c.{/ﬂ(yv@Pﬂ)‘;‘Dz@z}.{(/S)SO(S)SH}
+C-{</Q<,06>9+1} (4.1)

PrROOF. By Young’s inequality, we find C7 > 0 such that

[ )t = (raren) ot ] (o)
4
3

/Q(\Vap‘2+1)§‘vgp,2+;/QOVMQJFI) L “2)

holds.

IN

and using our assumption that ¢ - g—f\ag = 0, integrating by parts we see that

/Q(\V50|2+1)§|V¢|2 _ _/Qspv.{(|v¢|2+1)év(p}

= —/S]sO(IVwIQJrl);’AsO

9 _2
—3/90(!Vs0|2+1) *(D%*p- V) - V.
Q

Thanks to the pointwise inequality |Ag| < v/3|D?¢|, along with (4.2) this implies that
s 1
[ (WP +1)" < [ 1ol (196 +1) 10%] +264
Q Q

16



with Cy == 2v/3 + %, where we invoke the Holder inequality to obtain
3 -3 2 2
| (v +1) 02{ [ (v +1) |D2s0|2} { | (19l + 1)} 20y
Q Q Q
1 1
aof [ (9ol +1) D%k}
Q
a2 5
x{/ (|Vgp|2+1>3} -{/gps} -+2C. (4.3)
Q Q

Now due to the Gagliardo-Nirenberg inequality we can find C'5 > 0 such that

IN

IN

1

3 8 1 2
{ [} vty Ielia + ol

1 1

1 g) 38 1) 8

B, = il < 2+1)° % .
welly o, = { [1vet} < { [ (ver 1)}

Therefore, (4.3) entails that

where clearly

4

/Q(!V9012+1>3 < 0203{/9(!W\2+1)_é!l?1290!2}é~{[Q<\Vg012+11>§}2><
{U o) () ()

1
: J:—/ (|ch\2+1) *|D%*p|?  and K:—/Lp6
Q Q

meaning that

. /Q (1VeP +1)

Wl

satisfy
I < CyC3J2I2K5 + CyCsJ2I8 K + 20]. (4.4)
Here three applications of Young’s inequality provide positive constants Cy and C5 such that
CyCs 23 Ks <
and
CyCsJ2I5Ks < %I + CyJ5K T
1

= I+ C(JK9)S - K
1 2 4
< ZI+C5JK9 +C5K9.
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In conclusion, (4.4) shows that
1
< (Cit Cs5)JKS + C5K5 + 204

and thereby proves (4.1). O

4.2 Bounds for Ve, and D?c.

We can now apply an appropriate testing procedure to the second equation in (3.1) to gain the following
two estimates, only the second of which will actually be used in the sequel.

Lemma 4.2 There exists C > 0 such that for any € € (0,1) we have
/ |Vce(:):,t)]%d:n <C forallt >0 (4.5)
Q

and
t+1 _1
/ / (\V05|2 + 1) |D%c.P<C  forallt>0. (4.6)
t Q

PRrROOF. By straightforward differentiation, using the second equation in (3.1) we obtain

3d 3 -3
gt Vee> +1 :/ Ve +1) *Ve. - Ve
0 [ (e an)t = [ (e ) o v
_1 _1
- /(]Vca\z—i-l) 3Vc€.VAc€—/ (\VCEIQ—FI) *|Ve|?
Q Q
_1
+/ (\ch|2+1) Ve, - Vn,
Q
_1
—/Q<Vc€|2+1) Ve - V(ue - Vee) for all t > 0, (4.7)

where since Ve - VAc. = $A|Ve:|* — [D?c.|?, an integration by parts yields

_1 1 _1 _1
/<|ch|2—|—1) Ve, - VAe, = 2/ (1VeeP +1) 3A|Vc€2—/ (1Veel? +1) " |D%.p
Q Q Q

1 —2 2 _1
< / (|vcgy2+1) ’ wwﬂ —/ (|ch\2+1> *|D2c.|?
6 Jo Q
de.

for all t > 0, because < 0 on 992 by convexity of €2 and the boundary condition F=[9q = 0
([37, Lemme 2.1.1]). Estimating

0| Vee|?
ov

2
)V|V05|2’ = 4|D%c. - Ve |* < 4|D%c. 2| Ve.|?,

1

ro [ (veren)' o [ (wal 1) prer [ (9 1) v

we thereby infer from (4.7) that
2
3

1

_1 ]
< /(|V05|2+1) 3V05-Vn5—/ (]Vc€|2+1) *Vee  V(ue - Vez) (4.8)
Q Q

18



for all ¢ > 0. Here in the first integral on the right we also integrate by parts and use the Cauchy-
Schwarz inequality to find that

/Q<\vcg|2+1)évcg-vng - —/Qngv.{chEP—f—l)éVCg}

— —/Qn€<\V05]2+1>_§Ac€

9 _4
+/ n€(|V05\2 + 1) : (DQCE -Vee) - Ve
3 Ja

1 1
2 -2 2
Q Q
2 2% 2 -3 4112 2%
42 /n . /(ym\ £1) 7 |Vel D%,
31 Ja Q

(2+1) 524 < (22 +1)3 < (2+1)"3  forall z >0,

IN

for all t > 0. As |Ace|? < 3|D?%c.|? and

in view of Young’s inequality this implies that

(\f3+§>-{/gnz}é.{/Q(|V052+1)_§|D206\2}é

1 _1
6/ (|Vc€|2—|—1) 3|D205|2+C’1/n§ for all t > 0 (4.9)
Q Q

IN

/Q (]Vca\Q + 1>_éch - Vn.

with Cy := 2(V3 + %)2
Next, integrating by parts in the last integral in (4.8) we see that since V - u. = 0, for all ¢ > 0 we
have

_1
/ Ve |2 + 1) *Vee - (Vue - Vee)

Al
/Q (yvce|2 + 1)_
(

1
= / IVee|? + 1) *Vee - (Vue - Vee)
Q

3 2
—/ug.v<\vc£|2+1)3
4 Jo

_1
= —/Q (]Vc€|2 + 1) *Ve, - (Vue -Vee),  (4.10)

wl—=

-1
—/Q (yvcg|2 + 1) Veo V(ue-Ve) = —
— Ug - (che -Vee)

where by the Cauchy-Schwarz inequality,

—/ <|ch|2 + 1)_§Vc6 - (Vue - Vee) < {/ Vu5|2}
Q Q

19
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Now using that by Lemma 3.6 we have
/CSSCQ forallt >0
Q

with some Cy > 0, by employing Lemma 4.1 we gain positive constants Cs and Cy4 such that
_2 4
[yt < f (ver o)
Q Q
1 2
03{/ (]Vce|2+1) 3]D205|2} . {(/ cS) —1—1}
Q Q
4
6 9
+03{</c€> +1}
Q

1
< 04{/ (!V05|2 + 1) ’ ]D205|2} 4+ Cy for all ¢t > 0,
Q

IN

IN

so that employing Young’s inequality we infer from (4.10) and (4.11) that

1 B 1
\/04{/ |Vu5|2}2-{/ (1ve. +1) 3|D205|2+1}2
Q Q

1 -3 1
— (]ch\Q—l—l) 3]D2c€\2—|—+304/ |V, |?(4.12)
12 Jo 12 Q

IN

_1
—/ (|vcg\2+1) Ve, - V(ue - Vez)
Q

for all ¢ > 0. Finally, the third term on the left of (4.8) can be estimated from below by observing

that
/Q <\V05]2 i 1>§ - /{V0a|>1} (NC&‘Q " 1)§ ! /{|Vcs<1} <|VCE’2 ! 1>§
< / (1Vee +1)
{IVeel>1)

win

+251Q]  forall >0,
and that hence the validity of
1
=14+—=<2 for all z>1
implies that
2 _1 ,
/ <|Vcs|2+1)3 < 2/ <|Vcs|2+1) Ve 2 +2510]  forallt >0,
Q Q
that is,

