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MASS THRESHOLD FOR INFINITE-TIME BLOWUP IN A CHEMOTAXIS
MODEL WITH SPLITTED POPULATION

PHILIPPE LAURENCOT AND CHRISTIAN STINNER

ABSTRACT. We study the chemotaxis model

Ou = div(Vu — uVw) + v — u in (0,00) x Q,
0w =u — Qv in (0,00) x Q,
0w = DAw — aw +v in (0,00) x Q,

with no-flux boundary conditions in a bounded and smooth domain £ C R?, where u and v represent
the densities of subpopulations of moving and static individuals of some species, respectively, and
w the concentration of a chemoattractant. We prove that, in an appropriate functional setting, all
solutions exist globally in time. Moreover, we establish the existence of a critical mass M. > 0 of
the whole population u + v such that, for M € (0, M.), any solution is bounded, while, for almost all
M > M., there exist solutions blowing up in infinite time. The building block of the analysis is the
construction of a Liapunov functional. As far as we know, this is the first result of this kind when the
mass conservation includes the two subpopulations and not only the moving one.

1. INTRODUCTION

We investigate the dynamics of a chemotaxis model describing the space and time evolution of a
species including moving and static individuals, as well as that of a chemoattractant produced by
the latter. More precisely, on the one hand, the motion of moving individuals is due to diffusion
with a bias towards regions of high concentrations of the chemoattractant. On the other hand, the
chemoattractant is produced only by the static individuals, while its spatial fluctuations result from
standard diffusion. Finally, the total population in the species is assumed to be constant throughout
time evolution, with a linear exchange between the two subpopulations. Denoting the densities of
moving and static individuals by u and v, respectively, and the concentration of chemoattractant by
w, the mathematical model reads, after a suitable rescaling of the parameters,

Oyu = div(Vu — uVw) + v — u in (0,00) x €, (1.1a)
O =u— Qv in (0,00) x €, (1.1b)
Ow = DAw — aw + v in (0,00) x €, (1.1c)
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supplemented with no-flux boundary conditions
Vu-n=Vw-n=0  on (0,00) x 0 (1.1d)

and initial conditions

(u, v, w)(0) = (ug, vy, wo) in Q. (1.2)
We assume that € C R? is a bounded domain with smooth boundary and the constants D, «, and
0 are positive.

The system (1.1) can be seen as a particular case or a variant of chemotaxis models derived
in [9,22,24,25 29|, with different interpretations of the species and its two subpopulations. In [9], it
is some building material (such as soil) which is, either carried by insects, or deposited on the ground.
Proliferation of cancer cells is considered in [24], separating migrating cells from proliferating cells,
while the spreading of mountain pine beetles is studied in [22,25,29], dividing the population into
flying and nesting beetles.

As far as mathematical analysis is concerned, the model introduced in [9], which also is a simplified
variant of the models in [22,25,29], is the subject of a number of analytical results dealing with the
global existence of solutions and the asymptotic behavior of bounded solutions, see, e.g., [14,17,20,28].
In all these results, instead of the splitting term fv — u in (1.1a), the corresponding models contain
in the taxis equation a dissipative term f(u) depending only on u generalizing the prototype f(u) =
1 — pu. In case of f =0, a critical mass phenomenon for global solutions is proved in [16,27]. For
the model developed in [24], which includes a splitting term similar to v — u in the taxis equation,
the global existence of solutions is proved in [24], while further results concerning their large time
behavior are lacking.

To the best of our knowledge, our results concerning the behavior of solutions to (1.1)—(1.2) seem
to be the first going beyond global existence for a chemotaxis model involving a species divided into
moving and static individuals and containing in the taxis equation a splitting term depending on
both subpopulations.

Our first result states the global existence and well-posedness for (1.1)—(1.2) in an appropriate
functional setting. To this end, for r € (1,00), we set

T5(Q) ={zeW™(Q) :Vz-n=0o0n00} if 1+1<m§2,
’ r
1 1

m -m : 1 1
T,B(Q) = WT’/(T’—l)(Q), lf — 2 + ; <m S —1 ‘l— ;,

and

() i={zeW(Q) :2>0in Q}, (1.4)
where W (2), m € [0, 00), r € [1,00), denote the usual Sobolev spaces, see [3, Section 5].
Theorem 1.1. Let M > 0 and (ug, vy, wo) € Wy, (Q;R?) satisfying

1o + vol| L, (@) = M. (1.5)
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Then the system (1.1)—(1.2) has a unique nonnegative weak solution (u,v,w) in Wy defined on [0, 00)
satisfying
u € C ([0, 00); W31+(Q)) N C* ([0, 00); W31/2(Q;R2)’) ,
v € CH([0,00); W3, (),
w € C([0,00); W3 (2)) N C* ([0, 00); Wy (% R?)),
and
Itw +0) (Ol L) = M, £=0. (1.6)
Moreover,
u € C((0,00); W(R2)) NC ((0,00); La(€))
w € C((0,00); Wig(€2)) NC' ((0,00); Ls(R)) -
We next establish a critical mass phenomenon for (1.1)—(1.2). More precisely, we show the existence
of a critical mass M, > 0, where M, = 47 (1 + 6)D in the general case and M. = 8w (1 + 0)D in the
radial setting in a ball, such that all solutions are bounded if the initial mass M satisfies M < M.,

while solutions blowing up in infinite time exist for almost all M > M..
We begin with the statement of the boundedness result for M being subcritical.

Theorem 1.2. Let M > 0 and consider (ug, v, wo) € Ly, where
o = {(u,v,w) € Wy (Q) x W3 () x W3, (Q) : |lu+v|r,@=M}. (1.7)
By (u,v,w) we denote the solution to (1.1)—~(1.2) given by Theorem 1.1.
(a) If M = |lug + vol|, () € (0,47(1 4 0)D), then
sup {Ilu®lzwi@ + VO i) + [0 )| 0 } < o0 (1.8)
(b) If Q2 = Bg(0) is the ball of radius R > 0 centered at x = 0, (ug, vy, wo) are radially symmetric,
and M = |lug + vol|z, ) € (0,87(1 4 0)D), then (1.8) is also satisfied.
The corresponding unboundedness result for M being supercritical is the following.

Theorem 1.3. Let M > 0.
(a) If M € (47 (14+6)D,00) \ (47(1+60)DN), then there are solutions (u,v,w) to (1.1)-(1.2) with
wniatial conditions in Iyy with an unbounded first component; that is,

lim [|u(t)]| ) = 0. (1.9)
t—o00

(b) Assume that Q = Bg(0) for some R > 0. If M € (8n(1+ 0)D,0), then there are solutions
(u,v,w) to (1.1)-(1.2) with radially symmetric initial conditions in Ly with an unbounded
first component, i.e., satisfying (1.9).
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While for Keller-Segel systems there are many results on critical mass phenomena distinguishing
between boundedness and finite-time blowup, to the best of our knowledge such phenomena separat-
ing boundedness from infinite-time blowup seem to be scarcer. Still, the latter phenomenon has been
established in [8] for a chemotaxis model with volume filling effect as well as in [16,27] for models
related to (1.1), but with 0 instead of fv — w in the right hand side of (1.1a).

We prove the results presented above by mainly extending the strategy from [16] to (1.1)—(1.2),
which in turn has its roots in [11-13]. We start by constructing a Liapunov functional for (1.1)—(1.2)
in Section 2, see (2.2), which is of general interest far beyond the results of this work and actually the
building block of our analysis. In Section 3 we prove the global existence of solutions to (1.1)—(1.2)
in Theorem 1.1 by mainly relying on Amann’s theory for partially diffusive parabolic systems in
an appropriate functional setting, in conjunction with a series of a priori estimates, some of them
involving parts of the Liapunov functional. In Section 4 we prove that global solutions to (1.1)—(1.2)
are bounded, provided M = |[ug+vo||L, (@) is suitably small, see Theorem 1.2. Here we first prove with
the help of the Trudinger-Moser inequality that the Liapunov functional constructed in Section 2 is
bounded from below for subcritical M and use this property as a starting point for the derivation of
further estimates. Finally, in Section 5 we prove that, for M sufficiently large, unbounded solutions
exist, as stated in Theorem 1.3. Here we use the strategy pioneered in [12,13] and further developed
in [16,23]. On the one hand, we establish that any bounded solution approaches the set of stationary
solutions when ¢ — co. On the other hand, we show that the Liapunov functional is bounded from
below on the set of steady states with fixed mass M > M., but not bounded from below on the set
of initial data with mass M. Hence, solutions emanating from initial data for which the Liapunov
functional takes sufficiently negative values cannot be global and bounded and therefore have to
blow up in infinite time. As compared to [16], the Liapunov functional constructed here features
additional terms involving v, so that some arguments, in particular the proof of blowup, are more
involved.

