N

N

GLOBAL EXISTENCE, UNIFORM BOUNDEDNESS,
AND STABILIZATION IN A CHEMOTAXIS SYSTEM
WITH DENSITY-SUPPRESSED MOTILITY AND

NUTRIENT CONSUMPTION
Jie Jiang, Philippe Laurencot, Yanyan Zhang

» To cite this version:

Jie Jiang, Philippe Laurengot, Yanyan Zhang. GLOBAL EXISTENCE, UNIFORM BOUNDEDNESS,
AND STABILIZATION IN A CHEMOTAXIS SYSTEM WITH DENSITY-SUPPRESSED MOTIL-
ITY AND NUTRIENT CONSUMPTION. Communications in Partial Differential Equations, 2022,
47 (5), pp.1024-1069. hal-03247391

HAL Id: hal-03247391
https://hal.science/hal-03247391
Submitted on 3 Jun 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03247391
https://hal.archives-ouvertes.fr

GLOBAL EXISTENCE, UNIFORM BOUNDEDNESS, AND STABILIZATION IN
A CHEMOTAXIS SYSTEM WITH DENSITY-SUPPRESSED MOTILITY AND
NUTRIENT CONSUMPTION

JIE JIANG, PHILIPPE LAURENCOT, AND YANYAN ZHANG

ABSTRACT. Well-posedness and uniform-in-time boundedness of classical solutions are investigated
for a three-component parabolic system which describes the dynamics of a population of cells inter-
acting with a chemoattractant and a nutrient. The former induces a chemotactic bias in the diffusive
motion of the cells and is accounted for by a density-suppressed motility. Well-posedness is first
established for generic positive and non-increasing motility functions vanishing at infinity. Growth
conditions on the motility function guaranteeing the uniform-in-time boundedness of solutions are
next identified. Finally, for sublinearly decaying motility functions, convergence to a spatially homo-
geneous steady state is shown, with an exponential rate for consumption rates behaving linearly near
Zero.

1. INTRODUCTION

Spatially periodic stripe patterns are ubiquitous in biological systems and often play vital roles
in embryogenesis and development. However, the underlying developmental mechanism remains
unclear and attracts a lot of research interest. Recently, a mathematical model for autonomous
periodic stripe pattern formation was proposed in [29]:

Ou = A(uy(v)) +0uf(n) in (0,00) x €,
O =D,Av+au—pv in (0,00)x Q, (1.1)
on = D,An — ksQuf(n) in (0,00) x 2,

where the consumption rate f is given by

f(S):m,

Here, Q is a bounded domain of RV, N > 1, and u, v, and n denote the cell density, the signal
concentration, and the nutrient level, respectively, while the cell motility v is a positive function and
0, D,, D,, ks, and K, are positive constants. The key feature of this model is a density-suppressed
cellular motility v, which stands for a repressive effect of the signal (and hence of the cell density) on
the cell motility. More precisely, cells perform random walks via the swim-and-tumble motion at low

s>0.
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concentrations and are more motile while, at high concentrations, these cells tumble incessantly, a
process which impedes their motion and results in a vanishing macroscopic motility. Numerical and
experimental analyses indicate that such a motility control can establish a spatially periodic structure
in a growing bacteria population without the recourse to other mechanisms. Subsequently, in order
to better understand the effect of density-suppressed motility in pattern formations, a simplified
two-component version of (1.1) with a population growth was further analyzed numerically and
experimentally in [14]:

Ou = A(uy(v)) in (0,00) x Q,
TOw =Av+u—pv in (0,00) % €.

This model can also correctly capture the dynamics at the propagating front where new stripes are
formed. We remark that system (1.2) belongs to the general class of chemotaxis models proposed
by Keller & Segel in their seminal work [25] in the 1970s, based on a local sensing mechanism for
chemotaxis. It is worth pointing out here that system (1.2) is readily obtained from (1.1) by setting
0 =0.

As already mentioned, a key feature of chemotaxis models involving density-suppressed motility
is the possible degeneracy of the diffusion in the cell’s equation when the signal intensity v becomes
unbounded and the motility v vanishes at infinity. Then global well-posedness and boundedness of
classical solutions to reaction-diffusion systems like (1.1) or (1.2) are not directly provided by classical
theories for parabolic systems. The analysis of these issues have thus attracted a lot of interest in
the mathematical literature recently, with a focus on the simplified two-component system (1.2).