_1 1 2
/ (|v0512+1) Ve > / (|vcg|2+1)3 —273|Q|  forall ¢ > 0.
Q 2 Ja
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Together with (4.9) and (4.12) inserted into (4.8), this shows that

ijt/g(wcﬁﬂ)g + g3 | (wer 1) §1D2c5|2+;/9(m|2+1)§

< Cl/ ng + 304/ ’VUEP + C5 forallt >0 (4.13)
Q Q

with C5 == & + 2_%\(2]. Since from Lemma 3.2 and Lemma 3.8 we know that there exists Cs > 0

such that
t+1
/ {C’l/ n2(-,s) + 304/ Ve (-, s)|? + C5}d8 < Cs for all t > 0,
t Q Q

as a consequence of Lemma 3.4 we see that (4.13) implies the inequality

3 3 4C
/(!Vc€|2—|—1)3 <Oy ::/ (|VCo|2+1>3+762 for all £ > 0,
Q Q 3(1—e"3)

which proves (4.5). Thereupon an integration of (4.13) yields

t+1 % 3 % 3
/ Ve(os)P +1) D% s)Pds < /(!Vca(-,t)lerl) +Co< 20+ Cy
4 Jq 4

for all t > 0, which establishes (4.6). O

When combined with Lemma 3.6 and Lemma 4.1, (4.6) readily yields space-time estimates for Ve,
and also for c; itself, involving conveniently high integrability powers.

Lemma 4.3 There exists C > 0 such that whenever ¢ € (0,1), we have

t+1
/ / \Vee(z, s)|§dxds <C forallt >0 (4.14)
t Q

and

t+1
/ / Az, s)dzds < C for allt > 0. (4.15)
Q

PrROOF. In view of the interpolation inequality provided by Lemma 4.1, the bounds on fQ S and

1
ff“ Jo (]VcaP + 1) *|D%c.|? asserted by Lemma 3.6 and Lemma 4.2 directly yield (4.14). To verify
(4.15), we invoke the Gagliardo-Nirenberg inequality to pick C; > 0 such that

t+1 5 t+1 8 16 5
) 3 ) 3 )
| [ezal {nwa(,s>||L§(Q)||cE<,s>HLﬁ(m+||ca<,s>\|L6(m}ds for all £ > 0,

whence combining the result of Lemma 3.6 with (4.14) completes the proof. U

By another simple interpolation, we can moreover turn (4.6) into an estimate for D?c. which does no
longer involve |Vee|? as a weight.
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Lemma 4.4 There exists C > 0 with the property that for each ¢ € (0,1), the solution of (3.1)
satisfies

t+1

/ / |D?c.(x, s)|%dacds <C for allt > 0. (4.16)
t Q
Proor.  Observing that by Young’s inequality we have the pointwise inequality
: -3 ; %
D25 = {(|vcg|2 +1) |D205]2} (Ve +1)
_1 4
< (\V05]2 + 1) |D%? + <\Vc€|2 n 1) P forallzeQand ¢ >0,

the claim immediately results from Lemma 4.2 and Lemma 4.3. O

5 A bound for Vn,

A next set of requirements made in Definition 2.1 consists in the regularity properties of Vn expressed
in (2.1) and (2.2); in particular, since we are finally planning to use a strictly concave function ® in
(2.3) when verifying a supersolution property for our limit object n in Lemma 7.5 below, we apparently
need to derive an adequate bound for |Vn.|?. When multiplied by a weight function which decays
sufficiently fast at large3values of n., this indeed becomes possible on analyzing another non-convex
functional, namely fQ nd:

Lemma 5.1 There ezists C > 0 such that
t+1 5
/ / ne *(z,8)|Vne(z, ) *deds < C forallt >0 (5.1)
t Q

and each € € (0,1).

PRrOOF. As n. is positive in  x (0,00) by the strong maximum principle, we may test the first
1

equation in (3.1) against n. * to see that

=

id 3 1/ ~vn? X/ "’ G Ve + / ; / O forallt>0
- Neg = — n n - — Ne - VC Neg — n or a
3dt QO c 4 O c c 4 Ql—l—eng c c p QO c # QO c ’

so that
t+l _5 16 3 16 3
/ /n€4|Vn5]2 _ /ng(-,t+1)—/ng(-,t)
¢ Q 3 Ja 3 Ja
t4+1 -
Ne
Vne -V
+X/t /Ql-i-Eng Ne Ce

t+1 3 t+1 7
—4p/ / né + 4u/ / né for all ¢ > 0. (5.2)
t Q t Q
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Here we once more integrate by parts to see writing

s do
=(8) == S D >0,
vele) = | el

that due to Young’s inequality,

t+1 i t+1
/ / 1+ en, Vne: Ves = /t /vas(%) Ve
t+1
—/ / e(ne)Ace
t Q

t+1 8 t+1 .
< / /wgg(ng)—i-/ / |Ace|5 for all ¢t > 0.
t Q t Q
Since
5d 4 :
Pe(s) < —? = Zst for all s >0,
0 o4 3

and since with m as in (3.4) we have

t+1 1
/ /n <(Cq:= ++) forallt >0

by Lemma 3.2, in view of Lemma 4.4 we thus infer that there exists C'y > 0 such that

t+1 n;i ANE [t t+1 .
/ / Vn, - Ve < <7> / / n? +/ / |Ace|s < Co for all t > 0.
/ ol+en. 3/ Ji Q t Q

As Young’s inequality and Lemma 3.2 moreover show that

3
w/ng(.,t+1)gm /ng(-,t+1)+|§2\ <00y forantso
3 Jo 3\ /g 3

and
t+1 3 t+1
—4p/ /né §4p{/ /n5+|Q]}§4p(m—|—|Q|) forall ¢t >0

t Q t Q
as well as

t+1 t+1

4u/ / < 4u{/ / ng + ]Q|} <4p(Cy +|9)) for all t > 0,

from (5.2) we readily derive (5.1). O

Once more by interpolation, this also implies an unweighted integral bound for Vn. in an LP space
with some p > 1.
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Lemma 5.2 There exists C > 0 with the property that for all € € (0,1) we have

t+1 6
/ / |Vne(z,s)|13deds < C for allt > 0. (5.3)
t Q

PrROOF.  Since by Young’s inequality we can estimate

8 _5
4

_5 ¥ 1
\Vne’% = {na 4]Vn5]2}13 nd® < ne *|Vn.|? +n? forx € Qand t > 0,

this is an immediate consequence of Lemma 5.1 and Lemma 3.2. ]

6 Estimates for time derivatives

In a straightforward manner, the estimates gained above can be seen to imply certain properties of
the respective time derivatives.

Lemma 6.1 There exists C > 0 such that for all e € (0,1),

T
/0 Hnst(';t)||(W3»2(Q))*dt < C- (T + 1) f07“ all T >0 (6.1)
and -
/ / \cgt(az,t)]%dwdt <C-(T+1) for allT >0 (6.2)
0 Q
as well as
T 4
/0 [ Ol 208 < C - (T+1) for all T > . (6.3)

PROOF.  For fixed t > 0, we test the first equation in (3.1) against an arbitrary 1 € C*°(Q) to see
by several applications of the Holder inequality that

’Anwwzz‘—lhmfvw+x/1+ w%vw+g/mw g/2w+/nweV4

IVne| VI 1p ) + XlInell 2@ I Veell 5 o IV llzs @)

IN

L%(Q)' Ls Q)|

+lollnell 2@y l¢l L2 ) + MH”&H%?(Q)WHLOO(Q) + Inell L2 lluell 10 @ |’V¢HL5(Q)-

Since W32(Q) — W18(Q) — Wl%(Q) — WH5(Q) — L®(Q) < L*(Q), in view of Young’s inequal-
ity this implies the existence of positive constants C; and Cy such that

Inee (- Oll sy < {”V”a”ﬁs T lInellze IVeell g g,
+Hnellz2) + Inel 2 () + lInell 2o el 10 (Q)}
16 5 g L
3 3 3
< o {Ivnelfly , +lnla + 19yl By +1}
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According to the bounds provided by Lemma 5.2, Lemma 3.2, Lemma 4.3 and Lemma 3.8, this readily
yields (6.1).