2. A LIAPUNOV FUNCTIONAL

One of the main contributions of this work is the construction of a Liapunov function for (1.1)-
(1.2). To this end, we define for 6 > 0
L(0r) 1

L(r):=rlnr—r+1, Lo(r) = 7 :rln(er)—r+5, r >0, (2.1)

and observe that both functions are nonnegative. We next set

L(u,v,w) := /Q (L(u) + Lo(v) — (u +v)w) dz

1+0

(2.2)
1
+ 5 (D||V7~U||2L2(Q) + a||w||2L2(Q)) + §||DA7~U —aw + U||%2(Q) ;

and establish that £ is a Liapunov functional for (1.1). We emphasize that, in constrast to [16], the
Liapunov functional depends not only on u and w, but also on v through the term Lg(v) — vw. This
is obviously related to the fact that the conserved quantity throughout time evolution is ||u+v||L, (o)
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instead of ||u||z,(q). Thus, some arguments in the forthcoming sections are more involved as compared
to [16].

Lemma 2.1. Let M > 0. Consider (ug, vy, wy) € Zy and denote the corresponding solution to
(1.1)-(1.2) given by Theorem 1.1 by (u,v,w). Then

d

Eﬁ(u, v, w) + D(u,v,w) =0, t>0, (2.3)

where D is nonnegative and defined in (2.5) below.

Proof. 1t follows from (1.1a), (1.1b), and (1.1d) that

% (ulnu — u — uw) dx:/(lnu—w) [div(Vu — uVw) + v — u| dx
Q 0

— /Q(&gv + 0v)oyw dx
_ / |V (Inu — w)[? de + /(ev —u)lnu de
Q Q
+ / woyv dx — /(&v + Ov)o,w d.
Now, by (1.1c), ’ ’
/Q wo dw = /Q w (fw — DAQw + adw) dx

= / (O (wow) — (Ow)* + DVw - Vouw + awdyw) da
Q

d D o
d (watw D19 + §|w|2) d — Dyl

T,
d d /D «
d D «
= — / vw dor — DHVU)H%z(Q) - OszH%Q(Q) + —HVwH%MD + —Hw||%2(ﬂ)
dt \ Jq 2 2
- Hﬁth%Q(Q)
d /(D Q@
= = (Bl + Sl — [ v dr) = 0wl o

Using again (1.1c),
— / owoyw dr = — / oyw (afw — DAOyw + a@tw) dx
Q Q

1d
= —5 110wl = DIVIw 0 — alldwll o
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and

—9/ vow dz = —9/ Oyw (Oyw — DAw + aw) dx
Q Q

6 d
= ol — o (DIl 0y + )
Gathering the above four identities imply
d 1+6d 1d
G | = u— @ o) do+ T2 L DIVl + allol ) + 5 10wl
= —/ u|V(lnu — w)|* dz + /(6’1} —u)Inu dx
0 Q
— D|Vow|7,) — (140 + a)[|dw|7,q
Finally, since
4 /(v In (6v) —v) de = / In (6v)dw dx
= / In (Ov)(u — Ov) dx
0
by (1.1b), we end up with
%E(u, v,w) + D(u,v,w) =0, (2.4)
where
D(u, v, w) = / |V (Inw — w)? dz + /(Hv — u)(In (6) — Inw) de
Q Q (2.5)

+ D||V(DAw — aw + v)||2L2(Q) +(14+60+ a)||DAw — aw + v||2L2(Q)
Observe that the monotonicity of the logarithm function ensures the nonnegativity of D. O

A useful consequence of the availability of a Liapunov functional is the stabilization of global
solutions which are bounded in a suitable functional space; that is, the cluster points of such solutions
ast — oo in an appropriate topology are necessarily stationary solutions. In that direction, we report
the following result, which is similar to [10, Theorem 5.2], [12, Lemma 1], and [16, Proposition 3.8].

Proposition 2.2. Let M > 0. Consider (ug, v, wy) € Ly and denote the corresponding solution to
(1.1)-(1.2) given by Theorem 1.1 by (u,v,w). Assume also that

sup [e(t) ]| L) < 00 (2.6)

Then there are a sequence (t;);j>1 of posztwe times, t; — 0o, and nonnegative functions (u., vy, w,) €
Loo(Q;R?) x W3 5(Q) such that

i u(t) — s + 08 = vull ooy + [0(8) = v ey = 0 (2.7)

J]—00
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and
E(u*v Vs, w*) < lim inf ‘C(u(t]>7 U(tj)v w(tj>>7 (27b>
j—o0
where
oM e M e
Uy = s Vy = )
0+1ew ., @) 0+ 1le™|, @
and w, 1S a solution to the nonlocal elliptic problem
M W
—DAw, + aw, = we in Q, Vw, - n=0 on 0.
0+ 1llev |,

Proof. The proof is similar to that of [16, Proposition 3.8], after observing that (1.1b), (2.6), and the
positivity of 6 imply that
sup [[v(8)] Loy < 00, (2.8)
>0

while (1.1c), (1.1d), (1.6), and the positivity of a ensure that
sup ()] .y < o0, 29)
>0

Thanks to (2.6), (2.8), and (2.9), we may argue as in [16, Proposition 3.8] to derive first a lower
bound on L(u,v,w) and then the claimed stabilization. O

3. GLOBAL EXISTENCE

This section is devoted to the proof of Theorem 1.1 and includes three steps: we first establish
the local well-posedness of (1.1)—(1.2) in a suitable functional setting and study the regularity of the
solution for positive times. We next derive a series of estimates which excludes the occurrence of
finite time blowup.

3.1. Local well-posedness. We start with the local well-posedness of (1.1)—(1.2).

Proposition 3.1. Let (ug,vo, wy) € W3 (Q;R3) be nonnegative. Then the system (1.1)—(1.2) has a
unique nonnegative weak solution (u,v,w) in Wi defined on a mazimal time interval [0,T,,), with
T, € (0, 00|, satisfying

(u,w) € C ([0, T); W3 (4 R?)) N C ([0, T ); Wi (4 R?))
v e CH([0,T,); W5 (),

and
[+ 0)Ollaey = M = o + ol ¢ € 0.T). (3.1
Furthermore, if there is T > 0 such that
(u,v,w) € BUC ([0,T]N[0,T;,); W5 (2 R?)) (3.2)

then necessarily T,, > T
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Proof. Throughout the proof, C' denotes a positive constant that may vary from line to line and
depends only on Q, 6, D, «, |[uol[wi(e, lvollwi), and [lwollw;(q). The existence and uniqueness
of a weak solution (u,v,w) to (1.1)—(1.2) having the claimed properties, except for nonnegativity
and (3.1), are proved in a completely similar way as [16, Proposition 2.1]. The proof relies on the
framework developed in [2,3] to handle systems coupling parabolic equations and ordinary differential
equations. Specifically, we set U = (uy, ug, uz) := (u, w,v), U' := (u,w), U* := v, and define

A(V) = ((1] ‘gl), SUV) = (9“3_“1), S2(V) = (vy — Ous)

V3 — (V2

for V' = (v, v9, v3). Introducing the operators

AWV U = — i 9; (AWV)o;UY), B'(V)U' = iA(V)n VU,

A2WNU? =0, B*(V)U?:=0,
the system (1.1)—(1.2) can be recast as
U + AHUU* + A2(U)U? = SHU) in (0,00) x Q,
O,U? = S*(U) in (0,00) x Q,
BYU)U' + B*(U)U* =0 on (0,00) x 09,
U(O) = (UO,’UJ(),’U()) in Q,

and its well-posedness, as stated in Proposition 3.1, follows from [2, Theorem 6.4]. Indeed, this
result can be applied here since (A', B') is normally elliptic by [2, Remarks 4.1 (a)-(iii)] and |2,
Condition (6.1)] is satisfied. Denoting the solution to the above system provided by [2, Theorem 6.4]
by U = (U, U?), we set (u,w) := U! and v := U? and thereby obtain Proposition 3.1, but yet
without the nonnegativity of (u,v,w) and the mass conservation (3.1).