More precisely, when N = 2, global existence and boundedness of classical solutions are first
obtained in [32] when assuming 7 to be bounded from below by a positive constant. This assumption
is relaxed in [18] where global existence is shown for any positive and non-increasing motility function
~ converging to zero at infinity, permitting a vanishing limit at infinity. When 7 = 0, uniform-in-time
boundedness of classical solutions with a vanishing motility is first obtained when ~(s) = s~ for any
k < oo in [1] and later extended in [16] to 7 > 0 and any non-increasing motility function decaying
slower than any negative exponential function at infinity. Negative exponential functions appear to
be critical for the dynamics of (1.2) and the specific choice of motility function v(s) = e X*, x > 0,
is studied in [24] and [17,18] by different methods, uncovering a critical mass phenomenon with the
same threshold value as the classical Keller-Segel system. More precisely, classical solutions to (1.2)
are uniformly-in-time bounded when the initial mass lies below a certain threshold value [11,17,18],
while unbounded global classical solutions are constructed for some initial conditions having an initial
mass exceeding this threshold value [17,18,24].

In higher space dimensions N > 3, global existence and boundedness of classical solutions to (1.2)
are established when 7 = 0 and ~(s) = s7* with any k < 2/(N — 2) in [1], as well as in [16,34] by
different approaches. As shown recently in [21], when 7 = 0, global existence of classical solutions
to (1.2) is a generic feature and is true for arbitrary positive motility functions v which are not
necessarily monotone decreasing or decaying to zero at infinity. Uniform-in-time boundedness of
classical solutions to (1.2) is established in [21] when 7(s) ~ s7* as s — oo with any k < N/(N —2),
a range which is likely to be optimal and extends the above mentioned papers, as well as [20] where

(1.2)
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the case k < min{1,4/(N — 2)} is considered. When 7 > 0, global existence of classical solutions
to (1.2) is asserted in [19] for any positive, non-increasing and asymptotically vanishing motility.
To the best of our knowledge, uniform-in-time boundedness is only available when ~(s) = s7% with
k <1/[N/2] in [16,18]. Here, [N/2] denotes the maximal integer less or equal to N/2.

To complete this overview of the existing literature on (1.2), we mention that weak solutions are
constructed in [11-13,28,32]. Several studies have also been devoted to (1.2) when a logistic growth
is included. The latter actually alters significantly the mathematical properties of (1.2) and its
dissipative effect fosters boundedness of classical solutions. We refer to [17,22,33] for studies in this
direction.

In contrast to its two-component counterpart (1.2), the three-component system (1.1) has received
little attention. As far as we know, global existence and boundedness of classical solutions to (1.1) are
established in [23] when N = 2 and 7 is a bounded Lipschitz continuous function which is bounded
from below by a positive constant. Still in the two-dimensional case, global existence of classical
solutions is subsequently shown in [30] when the motility ~ is a positive and decreasing function
with a vanishing limit at infinity. Uniform-in-time boundedness of these solutions is then obtained
provided 1/v grows at most algebraically at infinity, a result which is consistent with what is known
for (1.2) [18].

The aim of this paper is a thorough study of the well-posedness of (1.1) in arbitrary space dimen-
sions, along with that of the uniform-in-time boundedness of its solutions, which not only provides
a far-reaching improvement upon [23,30] but also on [18,19]. More precisely, on the one hand, we
show the existence and uniqueness of classical solutions to (1.1) for any motility function v which is
positive and non-increasing with a vanishing limit at infinity in any space dimension. On the other
hand, uniform-in-time boundedness of classical solutions to (1.1) is obtained for motility functions
decaying slower than any negative exponential at infinity in the two-dimensional case and for motility
functions satisfying v(s) ~ s* for an arbitrary k¥ < N/(N — 2) in higher space dimension. While
the former extends [30] to motility functions such as v(s) = e¢™*", a € (0, 1), the latter improves [18]
after setting # = 0 in (1.1), since 1/[N/2] < N/(N — 2). Moreover, when 1/ looks like a sublinear
function, we proceed partly along the lines of [13] to construct a Lyapunov functional for (1.1) which
allows us to identify the long-term behavior of classical solutions to (1.1).