Next, to derive (6.2) we only need to observe that by the Minkowski inequality and Young’s inequality,
with some C5 > 0 and Cy > 0 we have the pointwise inequality

40

40 27
lcet|?7 = ‘ACE — Ce +ne —us - Ve
4 4
2 27

40 0
Cs - {mﬁ L 4 nl 4 \uey%?|vc€|%3}

IN

< Cy- {\Acglg +&+n2+ ]ugll?o + \Vc€|§ + 1} for all x € Q and t > 0,

40 8
because o= < ¢,

Lemma 3.2 and Lemma 3.8.
Finally, for the proof of (6.3) we pick ¢ > 0 and multiply the third equation in (3.1) by an arbitrary
solenoidal ¢ € C§°(Q2) to see on using the Holder inequality that

‘/ﬂugt.w‘ = ‘—/Qvug.v¢+/ﬂ(nu€®u€).vw/ﬂnaw_wfgf.w’

Vel L2y VOl L2(0) + 1Yeuell s ()lluell 3 @) IVl L2 (o)
+Cs|nell 21l L2 ) + HfHLg(Q)WHLG(Q)

and because % + % = %' Therefore, (6.2) results from Lemma 4.4, Lemma 4.3,

IN

with C5 1= | V@] o (q. Since Wy2(€) — L5(Q), and since

1 1 1
IVYeuel[p2(q) = [[A2Yeue| p2(0) = [[YeA2uelp2) < |A2ucl12(0) = [[Vuel 2@ forallt >0

due to the fact that Y. is nonexpansive on L2 (), we conclude that with some Cg > 0 and C7 > 0 we
have

1 1 1 1 1
)2y < Co {nwan 2oy T Vel oy el + lImell ey + 17117 (m}
2 3 3 2 2
< CG : {HVUEHLQ(Q) + Hvu&‘HzQ(Q)Hu&”zb’(Q) + Hn€HL2(Q) + HfHL%(Q) + 1}(6'4)

for all t > 0. As the Gagliardo-Nirenberg inequality provides Cs > 0 such that

4 4 4 1 1 3
Vel 2o el Fa gy < CSHVuEHEQ(Q).{|yvua|y;2(m|yua|y;2(m}
2
= CBHVU/EH%Q(Q)|’us||22(Q) for all t > O7

combining (6.4) with the outcome of Lemma 3.8 and Lemma 3.2 as well as our assumption (1.4) we
immediately obtain (6.3). O
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7 Passing to the limit. Proof of Theorem 1.1

We are now in the position to extract a suitable sequence of numbers ¢ along which the respective
solutions approach a limit in convenient topologies.

Lemma 7.1 There exist (¢j)jen C (0,1) such that e; \, 0 as j — oo, and such that as € = c; 0

we have
Ne = n in L (Qx [0,00)) forallpe[1,2) and a.e. inQ x (0,00), (7.1)
Ne —n in L2, .(Q x [0,00)), (7.2)
Vn. — Vn, in L;;gc(fl x [0,00)), (7.3)
Vine+1% =V +1P?  inL2,(Qx[0,00)) forallfe (0, g} (7.4)
and
e = ¢ in LY (% [0,00)) forallpe[1,8) and a.e. inQ x (0,00), (7.5)
Ve. ~Ve in L (2% [0,00)), (7.6)
D?c. = D% in Lic(f‘z x [0,00)) (7.7)
as well as
Ue — U in L2 .(Q x [0,00)) and a.e. in Q x (0,00), (7.8)
ue(-,t) = u(-,t) in L*(Q) for a.e. t >0, (7.9)
Us — U in L;EOC(Q x [0, 00)) and (7.10)
Vu. = Vu  in L2 (Q x [0,00)) (7.11)

with some limit functions n, ¢ and w which are such that n > 0 and ¢ > 0 a.e. in Q x (0,00) and
satisfy (1.8) and (1.9).

Proor. First, combining Lemma 5.2 with Lemma 3.2 we see that (nc).c(,1) is bounded in
16
L} (10, 00); Wl%(Q)), whereas (ne¢)ee(o,1) is bounded in Lj, ([0, c0); (W?2(Q))*) by Lemma 6.1. Ac-

cordingly, a variant of the Aubin-Lions lemma ([58]) asserts that (n.).c(,1) is relatively compact in
16

e.g. L2 (Q x [0,00)) with respect to the strong topology therein. We can thus pick (¢;)jen C (0,1)

loc

such that €; \, 0 as j — oo and such that
Ne =N a.e. in 2 x (0,00) (7.12)

as well as (7.3) hold as € = ¢; \, 0, where in view of (3.5) we may assume that moreover (7.2) is valid.
Since Lemma 5.1 in particular warrants the existence of C; > 0 such that for any g € (0, %] we have

t+1 5 t+1
/ /|V(n5+1)6\ - 52/ /(nﬁl)””anal2
t Q t Q
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t+1 .
< 52/ /(n6+1)_4‘vn6‘2
41
52/ /ne |Vne|?

< for all t > 0 and € € (0, 1),

IN

using that (ne + 1) — (n+1)” a.e. in Q x (0, 00) by (7.12) we clearly can simultaneously also achieve

(7.4) for any such .

To complete the proof of (7.1), it is sufficient to consider the case p € (1,2), in which we again invoke
2

Lemma 3.2 to see that (nf).c,) is bounded in Ll;;c(fl x [0,00)), whence on extracting a further
subsequence if necessary we may assume that for any such p we also have
2

P _nypP p
nf —mn in L

(Q x [0,00)) ase=-¢; \,0.

For fixed T' > 0, this in particular implies that fOT Jonf — fOT Jon? and hence, by uniform convexity
of LP(Q x (0,T)) for p > 1, that n. — n in LP(Q x (0,T)) as € =¢; \, 0, as desired.

L1kew1se using boundedness of (c).¢(o,1) in L ([O,m);Wl’%(Q)) and of (cet).c(o,1) in the space

loc

Ll207c([0, 00); L (€2)), as asserted by Lemma 4.3 and Lemma 6.1, from the Aubin-Lions lemma we infer
the existence of a further subsequence, suitably relabeled for notational convenience, such that as
€ =¢; \( 0 we have

Ce > ¢ a.e. in © x (0, 00) (7.13)

as well as (7.6) and, in view of Lemma 4.4, also (7.7). As moreover (c:)ce(o,1) is bounded in
LE (2 x [0,00)) by Lemma 4.3, arguing as above we see that we can also achieve that c. — ¢ in

LY (§2x[0,00)) for all p € [1,8) as € = &; \, 0.

The properties (7.8)-(7. 11) can similarly be obtained on combining the bounds on (uc).c(,1) in

(10,00): W3 2(2)) 1 Ly,

loc([O 00); (W&g(Q))*), as provided by Lemma 6.1 (cf. also [53, p. 329] for a comment on (7.9)).

loc (2 x [0,00)) from Lemma 3.8 with the boundedness of (ug)-c(o,1) in

Clearly, both n and ¢ inherit nonnegativity of n. and c., whereas the additional boundedness prop-
erties n € L((0,00); LY(Q)), ¢ € L*®((0,00); L%(Q)) and u € L*((0,00); L2(2)) in (1.9) directly
result on using Lemma 3.2, Lemma 3.6 and Lemma 3.8 in conjunction with the pointwise convergence
statements contained in (7.1), (7.5) and (7.8). O

In investigating the solution properties of the limit (n,c,u) gained above, we first concentrate on
the second and the third equations in (1.1) which indeed are satisfied in the natural weak sense, as
postulated in Definition 2.2.