To prove the former, we first notice that, since ng Y 6(Q) embeds continuously in W1 (Q) by [21,
Chapter 7, Theorem 1.2] and

(L3(Q)7 W;B(Q))ll/lzg = W?},}S’/G(Q%

(L3(Q)7 W??,B(Q)) 11/24,3 = W31,}3/12(Q)7
by [3, Eq. (5.3) and Theorem 5.2], we infer from (1.1c) and regularizing properties of the semigroup in
L3(Q) associated with the unbounded operator —DA+aid with domain W3 5(€2) that, for t € [0, T,,,),

[w®)llwi @) < CHU)(t)HWSn/fs(Q)
t

< Ce_o‘t/Q(Dt)_ll/M||w0||W311/12(Q) + C/ e =92(D(t — 5)) "2 Ju(s)| ds
0

W311/12(Q)
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<crigc ( s {||U(S)HW?}(Q)}> o,

s€[0,t

where we have used the continuous embedding of W () in Wy Y12(Q)) to obtain the last inequality.
Since v € C([0,T},,); W34 (£2), the above inequality implies that, for 7' € (0, T;,),

2
T
[ 1wl df<CT”12+C<STo%{||v< >HW;<Q>}> 7o,
sE

that is,
w € Ly((0,T); WL(Q)), T € (0,Ty,) . (3.3)

Let us now recall that the positive part ry of a real number is given by r, := max{r,0} and set
N(r):= (—r)y for r € R. Then,

N'(r)*=—N'(r), rN'(r)=N(r), (NN)(r)=-N(r), rN(r)=—-N(r)?. (3.4)
On the one hand, it follows from (1.1a), (3.4), and Young’s inequality that

1 d , ,
SO IN @I = [ NPz~ [N )P Vo aa
Q Q

9 / N(u)(0y — N(v)) dz — [N ()]0
Q
< N ()2 + / uN'(u)*Vu - Vo d

60 [ NN do = IN@IE 0

IN

VN ()]0 + / N(W)VN() - Vo de
+60 [ NN() do = [N 0
< 2 VN 0y + IV ey IV o

+6 / NN (o) de = [N @] -

On the other hand, we infer from (1.1b) and (3.4) that
SN0 =~ / N (o) s = N(u) - 00) d

<9/N w) dz — 0 [NW)|2,q

2dt
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Summing up the previous two differential inequalities leads us to

d
7 NIz, + OIN@)Izy0) < IN @)Ll — 2N () = 0N )]z,
< Nwllive@ (IN@Z, 0 +OIN()IZ,@) -
Hence, by (3.3) and the nonnegativity of ug and vy,
IN ()70 + OIN )70

t
smewmﬂn+mewﬁﬂmam{Anw@w@wnw}zo

for t € [0,7,,,), from which the nonnegativity of v and v in [0, T,,,) follows. That w is also nonnegative
in [0,7,,) is next a straightforward consequence of that of v and the comparison principle applied to
(1.1c).

We finally integrate (1.1a) and (1.1b) over © and deduce from the no-flux boundary conditions
(1.1d) that

d
— [ (u+v) dx:/div(Vu—qu) de =0, te|0,T,),
from which (3.1) follows by the nonnegativity of u and v. O

3.2. Smoothness for positive times. Owing to the regularizing properties of the Laplace operator
and the associated semigroup in L3(€2), the solution to (1.1)—(1.2) constructed in Proposition 3.1 is
more regular for positive times, as reported in the next result.

Corollary 3.2. Let the assumptions from Proposition 3.1 be fulfilled and denote the weak solution
to (1.1)~(1.2) constructed in Proposition 3.1 by (u,v,w). Then

u e C((0,T); Wis(Q)) N CH((0, T); Ls(Q)) 4 (3.5)
w e C((0,T,); W?fB(Q)) NC ((0,T,,); L3(€2)). (3.6)
Proof. We adapt and refine the proof of [16, Corollary 2.2]. Let 8 € (0,1). Since v € C'([0, T;,); W4(Q))

and —DA+«id generates an analytic semigroup in L3(€2), we infer from (1.1c) and [3, Theorem 10.1]
(with p = 3, Eg = L3(Q2), and E} = W3 3()) that

w e CP((0,T),); W??B(Q)) NC™P((0,T,,); L3(Q)). (3.7)
Next, fix v € (5/6,1). On the one hand, by (1.3) and Proposition 3.1,
u € C([0,T5,); Wy 5(2)) N CH([0, Tn); Wy 5(2)), (3.8)

while [3, Theorem 7.2] guarantees that
(Wih(Q), WEs(®) = W2 ()
(up to equivalent norms). Then, for 0 < s <t < T,

[u(®) = u(s) w2y 1) < llul) —U(S)Iliv_gé(mIIU(t) u($)l; 0
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< V(¢ — )t o 0
< 2(t—s) S[lj’f]) ||8tu!|W3,,é(Q) S[lj,-tI]) ||u||W31’B(Q)7

and we deduce from (3.8) that

we C([0,T); Wag H(Q)). (3.9)
On the other hand, using (3.7) with 8 = 1 — v along with the continuous embedding of W3 ;(2) in
W??'ZS(Q), we obtain that

w € C'((0, Tr); W3B(9)). (3.10)
Owing to the choice of v which ensures that 2y — 1 > 2/3, the space VV32 }é—l(Q) is an algebra and we
deduce from (3.9) and (3.10) that uVw € C*=7((0,T,,); W;}Y{l(Q;R%). Thus,

div(uVw) € C'((0, T,); Wag () - (3.11)

Now, let ¢ € (0,7,,). Thanks to [3, Theorem 8.5], the realization in VV32 7% 2(Q) of the Laplace operator
with homogeneous Neumann boundary conditions generates an analytic semigroup in VV32 };2(9), its
domain being W??Zg(Q), and it follows from (1.1a), (3.11), and [3, Theorem 10.1] (with p = 1 — 7,
Ey = W35 %(Q), and By = W;5(Q)) that

w € OV ((e/2, Ton)s Wir(€) 1 O ((/2. Ton)s Wi () - (312)

Finally, fix n € (5/3 — 7, 1) and notice that [3, Theorem 7.2] guarantees that, up to equivalent
norms,

(W35 2 (), W), , = Wag 7 7(Q).
Therefore, for e/2 < s <t < T,

_ _ 1-n _ n
) = u(s)lly 220y < ) = ) 1E) = u5)

< (t—s)'7" Sup ezt
s,t

- s)n(l_y) ||U||glfw([s7ﬂ;wgyg(m),

;;51,72;2@(1&
and we infer from (3.12), that
w € C((e/2, Thn); W TV 72().
Hence, since 2(n+7) —2>4/3 > 1,
ue C ()2, T); Wa 5(92)) (3.13)

Combining (3.7) (with § =1 —v7) and (3.13) and recalling that Wy 5(Q) is an algebra entail that
uVw belongs to C'7((¢/2, Ty,); Wy 5(€%; R?)) and thus

div(uVw) € C*((e/2,Trn); L3(9)). (3.14)

In view of (1.1a) and (3.14), another application of [3, Theorem 10.1] (with p =1 —n, Ey = L3(2),
Ey = W5 5(Q)) gives

u € C((e, Tn)s Wip(2)) N C* (e, Thn); Ls(92)).
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Since € € (0,7,,) is arbitrary, the proof of Corollary 3.2 is complete. O

3.3. Estimates and global existence. We now prove the global existence for (1.1)—(1.2) and aim
at showing that the solution (u, v, w) from Proposition 3.1 satisfies (3.2) for all 7" > 0. To this end, we
take advantage of the outcome of Corollary 3.2 which guarantees higher regularity for (u(t), v(t), w(t))
for t € (0,7,,) and derive estimates on [tg, T,) for some fixed but arbitrary ¢y € (0,7,,).

Let us thus fix ¢ty € (0,7},,) and recall that Corollary 3.2 ensures that

(u(ty), w(ty)) € W;B(Q;Rz), v(tg) € Wi (Q), and Oyw(ty) € Ly(€). (3.15)

For further use, we also fix

v € (5/6,1), (3.16)
see Corollary 3.9 and Lemma 3.10. For the remainder of this section, C' and (C;);>; denote positive
constants depending only on 2, 0, D, v, 7, to, [[u(to)llwz(), [[v(to) [l ). and [[wollwz(q)- Dependence
upon additional parameters is indicated explicitly. We first remark that the mass conservation (3.1),
in conjunction with the nonnegativity of u and v, implies

[l <M and o)l < M, t€ [t0, ). (3.17)
We next derive a series of estimates.
Lemma 3.3. Let T' > ty. There is C1(T) > 0 such that, fort € [to,T] N [to, Tn),
IL(w() @) + o) || zo@) + [[wE)[lwp ) + 10w @) @) < CL(T),

t
| 19V e + 10 ) ds < ()

where L is defined in (2.1).
Proof. Using (1.1a), (1.1b), (1.1d) along with integration by parts, we obtain

d
7 IE@i@) + [ Zo(v) | @)

[Vu?
=— dr+ [ Vu-Vwdz+ [ (Inu—1In(6v))(0v —u) dz
0 Q 0

u

= —4||V\/ﬂ||2L2(Q) - / uAw dz — /(ln(@v) —Inw)(fv — u) dzx
Q Q

< AVl - [ ubwde, (3.18)

Q
in view of the monotonicity of the logarithm. Due to (1.1b)—(1.1d), we further have

/ uOyw dzx :/(&gvatw + Gvoyw) dz
Q Q

:/ Ow (8t2w — DAO,w + a@tw) dz + 6’/ Jw (Oyw — DAw + aw) dz
Q Q
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1d
= 52 (10l @ + 6DVl ) + b0 0)
+ D|IVouw||7,q) + (o + 0)[|0w]|7,q)- (3.19)

Introducing

Y =D (| L)l @y + [ Lo()]| 1oy

we combine (3.18) and (3.19) and deduce from (1.1c¢) that
dy 9 9
= T APIVVulLy@) + DIVOwliy@ + (@ + 0) 0wl

S/Qu(ﬁtw—DAw) da:z/u(v—aw) de

Q

1
+ 5 (10wllZ,0) + 0DVl g + fallwlig) -

Also, by (1.1b),

2dt“v||L2 —/qu dx—@HUHLZ(Q) S/qu dx .