Before describing precisely the outcome of this paper, we recall that two different approaches
have been developed in the literature to tackle the degeneracy issue while studying the existence
of classical solutions to (1.2). The first method relies on the derivation of a Ly°L2-estimate for u
for some p > N/2 by energy and duality methods, which gives rise to an LgS-estimate for v, the
latter being deduced from the equation for v due to standard regularity theory for parabolic/elliptic
equations. However, this method needs restrictive assumptions on 7, see, e.g., [1,24,32,34]. The
other approach is based on a two-step comparison argument proposed in [17,18]. The key ingredient
lies in the introduction of an intermediate auxiliary function w which is the solution to a linear elliptic
equation. Owing to the specific structure of the cell’s equation, suitable applications of elliptic and
parabolic comparison principles allow one to derive an upper bound on w, as well as a control from
above on v by w. An upper bound for v thus follows and subsequently leads to the global existence of
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classical solutions in any space dimension for rather generic motility functions [19,21]. This approach
also turns out to be particularly efficient to investigate the uniform-in-time boundedness issue but
requires a more refined argument, as developed in [16,20,21]. In fact, an important intermediate step
is the derivation of an evolution equation for w with a source term growing sublinearly with w. The
analysis performed in this paper is actually based on a further development of this second method.

Coming back to (1.1), we focus here on the global well-posedness of (1.1) for a general class of
motility functions v and consumption rates f, as well as on the uniform-in-time boundedness of its
solutions. In addition, we shall investigate the long-term behavior of its solutions for a suitable class
of motility functions «. To reduce the number of parameters in (1.1), we first perform the rescaling

t=7t, T=x/L, (u,v,n)(t,z)=(u, Ho, Mn)(t,z),
3(s) =(Hs)/(TL?),  f(s)=0f(Ms)/T,
with
r=D,/D,, L=+/D,, H=«a, M=k,.
Dropping the bars, the system (1.1) becomes
Ou = A(uy(v)) +uf(n),  (t,z) € (0,00) xQ,
TatU:A'U—ﬁ'U—FU, (t,l’)e(0,00)XQ,
o = An —uf(n), (t,x) € (0,00) x Q,
V(uy(v)) - v=Vv-v=Vn-v=0, (t,x) € (0,00) x 02,
(u,v,n)(0) = (u", 0", n™) | r e, (1.3e)
which only involves two positive parameters 7 > 0 and § > 0. Here, € is a bounded domain of
RY (N > 1) with smooth boundary. The motion of cells is biased by the local concentration v of
chemotactic signal and is prescribed by the motility v(v) of cells, which is a positive function of
v. Recall that, due to the density-suppressed effect, v is a non-increasing function on (0, 00). The

function f is non-negative and represents the consumption rate of nutrients by cells, which generalizes
the particular form given in (1.1).

To begin with, we introduce some basic assumptions and notations. Throughout this paper we use
the short notation || - ||, for the norm || || Lr) with p € [1, 00]. For the initial condition (u", v, n'"),
we require that

(uin’ Uin’ nm) c WI’N+1(Q; ]R3) ’ uin 7‘é O,

. . . o (1.4)
u" >0, n">0, 0" >0 in ).
The motility function v and consumption rate f are assumed to satisfy
7€ C3((0,00)), ¥>0, 7 <0 in (0,00), lim~(s)=0, (A1)
5—00

and
feC*0,0)), f(0)=0 and f>0 on (0,00), (1.5)
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respectively. Clearly, f = 0 satisfies (1.5), so that the results obtained below equally apply to the
two-component system (1.2).

We are now in a position to state our first main result concerning global existence of classical
solutions to (1.3).

Theorem 1.1. Let N > 1. Suppose that v and f satisfy assumptions (Al) and (1.5), respectively,
and that the initial condition (u’, v, n™) satisfies (1.4). Then problem (1.3) has a unique global
non-negative classical solution (u,v,n) € C(]0,00) x Q;R3) N CH2((0,00) x OQ; R?).

Observe that (A1) does not require v to be bounded as s — 0, so that our analysis includes in
particular v(s) = s7* for k > 0. This feature is actually not surprising in view of (2.4) below,
which states that v has a time-independent positive lower bound v,, which is also independent of the
choice of 7. Also, since no growth condition is required on v in Theorem 1.1, a noticeable outcome
of Theorem 1.2 is that the density-suppressed motility plays a fundamental role in preventing finite
time blowup, which is in sharp contrast with the classical Keller-Segel system.

We next investigate the boundedness of classical solutions to (1.3) under certain decay assumptions
of v at infinity and begin with the two-dimensional case N = 2.