Lemma 7.2 Let n,c and u be as in Lemma 7.1. Then (2.4) and (2.5) hold.
PROOF.  Multiplying the second equation in (3.1) by ¢ € C§°(Q x [0,0)), we see that

[ e [apto = - [T [veve [T [ e
+/O /Qnew/o /chus.vgp (7.14)
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for all € € (0,1), where thanks to (7.5), (7.6) and (7.1) we have

| e[ [~ [Veveos- [T [veve
0 Q 0 Q 0 Q 0 Q

[e.e] o0 [e.e] [e.e]
—/ /cgcp—>—/ /cgo and / /n€g0—>/ /ngo

0 Q 0 Q 0 Q 0 Q

as € = ¢; \, 0. Since (7.10) combined with the outcome of (7.5) for p := % < 8 implies that cou. — cu
in L, .(© x [0,00)) and hence

/ /caua-Vg0—>/ /CU-V(/D
0 Q 0 Q

as € = 5 (0, (7.14) implies (2.4).
We next test the third equation in (3.1) by an arbitrary ¢ € C5°(€2 x [0, 00)) with V- ¢ = 0 to obtain
the identity

[ ue - pr — [ uo-p(-,0) = — h Vue -V + b (Youe @ ue) - Vo
0 Q Q 0 Q 0 Q
+/0w/§2n5v¢~gp+/ooo/gf~so (7.15)

for all € € (0,1), in which by (7.8), (7.11) and (7.1),

—/ /us-tpt—>—/ /u-tpt, —/ /Vug'ch—>—/ /Vu-VgD and
0 Q 0 Q 0 Q 0 Q

/ nEV¢-g0—>/ /anZ)-«p

0 0o Ja

as € = € N\, 0. Since according to a well-known argument (cf. [53, p. 331] or [73, Proof of Lemma 4.1],
for instance), (7.8) implies that also

Youe. = u in L}, .(Q x [0,00)),

it furthermore follows that Yzu. ® ue — u® u in L} (€ x [0,00)) and therefore

/OOO/Q(YEU5®U5)‘V¢—>/OOO/Q(U®1L)-Vap

as € = € \, 0, whereby (2.5) becomes a consequence of (7.15). O

Next concerned with the solution properties of n, let us proceed to make sure that this first component
enjoys a subsolution property in the sense of Definition 2.1.

Lemma 7.3 Let (n,c,u) be as given by Lemma 7.1. Then n is a weak ®-subsolution of the first
equation in (1.1) for
O(s) :=s, s> 0. (7.16)

28



PROOF.  Multiplying the first equation in (3.1) by an arbitrary nonnegative ¢ € C§°(Q x [0, 00))
results in

N/ /”?‘P / /nesDt—l—/nogo / /Vne V<P+X/ / 1 Vee -V
0 Q + eng
+P/ / ne@ + / / Nele - Vo (7.17)
0o Ja o Ja
for all € € (0,1), where making use of (7.1) and (7.3) we directly see that
/ / Neps — / / nYt, / Vne - Vo — — / / Vn -V and
0 Q 0 Q
P/ /nsSO - P/ /nSD
o Jao o Ja

as € = £ \, 0. Furthermore, applying (7.1) to p := % < 2 shows that

Ne
—n in L?

1+eng loc(Q X [0, OO)) as € =¢;j \‘ 0,

so that due to (7.6) we have

X/ /1n‘E ch-Vw—U(/ /nVc-ch
o Jol+ene 0o Ja

as € = ¢; \, 0, whereas invoking (7.1) with p := 1 < 2 we see that

/ /nguE-Vg0—>/ nu -V
0o Ja 0

as € = ¢; \, 0 thanks to (7.10). According to the pointwise convergence property in (7.1) and the
nonnegativity of ¢, from (7.17) we thus infer on using Fatou’s lemma that

R <1--f{/°°/2}
N/O /9”90 > alznaljlgo K o Q”e‘P
= / /ngot—k/nogo(‘,O)—/ /Vn‘Vgo—i-x/ /nVc-Vgp
o Ja Q 0o Ja 0o Jo
+p/ /ncp+/ /nu-ch,
0o Ja 0o Ja

which for @ as in (7.16) is equivalent to the desired inequality in (2.3). O

For the proof of Theorem 1.1 it remains to assert a corresponding supersolution property. To accom-
plish this in Lemma 7.5, let us first derive from Lemma 7.1 some further approximation features which
will be used therefor.
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Lemma 7.4 Let (¢j)jen and n be as provided by Lemma 7.1, and suppose that o € (0, %) Then

_ 2
(ne+ 1) = (n+1)° in LY (% [0,00)) for all p € [1, E)’ (7.18)
_ 2
(e +1)°8 5 (n+1)*5  in IL (2 x [0,00)) for alip € [1, 73) (7.19)
(a—3%)+
_ 2
ne(ne + 1)t = n(n+1)>7! in L} (% [0,00)) for all p € {1, —), (7.20)
a
_ 2
ng(na + 1)0471 N nz(n + 1)0471 Zn LlpOC(Q X [07 OO)) for all p € |:]., ?) and (721)
a

Ne

— 1)e-t in LP
(ne + 1)1=(1 4+ en.) n(n+1) m

loc

(2 x [0,00)) for all p € [1, %), (7.22)

and writing

s do
V(s) = a/o e e E NI () (7.23)
we have 5
Ye(ne) = (n+1)*  in L (0 x [0,00)) for all p € [1, a). (7.24)

PrOOF.  We first claim that for all 5 € (0,2) and any ¢ € (1, %) we have

(ne +1)» = (n+1)%  inL!

1 (2% [0,00)) (7.25)
as € = ¢ \( 0. Indeed, this follows by an argument quite similar to that used in Lemma 7.1: Since

2z
((ne + 1)’6))56(0,1) is bounded in L; (Q x [0,00)) according to Lemma 3.2, using that n. — n a.e. in

Q x (0,00) we first obtain that for all T > 0 we have (n. + 1) — (n + 1)? in L%(Q x (0,7)) C
Li(2x (0,T)) as e =5 \, 0. As furthermore from the same source we know that ((ne +1)%%).¢(o 1) is
2

bounded in L, (Q x [0,00)), for all 7' > 0 we also obtain that (n.+1)%* — (n+1)%% in L%(Q x (0,7))
and hence fOT Jo(ne +1)9° — fOT Jo(n+1)77 as e = ; \, 0, implying (7.25).

When applied to § := a and to f := a— %, respectively, this immediately proves (7.18) and also (7.19)
when o > %, whereas to derive the latter in the case a < % we only need to note that as e = ¢; \, 0,
for each v > 0 we have

ne+1)"7 = (n+1)7" in L (Qx[0,00)) for all p € [1, 00) (7.26)
by (7.1) and the dominated convergence theorem. On decomposing
ne(ne + 1) = (ne + 1% = (ne +1)*7!
and again using (7.26), from (7.18) we easily obtain (7.20), and, similarly, rewriting
n2(n. + 1)1 = (n. + )™ —2(n. + D + (ne + 1)1,

by an application of (7.25) to f:= a + 1, and again of (7.18) and (7.26), we readily deduce (7.21).
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To verify (7.22), we split

(n- + 1)1—2(1 e Sl Dt o= { (ne + 1)1—5(1 Yen) (n+ D)ol +en.) }

+{uw+n1au+e%>‘0r+wla}
= Wie + W, (7.27)

and use (7.20) to see that for all 7> 0 and p € [1, 2),

[ =]

— 1 satisfies

p
ne(ne + 1) —nn+ 1) =0 as e =¢; \,0. (7.28)

Since 55 = m

el =

<1 mQx(
1+€n5_ in £ (0, 00)

as well as & — 0 a.e. in 2 x (0,00) as € = ¢ \, 0, by the dominated convergence theorem we moreover
find that for any such 7" and p,

//!w25|p</ /|§5|p n(n+1)*" )p—>0 as € =¢; \, 0,

because clearly (n(n + 1)*~1)? belongs to L'(Q x (0,T)) by e.g. (7.20). Combined with (7.28) and
(7.27), this establishes (7.22).
Finally, for the derivation of (7.24) we also use a decomposition according to

belne) = (n+ 1% = {e(ne) = () | + {eln) = (0 + 1)} = 210 + 22, (7.29)

where using that

52 do
1/15(52)—7/15(51)‘ - a/sl (0 + 1)1 +¢e0)?