Summing the previous two inequalities and using the nonnegativity of v and w, we find

d

1 (Y +3 ||U||L2(Q ) + 4D||V\/a||2L2(Q) + D||V8tw||%2(ﬂ) + (o + H)Hathng(Q)

< 2/ wo dz . (3.20)
0

Since 2 C R?, we infer from (3.17) and Holder’s, Gagliardo-Nirenberg’s and Young’s inequalities
that

2 / wv dr < 2lull ey 1ol o) = 2ol zaeyIVal 2 o

< ol Loy (IVVull o 1Vl o) + IV ull 7, 0)
< Clllraey (VMIVVatlao) + M)

< 2D||VVull7, 0 + C (14 [vllZ,@) - (3.21)
Combining (3.20) and (3.21) and rearranging the terms, we conclude that
d
(7 + 31l ) +2DIV V0 + DIVOIE, 0 + (o + 0l g

< C (14 [lolly @) -

Applying first Gronwall’s inequality and then the time integrated version of the previous inequality,
we deduce the claim in view of the positivity of all the terms involved in the left hand side of the
above inequality and the finiteness of Y (o) stemming from (3.15). O
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Corollary 3.4. Let T > ty. There is Co(T) > 0 such that
Jw(t)lwz) < Co(T),  t€to, T]N [to, Tn) -
Proof. Using (1.1c) along with Lemma 3.3, we obtain, for ¢t € [ty, T] N [to, Tin),
D Aw ()| zy@) < (10w (E)]| o) + allw(®)lo@ + vl L@ < 2+ a)Ci(T).

Since w(t) € W3z(Q) for t € [to,T] N [to, T;n) by Corollary 3.2, the claim follows from Calderon-

Zygmund’s estimate which guarantees that ||z|lyz@q) < C (1A2]| o) + 2]l Lo(ey) for all z € W3 5(Q).
U

Lemma 3.5. Let T' >ty and r > 0. There is C3(T,7) > 0 such that
[z, a@) + 0@l @ < Cs(Thr), € Jto, TN [to, Trn) -
Proof. Let r > 0. Using (1.1) and integration by parts gives

Ly11(22

(|| ||T’Jrl )+ 9’"||v||f:1(Q ) =—r(r+1) /Qu’"_1|Vu|2 dz +r(r+ 1)/QuT’Vu -Vw dx
+(r+1) /(u —0v) (0" —u") da
Q

< — (u(r+1)/2)||%2(9) - 7“/ u T Aw dx
0

It now follows from Holder’s and Gagliardo-Nirenberg’s inequalities that

/ T Aw dr
Q

r < rl|Aw|| L, Hu(”l /2

s

<rOlsuli ) (a2 2o+ a2 o))

< . +1 HV (r+1) /2H ) Cr(r+ 1)HAwHL2(Q Hu(rJrl /2HL2
+cr||Aw||L Hu““ e
< S Va2 )+ Crlr 1) (1t Awlf ) ull, o -

Combining the above two inequalities with Corollary 3.4, we obtain

(Il oy + 07005 ) <~

7"—1—1 )/2

Ly41(Q2 Lr11(Q HLz(Q

+ Cr(r +1) (14 Co(T)?) ||u||’;:1(9)
Then Gronwall’s inequality implies the claim. (]
Lemma 3.6. Let T > tg. There is C4(T) > 0 such that

[ Loci@) + 10O | L) + [100) | o) < CoT), L€ [to, TTN [to, Ton) -
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Proof. Let T > tg and I := [to, T N [to, T}). In view of (1.1a) and (1.1d), u satisfies
Owu = div (DVu) + divf + g, (t,x) € (to, Trn) X 8,

along with no-flux boundary conditions, where D = 1, f := —uVw, and ¢g := fv — u. According to
Lemma 3.5,

wE Lo(I;Li(Q) and g € Loo(T; Ly(9)

),
while Corollary 3.4, Lemma 3.5, and the continuous embedding of W3 () in W} (Q2) for any r € [1, c0)
ensure that f € L., (I; Ls(£2; R2)) We then infer from [26, Lemma A.1] that

[ Lo < C(T),  t € to, TIN[to, Ton) -

Combining this estimate with (1.1b), (3.15), the nonnegativity of v, and the continuous embedding
of W) in L..(Q), we further obtain

t
0 < v(t,z) = e==0)y(ty, 7) + / u(s, 2)e") ds (3.22)

to

t
s;e-ﬂﬁ-hﬂnv<uonLaxn>+—J/ (sl @e™E ds
to

c(r
< Olotto) gy + S < ()

for (t,x) € [to, T] N [to, Trn). Finally, the last part of the claim immediately follows from (1.1b). [
Corollary 3.7. Let T > ty. There is C5(T) > 0 such that
lw@)lwy@ < Cs5(T), L€ to, TIN [to, Trn)-

Proof. The proof is similar to that of [16, Corollary 2.7] and we recall it here for the sake of com-

pleteness. Owing to the continuous embedding of W; Y °(Q) in WL(Q), see [21, Theorem 7.1.2],
and

(L3(Q)? W?)z,B(Q))ll/lzg = W?}}S’/G(Q)?

see [3, Theorem 7.2], it follows from (1.1c), (3.15), Duhamel’s formula, the regularizing properties of
the heat semigroup, see [4, Theorem V.2.1.3], and Lemma 3.6 that, for ¢t € [to, T] N [to, Tin),

||w(t)||W§o(Q) < CHw(t) HW311/6(Q)

t
< Ce_o‘(t_tO)/QHw(to)ngl/e(ﬂ) + C/ e IR —5) TR u(s) | Ly ds
to

t
smm%ww@+caa)/@—@4m%us0@x

to

and the proof is complete. (]
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Lemma 3.8. Let T > tog. There is Cg(T) > 0 such that
t
Vu®)] L@ +/ 10cu(s)l|7,() ds < Co(T), € [to, TN [to, Tn) -
to

Proof. Multiplying (1.1a) by d,u and integrating over 2, we conclude from Holder’s and Young’s
inequalities that

1d
||8tu||2L2(Q) + ——||u||?,V1(Q) =— | Ju(uAw+ Vu-Vw) dx +60 | vou dz

< 0wl Lo l[ull oo @) AW o) + [[Ocul| Lo @) [ VUl Lo@) VWl L @)
+ 0[10vul| o) V] 220)
1 3
< 5’@“”%2(9) + 5 (HUH%OO(Q)HAUJH%Q(Q) + ||VUH%2(Q)||V?U||%OO(Q) + 92””“%2(9)) :

Lemmas 3.3 and 3.6 and Corollaries 3.4 and 3.7 next imply that

d
10eullZ, o) + EIIUII%;@ < C(T) (1 + IVulli,) »

so that Gronwall’s inequality yields the claim. O
Corollary 3.9. Let T' > ty. There is C7(T) > 0 such that

lu(Ollwy@) + lu@®)llwz @) + lv@llwi @) < C2(T), € [to, TI N [to, Tn),
the parameter v € (5/6,1) being defined in (3.16).

Proof. Using (1.1a) along with properties of the heat semigroup (see, e.g., [1, Proposition 12.5]
and [4, Theorem V.2.1.3]) and Holder’s inequality, we deduce from (3.15), Corollaries 3.4 and 3.7 as
well as Lemmas 3.5, 3.6 and 3.8 that, for ¢t € [to, T] N [to, Trn),

t
[Vu(t)||Ly0) < ClVulto) | ns) + C/ (t— s)_2/3||(qu + Vu - Vw — 0v +u)(5)| 1) ds

to

t
< C+C/ (t = )72 () | oo | Aw () | oy + ()] a() ds
to

t
+C/ (t = )72 (IVu(s)lla@ | V() L + 8ll0(5) |22 ds

to

<C+C(T) /t(t— s)"2% ds < C(T).

to
Combining this estimate with (3.15) and (3.22) , we obtain
t
IVl s < €[V o(to) |y +/ IVu(s)llzy@e ™ ds < C(T).
to

Together with Lemma 3.5, the above two estimates entail the stated W;-bounds on u and v.
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We next invoke (1.1a) along with properties of the heat semigroup (see [4, Theorem V.2.1.3]) and
Holder’s inequality to deduce from Corollaries 3.4 and 3.7 and Lemmas 3.5, 3.6 and 3.8 that, for all
t € [to, T] N [to, Tin),

t
||u(t)||W227(Q) < C||u(t0)||szW(Q) + C/ (t =) "[(uAw + Vu - Vw — 0v 4 u)(s)|| o) ds

to

t
<C+ C/ (t = 8) " u(s) || Lo (@ [ Aw(s) || Lye) ds
to

t
b [0 1T 0

to

+/ (t =) (Ollv(s) o) + luls) | Lo)) ds

to

< C+0(T) /t@ ) ds < O(T),

to
and the proof is complete. O
In view of Corollaries 3.7 and 3.9 there is Cg(T") > 0 such that
[u@llwgen + Ol + lo@lwge < (@), teloTINfT).  (323)

Hence, according to (3.2), we shall prove Holder estimates with respect to time in order to conclude
the global existence of (u,v,w).