Theorem 1.2. Assume N = 2 and consider f satisfying (1.5). Suppose that v satisfies assump-
tion (A1) and that there is x > 0 such that

lim inf eX*y(s) > 0. (A2e,)
5—00
If the initial condition (u™,v™ n™) satisfies (1.4) with
. - 47
Ju™ + 0"l < —, (1.6)
X
then the global classical solution (u,v,n) to (1.3) is uniformly-in-time bounded; that is,
SUp {[[u()loe + [0@)lloe + lIn(#)lloc} < 00, (1.7)
and, for anyty > 0,
sup {u(®llcxay + [@llexay + In@ler) < oo. (1)
Zt0

In particular, if v satisfies (Al) and (A2e,) for all x > 0, then the global classical solution to
(1.3) is uniformly-in-time bounded for any initial condition (u™,v™ n™) satisfying (1.4).

A similar result is obtained in [30] under the stronger assumption that 1/ decays algebraically
at infinity. Theorem 1.2 shows that this assumption can be relaxed and applies in particular to
v(s) = e ?" with any 8> 0 and 6 € (0,1).

Remark 1.3. The boundedness results in Theorem 1.2 are optimal. Indeed, when v(s) = e X* and
f =0 (so that (1.3) reduces to (1.2)), a critical mass phenomenon is observed in [18, 24]. Uniform-
in-time boundedness is obtained when the total mass of cells is less than the critical value 47/ x.
Moreover, finite-time blowup is excluded in [11,18] by different methods and initial conditions having
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a sufficiently large total mass of cells which lead to unbounded solutions to (1.3) (with f = 0) are
constructed in [18, 24].

We turn to higher space dimensions N > 3 and first point out that the assumption (A2e,) is not
sufficient to guarantee uniform-in-time boundedness of global classical solutions. Indeed, it is shown
in [19] that, for an arbitrarily given m > 0, there always exist radially symmetric initial conditions
(u™, v"™) with m = ||u™||; in the ball = Bg(0) such that the corresponding global classical solution
to (1.3) with v(s) = e™* and f = 0 is unbounded. It is thus likely that uniform-in-time boundedness
requires more restrictive growth conditions on 1/7 at infinity. Specifically, the following algebraic
growth assumption is requested on 1/7:

there are k > [ > 0 such that liminfs*y(s) >0 and limsup s'y(s) < oc. (A2)

§—00 5—+00

We assume in addition that
there is by € (0, 1] such that, for any s > so > 0,

1(s) + (b — 1) / " (n)dn < Kolso) (A3)

where Ky(sp) > 0 depends only on ~, by, and sg .

A suitable choice of the exponents k£ and [ in (A2) leads us to the boundedness of global solutions
to (1.3) in higher dimensions, which we state now.

Theorem 1.4. Let N > 3 and consider f satisfying (1.5). Suppose that v satisfies assumption (Al)
and assumption (A2) for some k > 1> 0 satisfying

N2 and k—1< N2—2'
Assume further that, either v satisfies assumption (A3), or the parameter | in (A2) is such that
> %. Then, for any initial condition (u'™, v™, n™) satisfying (1.4), the global classical solution
(u,v,m) to (1.3) is uniformly-in-time bounded in the sense that it satisfies (1.7) and (1.8).

k<

The assumption (A3) is somewhat a technical one and is satisfied by several typical examples of
motility functions «, including (a, + s)™%, (a; + s) 7" log ™ (ay + s), and (a; + s) 7" 4 (ay + 5)7*2,
with a; > 0 and k; > 0 (i = 1,2), which also satisfy (Al) and (A2e,). We emphasize that, when
7 satisfies (A2) with [ > 1, then v(s) < Cs~! for s large enough, which in turn guarantees that
sy(s) < C and the validity of (A3) with by = 1. We refer to Lemma 2.6 below for a more detailed
discussion.

A direct consequence of Theorem 1.4 is that, when N > 3 and ~(s) ~ s™" as s — oo for some
0 < k < N/(N —2), global classical solutions to (1.3) are uniformly-in-time bounded. In view of
what is already known in the two-dimensional case, the main question left open is the optimality of
the exponent N/(N — 2) and it will be our future task to study whether the exponent N/(N — 2) is
critical for boundedness of solutions.

k
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Remark 1.5. [t is worth mentioning once more that, given non-negative functions (u™, v, n") €
WENFL(Q,R?) such that u™™ # 0, v™ > 0 in Q and n'™ = 0, the corresponding solution (u,v,n)
to (1.3) satisfies n = 0 due to f(0) = 0 and (u,v) is actually a solution to (1.2). An interesting
consequence of this property is that, when -y satisfies (A1), global existence of solutions to (1.2) follows
from Theorem 1.1 and we thus provide an alternative proof of [19, Theorem 1.1]. Assuming further
that v satisfies the assumptions of Theorem 1.4, we also deduce from Theorem 1.4 the uniform-in-time
boundedness of classical solutions to (1.2), thereby extending [10, 18].