04/52 do
s (1)t

= (s2+1)*—=(s1+ 1) whenever 0 < s1 < s9,

IN

we readily infer from (7.18) that for all T > 0 and p € [1, 2),

/ /\z15|p</ /)n5+1 (n+1)° ‘ 0 ase=¢g; 0. (7.30)

Since furthermore

0< (n+1)*—v.(n) = a/onm-{1—(1+1w)2}da

=: N =n(x,t) in 2 x (0, 00),
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where 7. — 0 a.e. in Q x (0,00) as € = ¢; \, 0 and
" do P o .
ngg{a/o (a+1)1a} =(n+1)"  inQx(0,00),

and since (n 4+ 1)P* € L}, .(Q x [0,00)) for all p € [1,2) by (7.18), we may once again invoke the
dominated convergence theorem to see that for all 7' > 0 we have

T T
/ /]zgs\p</ /nﬁ—)() as e =¢; \,0,
0o Jo 0o Jo

which together with (7.30) and (7.29) proves (7.24). O

We can thereupon verify the following.

Lemma 7.5 Let (n,c,u) be as given by Lemma 7.1. Then for any choice of o € (0, %), n is a weak
O-supersolution of the first equation in (1.1) for

O(s) == (s+1)7, s> 0. (7.31)
Proor.  We first compute

d(n. +1)* = a(n.+1)* tAn,
a Ne

Vn. Ve — ay -
(e + )11 ten)2 " o V=T XN T )10l + eny)
tapne(n. + 1)1 —apn?(n. +1)>7!
—ue - V(ne + 1), zreN, t>0, (7.32)

Ac,

_X.

where we note that
«
(ne + 1)1=(1 4 en,)?

Vne = Vibe(ne)

with 9 as defined in (7.23). Thus, testing (7.32) by an arbitrary nonnegative ¢ € C5°(2 x [0, 00)) we
obtain that

. /0 ” /Q (ne + 1)1 — /Q (no +1)%¢(-.0)

— a1 —a)/ /(ng—i-l)az\Vng\Q(p—a/ /(n€+1)alwe-w
0 Q 0 Q

+X/Ooo/g¢s(ne)vcs'VSO+X/OOO/Qw€(nE)ACsSO
A= e i

[e.9] o
—I—a,o/ / ne(ne +1)* 1y — oz,u,/ / n?(n. +1)% 1y
0 Q 0 Q

+/OOO/Q(n€+1)au€-vcp (7.33)
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for all e € (0,1). Here we apply Lemma 7.4 to see that since (n.+1)% — (n+1)® and ne(n. +1)27! —
n(n+1)*"! as well as n2(n. +1)*1 = n?(n+1)*"1in L] (2 x [0,00)) by (7.18), (7.20) and (7.21),

we have - ~
—/ /(n8 + )% — —/ /(n +1)%p (7.34)
0o Jo 0o Jo
and - -
ap/ / ne(ne +1)* to — ap/ / n(n+1)* 1ty (7.35)
0 Q 0 Q
as well as - -
—au/ / n(n. +1)% 1o — —au/ / n?(n+ 1)ty (7.36)
0 Q 0 Q

8
as € = g5 \ 0. Moreover, combining the fact that (Acc).=,\ 0 is weakly convergent in L; (£2x[0,00)),
as asserted by (7.7), with an application of (7.24) and (7.22) to p := §, which is possible since according
to our assumption a < % we have % < %, we see that

o Y KACAINTE / " [ (7.37)

— a—1
ozx/ / CRSET 1+€n€)AcEg0—> ax/ / (n+ 1) Acyp (7.38)

as € = ¢; \, 0. Similarly, the convergence property of (Vee)e=c, 0 In LlOC(Q x [0,00)) in (7.6) can be

and

complemented by invoking (7.24) for p := 5 < 2 to obtain

X/ / e(n:)Vee - Vi — X/ /(n +1)*Ve- Vo (7.39)
0o Jo o Ja
10

as 6 = E] N\ 0, and since (ug).—c;\o is weakly convergent in L;?.(Q x [0,00)) by (7.10), taking
p:=122 < 2 in (7.18) yields

/ /(n6 + )% - Vi — / /(n + )% -V (7.40)

o Ja o Ja

as e =¢; \(0.

Next, in the second integral on the right of (7.33) we use that V(n. + 1)% = 2(n. + 1)_3Vn5 to
decompose

—a/ /(ng—i-l)o‘anE-V@——/ / ne +1)¢ (n€+1)§ Vo,
o Jo

so that invoking (7.4) with 3 := ¢ 3 and applying (7.19) to p := 2 < —2— shows that

(a_§)+
_a/ /(n€+1)a—1Vn€-Vg0 — / / (n+1)* n—i-l)%-V(p
0 Q
= —a/ /(n+ 1) Vn - Vo (7.41)
0 Q
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as e =¢e; \,0.
[

Again relying on (7.4), now applied to § := §, in view of a standard argument based on lower

semicontinuity of the norm in L?(2 x (0, 00)) with respect to weak convergence, we thus infer from
(7.33)-(7.41) that

a(l—a)/ooo/g(n+1)a_2]Vn]2<p - W/OM/KI\V(nH)%

< g {5 [T [ oo}

= timinf {at-a) [7 [ e+ 00 vne ]

= = [ [ v [ mo+ o0
+a/ooo/ﬂ(n—|—1)°‘_1Vn'Vg0
_X/OOO/Q(H1)avc-w—x/ooo/ﬂ(n+1)%c¢
+ax/ooo/gn(n+1)a_1Acg0
—ap/ooo/ﬂn(n—l—l)o‘1g0+au/()oo/gn2(n+1)°‘1<p
—/OOO/Q(n—i—l)au-Vap

holds for any such ¢. By definition (7.31) of ®, this precisely yields the claimed supersolution property
in (2.3). 0

2
¥

In summary, (n,c,u) indeed is a weak solution in the desired flavor:

PROOF of Theorem 1.1.  We only need to collect the results of Lemma 7.1, Lemma 7.2, Lemma 7.3
and Lemma 7.5. ]

8 Large time behavior: The case p > 0

We next address the large time behavior of the solutions gained above under the largeness assumption
(1.10) on p. Here in the case p < 0 when the first equation in (1.1) does actually not contain a
production term, it is not surprising that solutions decay in their first two components in the large
time limit (cf. Lemma 9.1 below for the main argument justifying this intuition). We therefore first
consider the case when p is positive, which will be significantly more involved. Fortunately, the
assumption (1.10) warrants that at least formally, (1.1) possesses a Lyapunov functional, containing
the first two solution components, which is such that the dissipation rate in the corresponding energy
inequality is adequately large as long as solutions are far from the spatially homogeneous equilibrium
(2 ﬁ) Due to the lack of knowledge on appropriate regularity of solutions, however, the precise
verification of this latter circumstance will require some arguments which seem not straightforward,
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and which will be the objective of Section 8.2. Furthermore, in order to remain at the level of suitably
smooth functions as long as possible, our approach will require the derivation of decay properties
which are essentially independent of € € (0, 1).

8.1 An energy functional for (3.1)

Given a positive number n,, we let ,, : (0,00) — R be defined by

Cn, (8) ::s—n*—n*lnni, s> 0. (8.1)

Then (p, is convex with ,, (n4) = ¢, (ns) = 0, so that (,,(s) > 0 for all s > 0. B
In particular, for each B > 0 and any nonnegative continuous n : 2 — (0,00) and ¢: Q — R,

Fn,.B(n,c) = /an* (n) + Z;/Q(c— ny)? (8.2)

is well-defined and nonnegative with F,,, p(n«,n.) = 0.