Lemma 3.10. Let T' > tg and § := (3y — 2)/67, recalling that v € (5/6,1) is defined in (3.16).
There is Co(T') > 0 such that

[u(tz) = w(ty)llw @ + lo(ta) = v(t) lwie) + w(ts) —w(t)lwi) < Co(T)[ts — ta|°
fOT t1,to € [to,T] N [to,Tm)

Proof. The proof is similar to [16, Lemma 2.10], but is recalled here for the sake of completeness.
Let T'> 0 and t1,ts € [to, T] N [to, T1n) such that ¢y > .
First, by (1.1b) and (3.23) we have

10w () lwa) < llu®)llwrq) +0llvOlwie < (1 +0)Cs(T), t € [to, T] N [to, Trn)-

Hence,
to
[o(t2) — v(t1)l[wp@) < / 100 (s)[lwpoyds < C(T)(t2 —t1) . (3.24)
t1
Furthermore, in view of Holder’s inequality, we obtain from Lemma 3.3 and Corollary 3.7
1/3 2/3

[w(ta) = w(t)llwge) < Cllw(ta) = w(ty)lhiy o) llwt2) = wt)lly) g

to 2/3
1/3
<€ (ot + lottleae) " ([ 1006 g as)
t1
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to 1/3
< C(2C5(T))V? (/t ||atw(s)||§v21(m ds) (ty — )3
< C(T)(CUT)) 3ty — 1), (3.25)

Since W, / ?(€) is continuously embedded in W3 (), interpolation inequalities (see [3, Theorem 7.2]),
Hélder’s inequality, Lemma 3.8, and Corollary 3.9 yield

[u(tz) = u(ts)lwi) < Cllultz) = w(ts)llya g,

2/3
< Ofulta) — u(ta)|I}]27 g llu(tz) = u(tr) |70

2/3y t2 20
< € (Jut g+l i)™ ([ 100y a5

t1
to g
< oo [ 10a) e as) (- 1)
t1
< C(T) (Co(T))° (ty — t1)° . (3.26)
Combining (3.24), (3.25), and (3.26) completes the proof, since 0 < 6 < 1/3. O

Proof of Theorem 1.1. Proposition 3.1 and Corollary 3.2 imply the claim as soon as we know that
T,, = oco. Since (u,v,w) € BUC([0,to); W3 (£;R?)) by Proposition 3.1, (3.23) and Lemma 3.10
ensure that (3.2) is satisfied for any 7" > 0, and we indeed conclude that T, = oo. O

4. BOUNDED SOLUTIONS FOR SMALL VALUES OF M

Let M > 0. In this section, we assume that
(U(],U(],U)O> € IMa (41)

and denote the corresponding global solution to (1.1)—(1.2) by (u, v, w), see Theorem 1.1. Throughout
this section, b and (b;);>1 denote positive constants depending only on €2, 6, D, «a, ug, vy, and wy.
Dependence upon additional parameters is indicated explicitly.

In order to show the boundedness of the solution to (1.1)—(1.2), we first have a look at the evolution
of the Li-norms of (u, v, w).

Lemma 4.1. For allt > 0,

(w4 0) @) |2,y = M = |luo + vollz, @), (4.2)
lu@[Lye) <M and  |[v(@®)][L ) < M,

M
ol < llwollzy@ + — (4.4)
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Proof. The identity (4.2) is nothing but (1.6), and (4.3) is a consequence thereof in view of the
nonnegativity of v and v. Using the nonnegativity of v and w as well as (1.1c), (1.1d), and (4.3), we
obtain :

vl +alwloe = [vlne < M.

Hence

t
—o —a(t—s M
[w(t)] £, @) < e woll L, @) + M/ e ) ds < wol| 1, o) + o
0
forallt>0as a>0. OJ

Next, as in [6, 10, 19], we use the structure of the Liapunov functional £ defined in (2.2) and
follow the strategy from [16] (see also [8]). We begin with a lower bound on £ for M appropriately
small which relies on the Trudinger-Moser inequality and first note the following consequence thereof
(see [7, Proposition 2.3] and [19, Section 2]).

Proposition 4.2. There is Ky > 0 depending only on ) such that

Vz||?
/ el dz < Ky exp IVl - 72,0 for all z € W(RQ).
Q 8m 1€2]

Lemma 4.3. Assume that (4.1) is satisfied. There is by > 0 such that, for all t > 0,

L(u(t),v(t),w(t)) < L(ug, vy, wp) < 00, (4.5)
cu), o)) = TEEPZ Mgy o+ S D ),
+ %H (DAw — aw + v) (t)H%Z(Q) — by (4.6)

Proof. We first observe that (4.1) guarantees that £(ug, vy, wp) € R, while Theorem 1.1 ensures that
L(u(t),v(t),w(t)) € R for all t > 0.

Next, using the convexity of s — — In(s) and Jensen’s inequality as well as the nonnegativity of u
and v, we obtain

U e’ vz, (o
0= ~lulan ( [ S a)
o llullzy @) ulle* ||z, @

< _||U||L1(Q)/ Y (e HuHLl(Q)> dx
a llullz, @ ulle”]| L, @)

= /Q(u mu —uw) dz + ullL,@ I (le”]lL@) = e (o) (4.7)

v e”]|0v][Ly@
0=—||v|r, ln(/ dz
e o 1l Ly 0vlle® |y @)

as well as
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v e’ [|6v]| 1, (@)
< —Jlollo / 1n( ”
(@) Q ||UHL1(Q) HUHewHLl(Q)
= /Q(?fln(%) —vw) dz + ||| 2y In (€] @) — 1ollLi@ In (16v] L, @) - (4.8)

In view of the nonnegativity of (u,v,w), L, and Ly, we infer from (2.2), (4.2), (4.7), (4.8), and
Proposition 4.2 that

Q
L(u,v,w) = /(u Inu — uw) dz + /(v In (0v) —vw) dz — ||ul|z, @ + Q| = [|v]|z,@) + %
0 0
146 1
+ 5 (DHV?»UH%Q(Q) + 04||w||%2(9)) + §||DAU’ —aw + U||%2(Q)

1
> =311 (Jeley) + L (o) + Lo (ollzae) + (91 1) (14 7)

146 1
+ Ol (D||V7~U||2L2(Q) + a||w||%2(9)) + §||DAU’ —aw + U||2L2(Q)

- Ar(1+60)D — M a(l+6)

1
= e ||V7~U||2L2(Q) + THWH%Z(Q) + §||DAU’ —aw+ U||%2(Q)

M 1
-y = il + (2~ 1 (14 7). (1.9)

Inserting (4.4), we obtain (4.6), while (4.5) immediately follows from (2.3) since D > 0. O

Hence, for M € (0,47(1 + 0)D), the Liapunov functional is bounded from below and we obtain
further refined estimates.

Lemma 4.4. Assume that (4.1) is satisfied with M € (0,4w(1 4 8)D). There is by > 0 such that,
for allt >0,

Ja(®) ()l acey + 106 () 1210 + N0 (8 s ) + 100t 10 < b,
| 105 gy s <

Proof. Since (1.1¢) and Lemma 4.3 imply that

. [47(1+0)D—-M «a(l1+0) 1
mm{ =5 ¢ (@l + 19w ) < b+ Lo, vo,wo)

and M € (0,47 (1 + 0)D), we get
lw(®)llwi) + 0wB)| L@ < b, £20. (4.10)
Next, (2.2), (4.2), (4.3), (4.5), and the Young inequality AB < e*~! + BIn B for A, B > 0 yield

/ (ulnu+vIn(fv)) dz
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§£(u,v,w)+/(u+v) dx+/(u+v)w dz
Q 0
w, [u\ v, (v