Our final result deals with the large time behavior of globally bounded solutions to (1.3) when 1/
grows at most linearly at infinity.

Theorem 1.6. Suppose that [ satisfies (1.5) with f > 0 on (0,00) and that the initial condition
satisfies (1.4). Assume that 7y satisfies (A1) and

s7(s)+7(s) =20,  s€(0,00). (1.9)
If (u,v,n) is a non-negative classical solution to (1.3) which is uniformly-in-time bounded, then

Tim ([[u(t) = mlloe + [[o(2) = ]l + (1) | 0) =0,

where m 2 [[u™ + n™||;/|€].
In addition, if f satisfies
lim(i]gff(s)/s > 0, (1.10)
S5—

then there exist 69 > 0 and C' > 0 depending on §2, ~, f, and the initial data such that
Ju(t) — mlso + [[0(t) = M|loe + [7(t)]|o < Ce™™  for all t > 0.

A first consequence of Theorem 1.6 is that there is no pattern formation in the dynamics of (1.3)
when v satisfies (A1) and (1.9), as already observed in [1,13,20]. Since the latter somehow means
that v(s) ~ Cs! as s — oo for some [ € (0,1] and thus that « decays rather slowly at infinity,
pattern formation in (1.3) can only be triggered by a motility function which decreases sufficiently
rapidly at infinity, an observation which fully complies with [29].

The proof of Theorem 1.6 is divided into two steps: we first show that the Lyapunov functional
constructed in [13] for the two-component system (1.2) can be modified in a suitable way (with terms
involving n in particular) to give rise to a Lyapunov functional for (1.3). It is worth pointing out
that the Lyapunov functional constructed here (and in [13]) is different from that obtained in [1]
when 7 = 0. The second step is devoted to the derivation of a lower bound of the dissipation of
the Lyapunov functional in terms of the Lyapunov functional itself, which eventually leads to the
exponential decay.

As a consequence of the above results, we have the following result for motility functions which
are negative power laws.

Proposition 1.7. Let N > 2 and assume that v(s) = s~k for some k > 0 and that f satisfies (1.5).

For any initial condition (u™,v™ n'™) satisfying (1.4), problem (1.3) has a global classical solution.
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Moreover, it is uniformly-in-time bounded when, either k < oo and N = 2, or k < N/(N — 2) and
N > 3. In addition, if 0 < k < 1 and f > 0 on (0,00), then the global classical solution to (1.3)
converges to (m,m,0) as time goes to infinity, and the convergence takes place at an exponential rate
provided that f satisfies (1.10).

The main idea of our proof relies on an improved comparison method. In fact, we not only
need a control of v from above by a suitably defined auxiliary function via the two-step comparison
argument originally developed in [18], but also require a reverse control of v from below. The latter
goal is achieved by a third step comparison argument developed in the present contribution. In order
to illustrate our strategy more explicitly, we restrict ourselves to the case f = 0, which actually
corresponds to the simplified two-component system (1.2). Later, we will explain how to extend the
argument to the more involved three-component case.

To begin with, we introduce the auxiliary function w = A~!u, where A denotes the elliptic operator
—A + in ©Q with homogeneous Neumann boundary conditions on 9€2. Applying A~! to both sides
of (1.3a) gives the following key identity:

ow + uy(v) = BA Huy(v)], (1.11)

which unveils the intrinsic mechanism of the density-suppressed motility and the nonlinear coupling
structure. In fact, thanks to the monotonicity of v and the elliptic comparison principle, one observes
that

0 < A uy(v)] < A7 y(vi)u] = y(v)w, (1.12)
where v, is a time-independent positive lower bound for v given in (2.4) below. Integrating the key
identity (1.11) and using the non-negativity of uy(v) entail that

0 <w(t,z) < CPWI (¢ 1) €[0,00) x Q. (1.13)

We remark that, if 7 = 0, then w = v and the bound (1.13) actually shows the boundedness of
v. However, when 7 > 0, there holds w = v + 7.A7'[9;v] and deriving a comparison between w
and v is more involved and requires additional arguments. Specifically, introducing the parabolic
operator Lz = 70;z — Az + [z and a function I' satisfying IV = ~, the monotonicity of v and the
key identity (1.11) allow us to show by delicate calculations that Lv < L(w 4 T'(v) + K) for some
constant K > 0. Then we may employ the parabolic comparison principle to get v < w + I'(v) + K.
Next, the monotonicity and the vanishing limit of v imply that I'(s) < as for all s > 0 and some
0 < a < 1. As a result, we obtain an upper control of v by w:

w+ K
11—«

v <

(1.14)