In fact, F,, g plays the role of an energy functional for (3.1) in the following sense.

Lemma 8.1 Let x > 0 and p > 0, and suppose that

us XvP (8.3)
Then there exist B > 0 and C' > 0 such that writing n, := ﬁ, with Fp, g as in (8.2) we have

d Vne|?
GFna(ntoetn) + ol [y [ weps [+ [ -2} <o
dt o Nz Q Q Q

< 0 forallt >0 (8.4)

and any € € (0,1).
PROOF.  According to (8.3), we have
X1
4

< Ap,

whence it is possible to fix B > 0 such that

2
X" Tx

< B <4y (8.5)

Here the former inequality ensures the existence of some suitably small § € (0, 1) such that still

2
X Tlx
=0 < B, (8.6)
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whereas due to the latter inequality in (8.5) we can find n € (0,1) fulfilling

B
41 —n)
With this value of B fixed, for e € (0,1) we use the first two equations in (3.1) and the fact that
V - u. = 0 to compute

%fn*73(ne7cs) = /nat—n*/nat—i-B/ — M) Cet
= /ne— / / {An6 xV - <1fanVc€>—|—pn5—/mg—u5'Vn5}
+B/ —n*)-{ACE—cs+n5 Ug Vcs}
ol

‘V 5’2 / Vne /
* 1 _ N - * Q *
X ne(1+ene) Ve = mapl Y+ nup

< (8.7)

—B/|ch|2 B/ A +B/( —ny)(ne —ny)  forallt>0. (8.8)

Here it can easily be checked that thanks to the definition of n, we have

p/ Ne — ,u/ n? — nep|Q| + n*,u/ ne = —,u/ (ne —ny)? for all t > 0, (8.9)
Q Q Q Q
and two applications of Young’s inequality show that
Vne |Vn.|? N x> / 9
R <(1-46 for all t > 0 1
n*X/QnE(l—ana) Ve < ( )M ) 2 + I Q\VCE| or all t > (8.10)
and
B
B/(c8 —ny)(ne —ny) < (1 — n)B/(cE —n )+ —— / (ne — ny)? forallt > 0. (8.11)
0 0 4(1=n) Jo
Collecting (8.8)-(8.11), we thus infer that
d Vn:|? n*
afn*,B(nsa Cs) < —On, o ‘ 715 - ( - X / |VC€‘2

_(M_él(lBin)) /Q(ns—n*) —77B/Q(c€—n*)2 for all t > 0.

As (8.6) and (8.7) assert that both B — 4(1 9) and p — (13 oy are positive, this establishes (8.4) upon
an evident choice of C. O

As an immediate consequence, we obtain the following which will firstly serve as a fundament for our
proof of stabilization in the first two solution components, and which moreover, through the second
inequality implicitly contained in (8.13), will later on be useful for achieving decay of the fluid velocity
field in the proof of Theorem 1.3.
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Corollary 8.2 Let x > 0 and p > 0, and suppose that (8.3) holds. Then with n, = ﬁ and B > 0 as
gwen by Lemma 8.1, and with F,, g as defined in (8.2), for all e € (0,1) we have

Fn,.B (ns(-,t),cs(-,t)> < Fn, B (ne(',tg),cg(-,t0)> whenever 0 < tg < t, (8.12)

and there exists C > 0 such that

/0 \m\? // )’ // <C  foralle € (0,1). (8.13)

ProoF.  This directly results on integrating (8.4) in time. O

8.2 Estimating the energy in terms of the dissipation rate

In order to take full advantage of the dissipation mechanism expressed by (8.4), it seems desirable to
relate the size of the energy by the corresponding dissipation rate. Here we underline that a substantial
obstacle toward this stems from the fact that in the context of arbitrary positive functions, for each
fixed n, > 0 and B > 0 the functional F,,, p apparently may attain arbitrarily large values even
under the constraint that the dissipation rate remains bounded; this is due to the singularity of (,,
at the origin, and can accordingly be seen on e.g. choosing ¢ = n, and n = § for suitably small § > 0.
When resorting to functions for which additionally a certaln smallness condition on n — ny is satisfied,

n.,B(n,c). This can be achieved

however, one can make proper use of the term fQ
by means of the following variant of the Poincaré mequahty

Lemma 8.3 There exists Cp > 0 such that
Q
/ h? < Cp/ |Vh|? for all h € WY2(Q) satisfying ‘{h = 0}’ 1 |

ProoFr.  This is part of the statement proved in [26, Corollary 8.1.4]. O

In fact, we can thereby derive the following control of the possibly singular contribution to F,, p in
terms of integrals appearing in the dissipation rate in (8.4).

Lemma 8.4 For n, > 0, let (,, be as defined in (8.1). Then taking Cp > 0 from Lemma 8.3, we

have
/Q<n*<so>Sn*m(/Q'vﬁ'2>;+m(/gw—nﬁ)i;/gwn*>2 (8.14)

¥ Ty

for any positive p € C1(Q) satisfying

210
/Q(w —n.)? < n*é 5 (8.15)
PROOF.  Assuming without loss of generality that
2
P and  Ji= [ (p—ny)? (8.16)
2
Q ¥ Q
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are both positive, using the Chebyshev inequality we see that

o> 2| < oo om0

— 2J
ar 2
and hence
2.J J €2
Y — > 2
{ezn. m\}‘ - ‘{’“" SRR ES
Therefore,
h@):<—h1 ¢@LJ
Ty W +
belongs to W12(€2) and satisfies
2J |2
{h=0}] = ‘{*02"*‘\/@,}’ Z 5
whence Lemma 8.3 shows that
2 2
/ <—1n90(‘”>> :/h2 < Cp/ |Vh|? :Cp/ mﬁ' < Cpl. (8.17)
Q N, — I%JI + Q Q {o<na—y/fq} ¥

In order to estimate the leftmost integral from below, we make use of the fact that

1 /2J 1
< Z 1
Ny \/ Q] — 2 (8.18)

according to our assumption (8.15), so that since In(1 — z) > —2z for all z € [0, 3] we firstly infer that

o8 = Lo ) o
{p<na— %} Tk {o<n.— %} ne — /2 {o<n,.— %} T |Q‘

* 1€2]
1 /2
< / <—ln<'0 >—Q|1n<1—1/é])
{p<n.— %} Ny — % T ‘ |
% 1 /2J
< / <—m>+mm-
{o<ns— %} n, — /% T ’Q|

*

- (o)

_ n
* €2
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Thanks to the Cauchy-Schwarz inequality, from (8.17) we thus obtain that

%2
Cn* (90) = / (QO - n*) + n*/ ( —1In >
foe 7 (oena B e TN

< n*/ (—ln(P)

{o<na—/ 5} Thx
< n*/<—ln 1 > + ‘8’Q|\/j

Q n*_ % JF n*

1
2\ 2 /2TOT
< ne/ |9 /<—1ns0> + 8‘9’\/3
Q Ny — 2J + Ty
* Vel
\/ 8|

< n*\/|Q|\/CP\/f+n‘|\FJ. (8.19)

As for the corresponding integral covering the region where ¢ > n, — , /%, in view of the fact that

2J
P (8.20)
Q] — 2
by (8.18), we introduce
1 Ty
n A\ ) > I
V)= Guls) = (s — 52
and then obtain that 1 (n.) = 0 and
n 2
(s=n)¥/(s) = (s=m)-{1-"5 = =(s—n.)}
s Nk
1 2
— _ 2. - _ =2
= om0
< 0 foralls>
As a consequence, for all s > %= we have 9(s) < 0 and hence
() < (5 = ma)?
n (8) < — (s —ny)”,
* Ny
by (8.20) implying that
1 2 _ 1 2
Cn, () < Cn () < — (p=n)” < — | (p— )"
{p=n.—/ &0} {p>2} N J{p>nxy T JQ
On adding this to (8.19), recalling (8.16) we readily arrive at (8.14). O
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8.3 c-independent stabilization

With Lemma 8.4 at hand, we can now make sure that (8.4) implies the following decay property of
Fn,.B(ne, ¢-) which is uniform with respect to € € (0,1).