< _ _ _ _ 2w—1
_E(uo,vo,w0)+M—i—/ﬂ<2ln<2>+21n<2)+26 )dx

1 1
Sﬁ(uo,vo,w0)+M+—/(ulnu—i—vln(@v)) dx+2/e2w_1 dx—n—e v dx

2 Ja 0 2 Jo

1
Sﬁ(uo,vo,w0)+§/(ulnu+vln(6’v)) dl’+2/62w de+ M(1+|1Ind)) .
0 0

In view of Proposition 4.2 this implies

IVwlZ,@ vl
(ulnu+vin(fv)) dz < 4Kyexp +2 +b,
Q

27 |2
so that, in view of zlnz > —1/e for all z > 0, we conclude from (4.3), (4.4), and (4.10) that

|lulnu||z, @) + [|[vInv| @

4|9
§/(ulnu+vlnv) d:£+L
0

&

4|2
§/(ulnu+vln(6’v)) da:—ln@/vdahLL
Q Q €
4l
< [ (ulnu+vIn(6v)) de + M|Inb|+ — <10, t>0. (4.11)
9 (&

Finally, we deduce from (1.1c), (2.5), and Lemmas 2.1 and 4.3 that

min{D, 1+ 6 + a}/o ||8tw(s)||?,[,21(m ds < /0 D(u(s),v(s),w(s)) ds
< L(ug, v, wo) — L(u(t),v(t), w(t))
S ,C(U(), Vo, ’LUQ) + bl

which, in view of (4.10) and (4.11), completes the proof. O

Starting from the previous estimates, we derive further time-independent estimates for the solution
by using the ideas from [16] as well as the following inequality, which is [5, Equation (22)]:
Given 7 > 0, there is a positive constant s, depending only on 1 and 2 such that

1202y < nllzlliy @ llz nl2llzu@) + fyll2llie  for all = € Wy (Q). (4.12)

Lemma 4.5. Assume that (4.1) is satisfied with M € (0,4w(1 4 8)D). There is by > 0 such that,
forallt >0,

[ Lo + 0@ Ls@) < bs -
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Proof. 1t follows from (1.1), (4.3), Holder’s and Young’s inequalities, and the nonnegativity of u and
w

d
EHUH%Q(Q) +2||Vu||%2(m = /Q (—uzAw+29uv—2u2) dx

1 ov|* 02
< — [ v (v—oaw—0w) dz —2|u— — —Hv||L

1 1 29 64
< llvllzs@ el + Flomwllnolelie + F 1ol + 3

1
< ?ig(g) + + _’|8thL2(Q)HuHL4(Q) +b.
<ol -

2 3
391/2 D3/2 [l 0
Next, Gagliardo-Nirenberg’s inequality yields

d
||u||L2 )+ 20Vl @) < Ollvllz,@ + 0 (1+ l[ullf,@)

+ 0l10vw|| Loy (IVell o llull Loy + 1l @)
1
< OlvllF ) +0 1+ llulliyo) + iHVUH%Q(m

+b (10wl L) + 10wl Zye)) N1l Z ) -
In view of Lemma 4.4, this implies

d 3
&IIUII%M + §||VU||%2(Q) < Olloll7y +b (1 + lulliyo + b1+ b)ulli,q)) - (4.13)

Moreover, using (1.1b) along with Young’s inequality, we obtain

1d 4 0
3ty + el = [ w0 do < lulien + gloli
Hence,

%HUH%S(Q) + 20][0]|750) < %HUH%S(Q) : (4.14)
Defining V' := [ull%,q) + [Iv]l7,q): we deduce from (4.13), (4.14) along with (4.3), (4.12), and
Lemma 4.4 that, for 17 >0,
dy

O IVl + Ol < b (14 Tl + o)

_wumww%m+%M+mmm)
bVl ) +b (1+ Jull?, @) + #) -

| A

Choosing 7 := 1/2b; > 0, we find

dYy
o+ IVl @ + Ol @ < b (1 + el )
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Owing to the Gagliardo-Nirenberg and Young inequalities along with (4.3),
ull7,) <0 (IVull?,@M?* + M),

1
lullZ ) < bsllullz,@) + b
so that, using once more Young’s inequality,
dY dYy 1
n + ||u||2L2(Q) + bsHUH%z(Q) + HHUH?ig(Q) < n + 21?5“““&(9) + HHUH?ig(Q) + b
5
1
<b (14 flull?,q) + b < bs|ull ) + 0 -
Consequently,
dYy
EﬂLmin{l,G}ng, t>0,
from which Lemma 4.5 follows after integration with respect to time. 0]

Corollary 4.6. Assume that (4.1) is satisfied with M € (0,47(1+4 0)D). There is bg > 0 such that,
forallt >0,

[Aw(@) || o) + [w)]lwi0) < be-
Proof. First, by (1.1c), Lemma 4.4, and Lemma 4.5,
Dl Aw|[1y@) = [[0w + aw = v L,0) < [[Ow]|La0) + [law| Ly@) + V] 2@
< (1 -+ Oé)bg -+ ‘9‘1/61)3.

Next, let ¢ > 0. We infer from (1.1c), Duhamel’s formula, the regularizing effect of the heat
semigroup, and Lemma 4.5 that

t
lho@®)llwy@) < be™ " [[wollw ) + b/ " 2 (t — 5) 720 (s) || Lace) ds
0

<b <1 + bg/ e Os/2g71/2 ds) ,
0

which completes the proof. O
The previous result allows us to obtain better L,-estimates for w.

Lemma 4.7. Assume that (4.1) is satisfied with M € (0,47 (14 0)D). For any p € [1,00), there is
bz(p) > 0 such that, for allt >0,

[u(®)]| @) < br(p) -
Proof. We fix p > 2. Using (1.1a), (1.1d), Holder’s inequality, and Corollary 4.6, we have

1 d p -2 2
Sl o =~ =1 [ v do s -1 |

P 'V - Vw dz + / P~ (Ov — u) da
Q

Q



24 PH. LAURENGOT & C. STINNER

- - [wswdss [0 —) ao

p Q

< 22DV 0+ LSt ey + [ w0 - dr (415)
Q

Also, it follows from (1.1b) and Young’s inequality that

1+6071d
ol Awwwwﬁ—uwm_mwwm)+4uwﬂdx

_ 0
< —/Q(QU)P YOv —u) do — = ||21||Lp(Q YT 1|| HLp(Q' (4.16)

Next, in view of the Gagliardo-Nirenberg inequality (see, e.g., [18, Lemma 2.3] for a version involving
L,-spaces for ¢ > 0), p > 2, Lemma 4.5, and Young’s inequality, we further obtain

b—

2
1) 1
ww%m<bowww@”W%£wamw@

b(p) (I ) 3000l acey + el )
( 1V up/2 ||2(p 1/p+bp>

sﬁﬁﬁmwwmwwm (4.17)

Combining (4.15), (4.16), and (4.17) and using the monotonicity of z + zP~! on [0, 00), we deduce
that

1dy  2(p-—1)
Ja TIIV(um)H%m IIUHL,,(Q < () (1+ ull} ) (4.18)
with y 1= HUHLP(Q) (L+67"Hvll} (9 Using once more Lemma 4.5 and Gagliardo-Nirenberg’s and

Young’s inequalities gives

2
2) 2
el = 12130y < ) (IV @IS 12157 ) + 21, )

2 2) 4
<o) (IV @) 8N o) + 121, o)

< b(p) (B3I V () [26)" + 88
<=1
~ p?bs(p)
and we infer from (4.18) that

1 dy
pdt

IV ()| 7, 0) + b(p) .

9
(W) 170 + bs(@)l[ull} o) + IIUIILP(Q
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1dy  2(p—1) 0
< ot + 7Hv(up/2)”2L2(Q) + ];HUHZ @ 1 0(p)
p—
< ) (14l ) +00) < LIV 0+ 0)

Hence,

dy . 0
E—l—mm{p%@%m}yﬁb@) ) t>0.

Integration with respect to time of the above differential inequality completes the proof, after noticing
that uy € L,(Q) due to the continuous embedding of W3 (Q2) in L (). O

We are now in a position to prove Theorem 1.2.
Proof of Theorem 1.2. (a) We fix p € (2,3) and £ € (2/p,1). Since
(W, 5(9). W, 5(2)) = W;5()
by [3, Theorem 7.2] and writing (1.1a) as
Ou — Au~+u = fv — div(uVw) in (0,00) x €,
we infer from Duhamel’s formula and [4, Theorem V.2.1.3] that, for ¢t > 0,

(1+8)/2.p

t
||u(t)||W5(Q) < be_t/2||u0||W§(Q) + b/ (t — 5)"(1F2e=(=9)/2) gy (5) — div(qu)(s)HWpfé(Q) ds
0 ,

t
< bl|uollwy e +b/0( 8)" eI (o) ) + [ (@Vw)(5)|y(e) ds.

We next deduce from Lemma 4.5, Corollary 4.6, Lemma 4.7, and Hélder’s inequality that

t
||u(t)||W§(Q) < b+ b/o (t — s)—(1+§)/2e—(t—8)/2(|Q|(3—ID)/3HU(S)HL3(Q)
1) 4 5y @) V2008 o)) s

t
< b+ blbs + bsbr(3p/(3 — ) / —0+0/20-/2 g5 <},
0

Since £ > 2/p, the space W5(Q) is continuously embedded in Ly (€2) and we deduce from the above
estimate that
[u(O)llai@) < by, t>0.