)

which, together with the previously obtained upper bound (1.13), gives finally an upper bound for
v.
The upper bound (1.14) plays a key role in the previous studies performed in [16, 18, 19, 21]
concerning existence and boundedness in the two-component system (1.2). However, it does not
provide the boundedness of classical solutions to (1.2) in higher dimensions N > 3 when 7 > 0.
To better highlight the difficulty to be overcome, let us recall that the strategy set up in [21] to
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prove boundedness of classical solutions to (1.2) when 7 = 0 is to regard the key identity (1.11) as a
quasilinear parabolic equation for v with a non-local source term. Indeed, since w = v when 7 = 0,
an alternative form of (1.11) is:

Orv — A(0) Av + Buy(v) = BA uy(v)]. (1.15)

Then, using once more the elliptic comparison principle and the monotonicity of v, one may manip-
ulate the non-local term to derive the following inequality

A uy(v)] <T(v) + C. (1.16)

At this stage, one may further notice that, in the special case y(s) ~ s7* as s — oo, the function I’

is controlled at infinity by C's" =%+ when k # 1, or by Cs® for any € > 0 when k = 1, see Lemma 2.5
below. Based upon this key observation, a delicate iterative argument is applied to (1.15) to establish
a time-independent upper bound for v provided that k& < N/(N —2), see [21]. In order to emphasize
the need of (1.16), we mention that a control of the non-local term A~![uv(v)] by a linear function
of v as done in (1.12) only allows one to derive a uniform-in-time upper bound on v when, either
k<2and N=3,o0r ke (0,1]N(0,4/(N —2)) and N > 4, see [20].

In contrast, when 7 > 0, the situation becomes rather involved, as w # v and the alternative form
of the key identity (1.11), which reads

drw — () Aw + Bury(v) = BA fuy(v)] (1.17)

in that case, features both v and w. In order to derive a single equation for w, we aim at replacing
v(v) by v(w) in the above identity. Owing to the monotonicity of 7 and the non-negativity of
—Aw + pw = u, a two-sided control of v by w will do the job. For this purpose, we develop an
additional argument to establish the reverse estimate w < C'(v+1). Together with (1.14) and positive
lower bounds on v and w which are derived independently, we finally arrive at the two-sided control
Ciw < v < Cyw, which in turn implies that

uy(Caw) < uy(v) < wy(Crw), (1.18)
due to the monotonicity of 7. Recalling that u = Afw], we deduce from (1.17) and (1.18) that
Ow — v(Cow) Aw + By(Cow)w < BA uy(Crw)]. (1.19)

Now, (1.19) looks very much like (1.15) and we may proceed as in the derivation of (1.16) to estimate
the non-local term A~'[uy(Ciw)] by I'(w) + C. We are then able to carry out an iterative Moser
technique to get a uniform-in-time upper bound for w provided that & < N/(N — 2). Then a
time-independent upper bound of v follows as well.

Having obtained the uniform-in-time boundedness of v, we can further show that w and v are
Holder-continuous with respect to both ¢t and x by establishing a local energy estimate, following a
classical approach developed in [26]. Thanks to this property, we can employ the theory developed by
Amann in [4-8] to find a representation formula for w, which involves a parabolic evolution operator
having properties similar to an analytic semigroup. The estimates for the parabolic evolution operator
given in [8] enable us to derive the (time-independent) W' >-estimates of w and v, which in turn
give rise to the uniform-in-time boundedness of w.
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Let us finally point out that a careful modification of the above mentioned arguments is needed
when dealing with the three-component system (1.3). In fact, since it is no longer the total mass
of w which is invariant throughout time evolution but that of u 4+ n, a second auxiliary function
S & A7 u + n] is introduced. While only an upper bound on v in terms of S is needed to establish
global existence as stated in Theorem 1.1, the uniform-in-time boundedness reported in Theorem 1.4
requires more work and a two-sided control of v by S is in fact needed in the proof.

The remainder of the paper is organized as follows. In Section 2, we provide some preliminary
results and recall some useful lemmas. In Section 3, we revisit the comparison argument and develop
an additional argument to derive the above mentioned two-sided control. In Section 4, we study the
global existence of classical solutions to (1.3). In Section 5, we prove uniform-in-time boundedness
of classical solutions in the two-dimensional case N = 2, while the case of higher space dimension
N > 3 is dealt with in Section 6. The last section is devoted to the large time behavior of bounded
classical solutions to (1.3) when 7 satisfies (A1) and (1.9) and f satisfies (1.5) and (1.10).