Lemma 8.5 Let p > 0, x > 0 and p > X‘[, and let n, := ﬁ and B be as in Lemma 8.1. Then for
all 6 > 0 there exists T(5) > 0 such that for all € € (0,1), with Fy,, p as in (8.2) we have

fm,B(ng(.,t),cg(-,t)) <5 forallt>T(5). (8.21)

PrOOF.  According to Corollary 8.2, we can fix C7 > 0 such that

//!Vnelz // —n)? // 220y foralle e (0,1), (8.22)

whereas since n is strictly positive in x (0, 00) by the strong maximum principle, Lemma 8.4 provides
Cy = Cy(ny) > 0 such that whenever

: _2jo)
/Q(ns(',t)—n*) < , (8.23)

with (,, as in (8.1) we have

/Cn* ne(-,t <02(/ N"t)”?> +02(/Q(n5(~,t)—n*>2>é+02/Q<n5(-,t)—n*)2.(8.24)

Now given § > 0, we pick positive numbers 7, and 72 such that

5

Cov/ii < 5 (8.25)
and 5

Caoy/m2 + Camz < 1 (8.26)

as well as 210
m< (3.27)

and thereafter choose T' = T'(§) suitably large satisfying

c, ¢y 4B

T > max —, — - 8.28
{ m’ om0 } (8.28)

Then (8.22) implies that for each € € (0,1) we have

/ { 'V”EQ+/Q(na—n*>2+/g<ca—n*>2}s?,

whence for any such ¢ we can find t. € (0,7) such that

R RS R AR
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By (8.28), this in particular implies that

/Qw < % <m (8.29)
and _—
/Q (na('ate) - m) < S (8.30)
as well as B 2 OB 6
3/, (Cs('ats) - n*) S5r < (8.31)

where combining (8.30) with (8.27) shows that (8.23) is valid for ¢ := t., meaning that (8.24) becomes
applicable so as to warrant that, by (8.29) and (8.30),

/QCn* (ne(-,te)) < Co/m + Coy/m2 + Conpa.

Thanks to (8.25) and (8.26), this entails that

NGRS

Lo
-

IR

/Q o (e 1)) <

and that due to (8.31), by definition (8.2) of F,,, p we thus have

Froplmeotdelatd) = [ Gunet) +5 [ (el —n)
o 0
< SH5=0

Since t. < T, in view of the monotonicity property (8.12) asserted by Corollary 8.2 this directly proves
(8.21). O

In order to translate the latter into a corresponding decay property referring to usual spatial LP norms,
we shall need to bound [, (s, (n) from below appropriately.

Lemma 8.6 For n, >0, let (,, be as defined in (8.1). Then

/Qlcp—m! < \/W(/ﬂ(m(@))é"i' <1n21_5+ 1_;111%)/9%*(90) (8:32)

for all € CO(Q) fulfilling o > 0 in Q.

Proor.  We split

[lo-ni=[ -0+ ol [ emm) (839
Q {o<5} {lp—na| <5} {p>=5*}

and first observe that by downward monotonicity of (,, in (0, ny),

Ty

n 1 1 n
Cn, (8) > Cn*<?*) =5 —n*—n*ln§ :n*(ln2— 5) for all s € (0, ?*),
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so that

[ ooz s @2 [
{e<) o<ty In2-35 Jrpocny n2-3Ja

because (,, is nonnegative.
Next, in view of the second integral on the right of (8.33) we let

D) = G (o) — (s = se[55,

3n, 279
to see that
(s=m)oi(s) = (-m) {1 "= o2 -}
1 2
= (s=m) {g_ 3n*}
Ny 3N
> 0 for all s € [?*, 2*}
Therefore,
P1(s) > P1(ne) =0 for all s € [%, B;L*}
and hence
(s —ny)? < 3n,Cn, (5) for all s € [%, SZ*],

so that invoking the Cauchy-Schwarz inequality we can estimate

/ o—n < m(/ (so—n*)2>2
{lo—n. <%} {lo—n. <%}
< \/3n*rﬂ|< /{ <m<so>>2

[o—n4]

Finally, writing

s 3
a(s) ::n*lnn—*—ani-(s—n*), s> 5

we see that since 3111% =1In %7 > 1, we have

, Ny 3 2 3 3ny
= — — - < - — — > —
Py (s) . 21112 3 21n 5 < 0 for all s 5
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so that

3”* 3n*

2

)zn*ln§—2lng-%:0 for all s >

Pa(s) < 1/12( 5

and hence
Cn,(8) = s—ny— {wg(s) + 21ng (s — n*)}
3ny

3
> (1—21115)-(3—71*) for all s > 5

As 2ln% = ln% < 1, this entails that

1 1
- < —F— n S ——(—3 N
R S e~ B B e g R

and thus, when combined with (8.34), (8.35) and (8.33), proves (8.32). O

We can thereby draw the following consequence of Lemma 8.5.

Lemma 8.7 Suppose that p > 0, x >0 and p > XT‘/’S. Then for all § > 0 there exists T(§) > 0 such
that for all e € (0,1) we have

PROOF.  Writing n, := ﬁ and

1 1
C1 := max {\/3n*|Q| , + }, (8.37)

1 3
11’12—5 1—21n§

_r
0

ne(-,t) < for all t > T(9). (8.36)

L)

given § > 0 we fix 47 > 0 such that

Cl\/a‘i‘ Ci61 < é (8.38)

[261 0
— < - .
5 =3 (8.39)

Then Lemma 8.5 provides T' = T'(§) > 0 with the property that for each ¢ € (0,1), the functional
Fn,. introduced in (8.2) satisfies

[\

and

Fn.B(ne(-,t),cc(-,t)) < 01 forall t > T. (8.40)

By definition of F,,, p, this in particular means that with ¢,, as in (8.1), for all € € (0, 1) we have

/ Cn, (ne(e, 1)) < 01 forallt>T (8.41)
Q

and
B 2

2/ (ce(',t) — n*) < forallt > T,
Q
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where the latter ensures that

2
yh%p,ﬂ477“HL%Q)5;,f€§,g g for all t > T (8.42)

due to (8.39). In light of Lemma 8.6 and (8.37), however, (8.41) guarantees that

cl< / <;m<m:<-,t>>>é 01 [ el

[ne (-5 1) — n*HLl(Q) <
< C1Vér+Cioy
< g forallt >T
by (8.38), which along with (8.42) establishes (8.36). O

9 Stabilization. Proof of Theorem 1.2

9.1 c-independent decay estimates in the case p <0

As a last preparation for the proof of Theorem 1.2, let us refine the argument from Lemma 3.2 and
Lemma 3.3 to derive the following quantitative decay estimates for n. and ¢, with respect to the norms
in L'(Q)) when p is nonpositive. As a by-product, we thereby moreover obtain the inequality (9.3)
which will be useful for the proof of Theorem 1.3.