Moreover, from (1.1b) and the comparison principle, we obtain

b
[oOlcwiey < max{ . nliamr 20

which, together with Corollary 4.6 and the continuous embedding of W3 () in L, (), completes
the proof of part (a).
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(b) As w is radially symmetric, an improved version of Proposition 4.2 is valid. Namely, in view
of [19, Theorem 2.1}, for any n > 0, there is K (n) > 0 depending only on 7 and 2 such that

w 1 2 2||wll Ly
/Qe dz < K(n) exp ((n+ 16—7r) |Vwl|7, @) + \T\l .

We then proceed as in the derivation of (4.9) with the help of this estimate with n = (87(1+60)D —
M)/(327M) and (4.4) to deduce that

1
£luv0) 2 =M (1) + £ (o) + 2o (o) + (091 = 1) (14 5)

1+0 1
+ 5 (DHVU’H%Z(Q) + a||w||2L2(Q)> + §||DA7~U —aw+ U||%2(Q)
8r(1+0)D — (1 + 167mn)M a(l+0)
> Tor Vw7, + THwH%Q(Q)
1 2M 1
51D 8w = aw-+ o, o) = M) - Sl + (2= 1) (14 7)
8r(1+6)D— M a(l+96) 1
> 397 ||Vw||%2(9) + THQUHZM(Q) + §||DA7~U —aw + U||%2(Q) —b.
Using this improved version of (4.6) in the remaining part of Section 4, we finish the proof of
part (b). O

5. UNBOUNDED SOLUTIONS FOR LARGE MASS

Given M > 0, we denote by Sy, the set of nonnegative stationary solutions (u., v,, wy) € W22 (R
to (1.1) satisfying ||u. + vi|| 1, = M. In view of (1.1b), this requires u, = 0v,, which implies, to-
gether with (1.1a), that

W

e
Uy = Cwi
le |2y
for some ¢ > 0, which is determined by the mass constraint. Hence, we define Sy in the following
way:
(Us, Vi, wy) € Spy if
(Us, Uy, wy) € W;B(Q;Rg), Uy, Vg, wy > 010 Q (5.1)
oM we M we
Uy = ‘ : Ve = ‘ : (5.2)
0+1 ||6w*||L1(Q) 0+ 1] ews L1(Q)
M €UJ* .
— DAw, + aw, = in Q Vw, - n=0 on . (5.3)
g-+1 ||6w* L1(9)

As in [12,13,23], we begin with a lower bound for the Liapunov function £ on Sy, for appropriate
values of the mass M.
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Proposition 5.1. (a) If M € (4r(1 4+ 0)D,00) \ (47(1 + 0)DN), then

g = inf LUy, Uy, Wy) > —00 .
(u*,v*,w*)esM

(b) If Q = Bg(0) for some R >0 and M € (87(1 + 0)D, o0), then

Wy = lnf E(U,*,/U*,w*) > =00 ’
(U*,U*,w*)eshl,rad

where Snrraa = { (U, Vi, ws) € Sy 1 Uk, Uy, W, are radially symmetric}.

Proof. (a) Let (us,v.,w,) € Sp. Then, in view of (5.2), (5.3), and the mass constraint ||u, +
Vsl (@) = M, we deduce from (2.2) that

1
L (U, Uy, wy) = / (u* Inwu, —uy + 1+ v, In(Ov,) — v, + g (uy + v*)w*) dx
Q

1446 1
L (D10 + alwley) + 2108w, — v, + 0.0
1
= / ((uy + i) Inuy — (uy + v )w,) doe — M + (9 (1 + 5)
Q
146

+—5— (PIVwliye + alwlzm)

_ /Q(“* +,) (ln (%) —In (Ilew*||L1<m)) dz — M+ (1 i %)

14+6
—5 (DIIVw. |7, + allwli, )
oM w 1
= MIn (‘9_'_1) —Mln(He *HLl(Q)) —M—F‘Q‘ (1"‘5)
146
As (5.1) and (5.3) imply
>0 in d | w,| —L
Wy = mn an W L1(Q) = 04(9 T 1) 5
we define v )
W::w*—izw*——/w*z dx . 5.5
RCES o] Jo (55)

Rewriting (5.4) in terms of W leads to

1+0 M?
E(u*,v*,w*) - 2 <D||VWHL2 _'_QHWHLQ(Q +O“Q‘ 2(«94—1)2‘9‘2)

M2 oM
M1 w - 4 Ml
n(||e ||L1(Q)) a(6 +1)[Q] + n<9+1>
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1
— M + |9 (1 + 5)
M M? oM
= — —MIn(|Q) - ————=+Mln| —
o7 W) = Mn(8h = 5oy + “<9+1)
1
—M+Q (1 + 5) , (5.6)
where o]
1 + 9 Q e L1(9
F) = S (DT 0 + 0l o) ~ 0 (1) 6
Moreover, in view of (5.3) and (5.5), W is a solution to
M | ) :
—DAW + oW = < -1 in Q, VW -n=0 ondf, (5.8)
@+ DIQ[ \[le™]lLy@

along with [, W(z) dz = 0. Hence, due to (5.7), (5.8) along with M € (4n(1 4 6)D,0) \
(47 (1 4+ §)DN), we are in a position to apply [13, Lemma 3.5] and conclude that there exists p > 0
which does not depend on W such that

FW)>—pu. (5.9)
Combining the latter with (5.6) completes the proof of assertion (a).

(b) The proof is the same as that of assertion (a), we only use [13, Corollary 3.7 & Remark 3.8]
instead of [13, Lemma 3.5] to deduce the lower bound (5.9) for any M € (87(1 + 0)D, c0). O

As in [12,13,23], the next step is to show that £ is not bounded from below on the set Z,, of
initial conditions defined in (1.7) as soon as M exceeds a specific threshold value. The argument
given below is however more involved, due to the additional positive term in L.

Proposition 5.2. Let M > 0.
(a) If M € (47 (14 0)D, 00),then

inf  L(u,v,w) = —o0.
(u,v,w)ELns
(b) If Q = Bg(0) for some R >0 and M € (87(1+ 0)D, o0), then
inf L(u,v,w) = —00,

(u,0,w)ELN rad

where Lysraq = {(u,v,w) € Ipy @ u,v,w are radially symmetric}.

Proof. (a) As 02 is smooth, upon a translation and a rotation, we may assume without loss of
generality that 0 € 9Q, n(0) = (0,—1)7, and that there exist ag € (0,1) and ¢ € C?*([—ay, ag]) such
that we have

QN B, (0) ={z € Byy(0) : z2 > (1)} and 92N B, (0) ={x € By (0) : 2o = ((x1)}.
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We first claim that there is w € C([0, ag]) such that
w(0) =0, w>0, (5.10a)
and, for all a € (0, ap),
g, C QN BL0) C Xy, (5.10Db)
where
0, :={x = (rcos(w),rsin(w)) : r€[0,a), we (w(a),™—w(a))},

Y, = {z = (rcos(w),rsin(w)) : r€0,a), we 0,7+ w(a))U(2r —w(a),2m)}.

Indeed, in view of 0 € 92 we have ¢(0) = 0, while n(0) = (0, —1)T implies ¢/(0) = 0. Hence, with
A = [|{"|e(=a0,a0])/2 € [0,00), a Taylor expansion implies

1C(s)| = |¢(s) — ¢(0) — ¢'(0)s] < As® < Aals| for all s € [—a,al
and any a € (0, ag]. Combining these properties of Q2 and ¢, we deduce that
{x € B,(0) : xo > Aa|x1|} C QN B,(0) C {z € B,(0) : xo > —Aa|z1]|}.

Hence, (5.10a) and (5.10b) are satisfied for any a € (0,a0) with the continuous function w(a) :=
arctan(Aa), a € [0, ag).
Next, for n € (0,1) and z € Q, define

o) =2 (L) and 5,00 = 60) - o [ (0 aw

Clearly, &, belongs to WZ(2) and, for (z,7) € Q x (0,1),

4z
v&?(x) = _7]2 +7T‘.f1}'|27
47 872
D? =— id + ® 1,
S0 =~ G et
8 .

In view of (5.10a) and M > 4n(1 + 0)D > 47D, we next fix a € (0,a9) and 1y € (0,1) sufficiently
small such that

™ M —4rD
n - A2
w(a)<max{4, 52D }, (5.12a)
ne + ma® < 1, (5.12Db)
M — 47D
m < "~ ra (5.12c)

32Dl
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and derive additional estimates on §, for n € (0,19). First, by (5.10b),
2 2

& _ / U d / U
e x4+ dx
e llzsie onB, () (1° + m[z[?)? onB, ) (1* + m|z[?)?