2. PRELIMINARIES

In this section, we recall some useful results. We begin with the existence of local classical solutions
which mainly follows from the theory developed by Amann in [4-7] and the comparison principle,
along with positivity properties of the heat equation.

Theorem 2.1. Suppose that v satisfies (A1) and (u™, v, n™) satisfies (1.4). Then there exists
Thwax € (0,00] such that problem (1.3) has a unique non-negative classical solution (u,v,n) €
C([0, Thmax) X R N CH2((0, Tiax) X Q;R3). The solution (u,v,n) satisfies the mass conservation

/ (u(t, ) + n(t, ) de = / (@) + n"(2)) dz for all t € (0, Toa) (2.1)
Q Q
and
™ 4+ n™ |1 > [Ju@®)|l; > |[u™||. >0 for all t € (0, Tinax). (2.2)
Moreover, for any 1 < p < 0o, there holds
@), < [n™]l,  for all t € (0, Thax), (2.3)

and there is v, > 0 depending only on 2, v'™, and ||u™||; such that
v(t,x) > v, (t,2) € [0, Thax) X 2. (2.4)
Finally, if Ty < 00, then

lim sup ||u(t)||oo = 0.

t/‘Tmax
Proof. We set Dy = R x (0,00) x R, so that (u™, v, n™) ranges in Dy according to (1.4). Owing to
the regularity (A1), (1.5), and (1.4) of 7, f, and the initial conditions, we infer from [7, Theorems 14.4
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& 14.6] (with s = 1 and p = N + 1) that there is a unique classical solution (u,v,n) € C([0, Thax) X
Q; Do) N CH2((0, Thnax) X € R?) to (1.3) and that, if Th., < 0o, then

i sup ()l + o0 + H%Hm (D)l ) =

First, (1.3a), (1.3c), (1.5), and the comparison principle guarantee that
u(t,r) >0, [[n"||w >n(t,r) >0, (t,x) € [0, Trmax) X .

Using again the non-negativity of f, the just established non-negativity of u and n allows us to derive
the mass conservation (2.1), the upper and lower bounds (2.2), and the integrability estimates (2.3)
on n. Next, owing to the lower bound (2.2) on ||u||; and the assumed positivity of v, we deduce
the lower bound (2.4) from [15, Lemma 2.6].

Assume finally that T, < 00. According to (2.3) and (2.4), ||n]/s and ||1/v]|o cannot blow up,
while (1.3b) and the comparison principle imply that [|v]|o < max{[[v"||s, [|t||ee/B}. Consequently,
||u(t)]| o has to be unbounded as t — T, and the proof is complete. O

Throughout this paper, we set
x A

supy(s), "= sup  f(s) < oo

5>Vx 0<s< [0 |00

Then, in view of (2.3) and (2.4), there holds

N

0 <~v(v) <~* forall (t,z) € [0, Timax) X 2, (2.5)

and
0< f(n) < f* forall (t,2) € [0, Thax) X Q. (2.6)

Next, we let (-); = max{-,0} and recall the following result, see [3, Proposition (9.2)], [9,
Lemme 3.17], or [1, Lemma 2.2].

Lemma 2.2. Let f € L'(Q). For any 1 < q < ﬁ, there exists a positive constant Cy(q)

depending only on Q and (3 such that the solution z € WH1(Q) to

{—Az+6z:f, rEQ,

2.7
Vz-v=0, x €00, (27)

satisfies
120y < C@) £ -

When N = 2, we need the following result given in [34, Lemma 3.3], which is similar to the
celebrated Brezis-Merle inequality [10, Theorem 1], see [31, Proposition 6.1] and [32, Lemma A.3]
for related results.
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Lemma 2.3. Assume that N = 2. For any f € L'(Q) such that
Iflli=A>0

and 0 < R < 4%, there is Co(A, R) > 0 depending on 2, B, A, and R such that the solution z to (2.7)
satisfies

/ e dx < Oy(A, R) .
0

We next define .
L(s) = /1 v(n)dn, s>0, (2.8)
and recall the following simple relation between v and I' derived in [18, Lemma 6].
Lemma 2.4. Assume (Al) and let € > 0. There is C3(e) > 0 depending on € and ~y such that
sy(s) —v(so) < I'(s) <es+ Cs(e), s>50>0. (2.9)

Proof. Let ¢ > 0. Owing to (A1), there is s. > 1 such that y(s) < e for s > s.. Consequently, if
s > 1, then

I(s) = / ) dn + / () di < sy (1) + o5 — se)s < sr(1) + s,

while I'(s) < 0 for s € [sg,1) (when this interval is non-empty). We have thus proved the upper
bound for I' with C3(g) £ s.v(1).
Consider next s € [1,00) N [sg, 00). Since 7 is non-increasing,

57(5) = 7(s0) < (s = 1)7(s) <T(s).