Lemma 9.1 Let x > 0, > 0 and p < 0. Then there exists C > 0 such that for all € € (0,1) we have

/Qng(a:,t)da: < til forallt >0 (9.1)
and o
< — 2
/ch(x,t)dx < forallt >0 (9.2)
as well as -
/ /ﬁm@m&ga (9.3)
0 Q
PrROOF.  We repeat the integration procedure from Lemma 3.2 to see that since p <0,
d
— nazp/ng—u/ngg—u/ng for all t > 0, (9.4)
dt Jo 0 Q Q

which immediately yields (9.3). Moreover, employing the Cauchy-Schwarz inequality we infer from
(9.4) that y(t) := [ ne(-,t), t > 0, satisfies y/(t) < —ﬁyQ(t) for all ¢ > 0 and hence

yo o G
L+ G0t ~ t+1

y(t) < for allt >0 (9.5)
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with C := max { [, no, %‘}
t

Having thus proved (9.1), to derive (9.2) we recall that by the second equation in (3.1), z(t) :=
Joce(-,t), t >0, fulfils 2/(t) = —z(t) + y(t) and therefore

G <0 forallt>0

2(t) + 2(t) — TS

by (9.5). Thus, if we fix Cy := max {4C1, 2 [, co} and let Z(t) := t%z’ then 2(0) > < > [, co = 2(0)
and

_ _ 1 Co Co Ch
/ . _ .
20 +200) - 7 G122 tr2 P41
- @ .{_L_ﬁ.ﬂ}
t+2 t+2 Oy t+1
Co

>

1 O
D e )
t+ 2 {2 C2 }
> 0 for all ¢ > 0,

so that by comparison we conclude that Z(¢) > z(t) for all ¢t > 0, which clearly implies (9.2). O

9.2 Proof of Theorem 1.2

PROOF of Theorem 1.2.  Along with the Fubini-Tonelli theorem, Lemma 7.1 provides (&) jen C (0,1)
and a null set N C (0, 00) such that ¢; \, 0 as j — oo and

ne(,t) = n(-,t) and c.(-,t) = e+, t) a.e. in Q for all t € (0,00) \ N

as € = g; \, 0. In view of Fatou’s lemma and the fact that L*(2) C L(f2), in both cases p > 0 and
p < 0 we then obtain from Lemma 8.7 and Lemma 9.1 that

)_pj

P+
[0 = 2|
w

7

— 0 and Hc(',t

=0 as (0,00) \ N 3t — oc.

L1(9Q) LH(Q)

Here the former statement precisely yields decay of n as claimed in (1.11), whereas the second one can
be combined with the fact that Cy := sup;c(g00)\ N Jo S(-,t) is finite, as asserted by Lemma 3.6 and
Fatou’s lemma, to see upon interpolating by means of the Holder inequality that for any p € [1,6),

6(p—1)

6-p
”C(vt)HLi”(Q) < Cl ” HC('7t)HL51p(Q) —0 as (07 OO) \N 31— o0,

which completes the proof of (1.11). O

10 Decay of u. Proof of Theorem 1.3

Let us finally make sure that in the case pu > X\{fﬁ, the stabilization properties obtained above are
sufficient to ensure asymptotic decay of u, provided that the external force f satisfies (1.12). More
precisely, our proof for this will make use of the following information yielded by Corollary 8.2 and
Lemma 9.1.
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Lemma 10.1 Let x >0, p e R and p > %. Then

/ / n(x,t) ) dxdt < oo. (10.1)

Proor. If p < 0, then this results from Lemma 9.1, Lemma 7.1 and Fatou’s lemma, while when
p > 0 we can conclude similarly, relying on Corollary 8.2 in this case. O

Now once more exploiting the basic identity (3.20), this time in a more elaborate manner, yields the
claimed statement on decay of w.

PROOF of Theorem 1.3.  Let us first verify that the approximation process documented in Lemma
7.1 occurs at a sufficiently regular level so as to allow for an implication of the natual energy inequality
associated with the Navier-Stokes subsystem of (1.1) in the sense that one can find positive constants
C7 and C3 and a null set N C (0, 00) such that

/Iu(-ﬂf)l2 < em Ol /|u to)|” + / {=n(s)ds
Q to

for all ¢y € (0,00) \ N and each t € (tp,00) \ N, (10.2)

where
. T N
h(t) := Calln(-t) — nul72(q) + Call f( ,t)HL%(Q) fort >0 (10.3)
with n, = ’%. To see this, we first go back to Lemma 3.7 and make use of the embedding VVO1 2(Q) <
L5(Q) and Young’s inequality to find C3 > 0 such that for any € € (0, 1),

2dt/|u€|2 /|Vu5|2 = /an-:us'v¢+/gf'us

= /(na—n*)ug-qu—l—/f-ua
Q Q
1
/Q(ng—n*)ua.qu—i—z/QVu6\2+C3Hing(Q) for all ¢t > 0.

IN

Thanks to the Poincaré inequality, this shows that with some C7 > 0 we have

d
/ |u€|2—|—201/ e < 2/(715 e - Vo + 20| fI for all ¢ > 0. (10.4)
dt Jo 0 Q L3(Q)

Here we note that so far we have avoided estimating the first integral on the right in view of the
circumstance that we do not know whether (n.).¢(,1) is strongly precompact in L2 (9 x [0,00)). To

Cit

further circumvent any difficulty possibly stemming from this, we now multiply (10.4) by e“'* and

integrate in time to see that for all € € (0, 1),

t
eclt/ |u5(x,t)|2da:—eclt°/ |us(az,t0)|2dw—C’1/ /ecls\us(x,s)|2dmds
Q Q to JQ
t
+201/ /ecls\ua(m,sﬂzd:rds
to JQ
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< 2[:/(26015(n5(m,3) — n*)us(x,s) -V(x)dzds

t
120 / eS| £, 5)

to

Hig(mds whenever 0 < ¢y < t. (10.5)

We next rely on the fact that according to Lemma 7.1 we can pick (¢j)jen C (0,1) and a null set
N C (0,00) such that €; \,0 as j — oo and

ue(-,t) = u(-,t) in L*(Q)  forallt € (0,00) \ N (10.6)

as € = g5 \( 0. In fact, this implies that if we take tg € (0,00) \ N and t € (tp,00) \ N, then in (10.5)
we have

/\ua(x,t0)|2dx—>/ lu(z, to)|*da and/ |u€(:c,t)|2dx—>/ lu(x, t)|*dx as € =¢j \(0.
Q Q Q Q

Since Lemma 7.1 moreover warrants that we can also achieve that u. — u a.e. in Q x (0,00) and in
L2 (2 x [0,00)) as well as n. — n in L} (Q x [0,00)) as € = &; \, 0, from (10.5) and e.g. Fatou’s

loc
lemma we infer that

t
eClt/ |u(x,t)|2d:x—eclt0/ lu(x,to)|?de  + C’l/ /ecls|u(x,s)|2d:nds
Q Q tto Q
< 2/ /ecls(n(x,s)—n*>u(:r,s)-ng)(az)dmds
to JQ

t
C1s . 2
+205 [ EUFC I ds
for all tg € (0,00) \ N and ¢ € (t9,00) \ N. (10.7)

Now we proceed to estimate the first integral on the right-hand side herein by using Young’s inequality
to find that for any such tg and t,

t t
2/ /ecls<n(a:,s) —n*)u(x,s)-Vqﬁ(a:)dxds < Cl/ /ecls|u(a:,s)\2d:cds
to JQ2 to JQ
t
401 [ e nl) = g ds

to

Vo2 oo
holds with Cy := ”¢||C+<m, so that (10.7) readily leads to (10.2) if we let Co := max{Cy, 2C5}.

Thereupon, the derivation of (1.13) is straightforward: According to (1.12) and the fact that
t+1
/ In(-,s) — n*H%Z(Q)ds — 0 ast — 0o
t
by Lemma 10.1, given § > 0 we can fix ¢y € (0,00) \ N such that the function h in (10.3) satisfies

t+1 1— 6701
/ h(s)ds Y ) for all t > to, (10.8)
¢

IN

47



and thereafter fix t; > tg large enough fulfilling

CZe~Cilt=to) < g for all t > t;, (10.9)
where
Cs:= sup |lu(, )| 2 (10.10)
t€(0,00)\N

is finite thanks to Lemma 3.8 and (10.6). Then as a consequence of Lemma 3.4, (10.8) guarantees
that in (10.2) we have

t
/ e~ =3 p(s)ds

to

IN
o
|
I

for all £ > to,
while due to our choice of ty we know from (10.9) and (10.10) that
J
e—Cit—to) / lu(-,t0)]? < = for all ¢ > t;.
Q 2
Therefore, (10.2) implies that
/ lu(-t)* <6 for all t € (t1,00) \ NV,
Q

as desired. O
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