7’ n°
</ — 1 __ _dr+ / S —,
/za (n? + m|z]?)? anB. (o) (17 + ma?)?

SEAEOY I .
0

or n?+mr? ]|, m2qt
1 @) 9
< _
-2 + T + m2a4’

and

&n

UR Ui
2/ T gy 2/ T g
L@ = Jonp, ) (17 + |z]?)? oo (7 + 7|x[?)?
7 — 200(a) o 1t 7 —20(a)  7wa?
27 n2+mr] . 2r  n?+7ma?

T —2w(a) ma

2

2 ni+ma®

Hence, using (5.12),

1 M—4nD M +4nD

&n Z —

1 <l <5+ Ti6p 167D (5.13)

We next turn to =, and first derive a lower bound for € (0,70). To this end, we compute

2
I, ::—/ln (n* + wly?) d
€2 Ja

7TCL

2 2
o In (n” +7ly’) dy+ = . In (p” + 7y|*) dy
| | QNB.(0) | | QNB.(0)¢
2 2
> — In (7* + 7|y|*) dy+ = In (7a®) dy.
U Joso U Jors.or

Since n? + |y|? < n2 +ma® < 1 for (n,y) € (0,m0) x Xy by (5.12b), we infer from (5.10b) and (5.12a)
that

9 4
Iy z = [ (i +7ly?) dy + Ina dy
Q| Js, €2 JanB. )
Ziw(a)[(n2—|—7rr2)ln(n2—l—7ﬂ’) 77 — 7r? ‘l‘l /lnady
7|9 Tl
T+ 20(a) ) ) w+2w()
T (—on?] —1) —d4|Ina| > -T2y
I i A A
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1 M
>~ (14 —") —4lnal.
= \Q\<+167TD) | Inal

Consequently, for x € €,
Z,(z) = =2In (n* + w|z?) + I, > —wy, (5.14)
with R := diam(2)/2 and

1 M
=2In(1+47R*) + — (1 4+ —— 4|1nal.
2 n(1+ wR)+|Q|< +167TD>+ [ Inal

Finally,

||En||i2(m :/Q(—an (n* + m|z|?) —I—In)2 da::él/Q (In (772+7r|a:|2))2 dz — |Q| 1}

2R
§4/ (ln (172+7r|x|2))2 dx:87r/ r(ln (772+7T7“2))2 dr
B3r(0) 0

=4 [(7]2 + 7r?) (In (n* + 7T7‘2))2 —2(n* + mr*) In (n* + mr?) + 2(n° + 7T7’2)}
<3, (5.15)
where
vs =4 [(1 +47R?) (In (1 + 47TR2))2 —2(1+47R*) In (1 4+ 47R*) + 2(1 + 47TR2)] :

Now, for n € (0,7), we set

U ef'rl v 6671 (5 16 )
Uy =Up—7—— v, =V)—e—orruv---—+  w,=Z,+ 11, .16a
T e e " e e T T
with

Uy =M —8D||e" |1, ), Vi:=8mD|e*| 1) (5.16b)

We first observe that (5.13) and the lower bound on M guarantee that

2+46
U, = |lugllz, ) € 270D, M] and V, = ||lvyllr @) € |27°a*D, LAy : (5.17)
2(1+0)
while w,, > 0 by (5.14), so that the triple (u,, v,, w,) defined in (5.16) belongs to Z,,;. Also,
eWn eWn
U, = Uy7—7—— and v, =1V,

lewnlzy @) lewnflzy @)
Next, on the one hand,

/uﬁllau?7 dwzln(Uﬁ)/u?7 dw%—/unw?7 dz — In (||le" Ll(g))/un dz
0 0 0 0

= / uywy dz + U,y In(U,) — Uy In (|le*]| 1, @) (5.18)
Q
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and

/Un In(fv,) dz = In(0V}) / v, dz + / vyw, dz —In (|le""|| 1, @)) / v, dz
Q Q Q Q

= /Qvnw?7 dz + V, In(0V,) — V,In (||| @) - (5.19)
On the other hand, by (5.11), (5.15), and (5.16),
e ’
||DAwn—awn—l—vn||2L2( ' DA, + UW —aZ, — an
Ly La(Q)

= [|[DAE, + 87 De*" — o=, — ary Hiz(g)

= o |2, + nll7,q) < 20° <||5n||ig(m + |Q|uf>
< 203 =207 (V3 + Q7). (5.20)
We then infer from (5.18), (5.19), and (5.20) that

1
L(ty, vy, wyy) = / <u77 Inu, —u, + 1+ v, In(fv,) — v, + i (uy, + Un)wn)
Q

L DIV + allwalue) + 51 DAw, — a0, 4140
< U,In(U,) - U, + Q| + V, In(8V,) — V,, + % — (U, + V) In ([le” | 1y )
+ 2L (DIVE M) + allZs + i) + 23
= U, In(U,) — U, + Q]+ V, In(0V,)) = V,, + % — M1n (||eE" Ll(g)) — M,
+ L0 (DIVE, 2, )+ alE 1 oy + al ) + 02
_-7:(577) + Ry, (5.21)

19

where H ) H
_ (1+0)|Q] = 2 = 2 e ||y (@)
}—(:“):72M (DIVE, L, @) + allZlZ,@) — 191n o )
see (5.7), and
Q
R, = —MIn(|Q]) + U, In(U,) — U, + |Q| + V, In(0V,) — V, + ‘9‘
(1+0)alQ] ,

— Muv, + 5 vy + 3.
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According to [13, Section 3],
lim F(=,) = —oo,

n—0

while (5.17) ensures that sup, ¢, Ry < 00. In view of these properties, it readily follows from
(5.21) that L(u,,v,, w,) = —oo as n — 0, as claimed.

(b) We recall that 2 = Bg(0) in that case. As above, for n € (0,1) and z € Q, we define

._ Ui _
577(:(:> T 2111 (7]2—|—7T|LL"2) and ( ) 577 ‘Q‘ /&7

2 R
Ui 9 2mr
= — 1T = S |
o= G G

e
o n? r=R B TR2
- 772+7rr2 o - 772+7rR2'
Hence,
TR?
T S )], ) < 1. (5.22)
Furthermore,
I, = 2 In (n? A dy = 1 Rl 2 Hrd
= (n* + 7lyl?) V=1 n (n° +mr?) rdr
2 r=
:?[(n +7rr)ln(77 +7r7’) (772+7”’2)+1L:§
2 2
> — (=20’ lnn+n*>—1) > — (5.23)
so that
Zy(x) > —2In (772 + 7TR2) + 1, > —vg:=—2In(1+ 7rR2) — %Rz (5.24)
Finally,
]|E,7H%2(Q) = /Q [—2In (p* + 7|z|?) + Inf dzr = 4/Q (In (n° + 7r\:c|2))2 dz — Q1]
<4 [(772 + 7rr2) [ln (172 + 7T’r’2)]2 -2 (172 + 7rr2) In (172 + 7r7’2) + 2 (772 + 7T7“2)} Tj:
< i (5.25)
where

V2= 4 |[(12 4 7R [in (14 7R%)]" = 2 (1+ 7R In (14 7R2) +2 (14 712 |
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Now, as above, we set

ek efn _
e T e T )
with
U, =M — 87Dy, Vi :=87D|e* ||, (), (5.26b)
and deduce from (5.22) and the lower bound on M that
X

In particular, owing to (5.26), (5.27), and the regularity of &,, the triple (u,, v,, w,) belongs to Zy/ raq
for all n € (0,1). We next compute L(u,, v,, w,) as in the previous case and argue as in the proof of
(5.21) with the help of (5.11), (5.24), and (5.25) to obtain that

E(unv Uns wn) (Hn) +Ry ., (5.28)

M
19|
where

. (140)9 e Ly
FE)="55r (DIVElLe +alZle) - 191 (F—gr®

as before and

Q
R, = —-MIn(|Q])+ U, In(U,) — U, + |2 + V, In(0V},) = V,, + ‘9‘
1+ 60)al2
—Mwﬁ% vi +o® (V5 +1Qv}) .
According to [12, Lemma 2],
lim F(5,) = —oo,
n—0

while (5.27) implies that sup, ;) R, < oo. It then readily follows from (5.28) and the above
properties that L£(u,,v,, w,) — —oo as n — 0 and the proof of (b) is complete. O

Proof of Theorem 1.3. (a) Gathering the outcome of Proposition 2.2, Proposition 5.1 (a) and Propo-
sition 5.2 (a), we argue as in [12,13,16,23], see also [15], to conclude that, for M € (47 (1+60)D, 00)\
(47(1+ 0)DN), there are initial conditions in Zy; for which the first component of the corresponding
solution to (1.1)-(1.2) cannot be bounded in L. ((0,00) x §2) and thus infringes (2.6).

(b) In that case, combining Proposition 2.2, Proposition 5.1 (b) and Proposition 5.2 (b) with the
above mentioned references leads to the claim. 0J
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