If s € [sg,1) (when this interval is non-empty), then, using again the monotonicity of ~,

1
s7(s) = I'(s) = s7(s) +/ v(n) dn < (s +1—5)y(s) <7(s0),
and the proof is complete. O

We next turn to an upper bound for I" when the growth condition (A2) is satisfied.

Lemma 2.5. Under the assumptions (Al) and (A2), there is Cy > 0 depending on 7y such that, for
all s > 1,

Cylog s, when [ =1

C4(Sl_l — 1)

=7 when [ # 1.
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Proof. In view of assumption (A2), there are sy > 1 and C' > 0 such that s'y(s) < C for all s > s.
In addition, the monotonicity of v and the non-negativity of [ ensure that s'y(s) < shy(1) for all
1 < s < sg. Thus, sly(s) < C for all s > 1, from which we deduce that

C'log s, when [ =1,
(s :/ d SC’/ “ldn =
(s) 1 Y(n)dn L= e )
_ when [ # 1,
1-1
as claimed. 0

We next provide some sufficient conditions on v which guarantee that it satisfies assumption (A3).

Lemma 2.6. Assume that v € C*((0,00)) is positive and one of the following cases holds.
(a) The function ~y is non-increasing on (0,00) and there is A > 0 such that

2s
/ v(n) dn < A, s>1;

(b) There are by € (0, 1] and s; > 0 such that s7'(s) + byy(s) <0 for all s > sy,
(¢) There are constants | > 0 and 0 < B; < A; < oo such that (1 —1)A; < By and

B, = liminf s'y(s) < limsup s'y(s) = A;.

5§00 5§00

Then assumption (A3) is fulfilled.

Proof. We consider sy > 0 and handle the three cases in different ways.
Case (a). In that case, we observe that, for s > max{sg, 1},

57(s) < 2/ v(n) dn < 24,
s/2

while sv(s) < 7y(so) for s € [sp, 1) (when this interval is non-empty). Consequently, assumption (A3)
is satisfied with by = 1.
Case (b). In that case, we may assume s; > max{sp, 1} and find that, for s > sy,

$1(3) + (b — DT (s) = / "y (n) + boy(m)) dn + s17(51) + (b — 1)T(s1)

S1

Sslf}/(sl) )

due to the non-negativity of I'(s1). For s € [sg, s1), we observe that
1

51(5) + (bo — IT(s) <s1]7l|zeeosn) + (1 — bo) / y(n)dn

min{1,s0}
S(l + Sl)H’YHL‘X’(min{l,so},sl) .
Thus, (A3) also holds.
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Case (c¢). In that case, for any e € (0, B;),there is s. > max{1, so} such that
Bl—agslfy(s)gAl—l—a, 5> 5..
In particular, for by € (0, 1],

1(3) + (b — DT(s) < s9(5) + (B — 1) / () dn

< (At o) — (1—by)(Bi— <) / iy, s> (2.108)

while

sy(s) + (bo — D)I'(s) < 25.(|Y|| oo (s0,52) » s € [s0, Sel - (2.10b)
At this point, either [ > 1 and we readily deduce from (2.10) with by = 1 and € = ¢; = B;/2 that
(A3) is satisfied with by = 1 and Ko(so) = A; + By + 28, [|7]| Lo (50,52, )-
Or [ € (0,1). Since (1 —1)A; < By, we choose
- Bl — (1 — Z)Al
B 2B,
It then follows from (2.10a) that, for any s > s.,,

(1= DA +e) = (L= bo)(Br—e2) 5y (L= bo)(Bi—e2) 1y

(1=bo)B, — (1= DA
2—1—1by

bo S (0, 1) and € =¢e9 = c (O,Bl) .

s7(s) + (bo = DI'(s) < 11 ° 11 Pez
< (2 —1— bQ)EQ — (1 — bO)Bl + (1 — Z)Alsl—l 4 Bl Sl_l
1-1 1—1*
B
R
Gathering (2.10b) with the above choice of by and the above inequality entails that (A3) is satisfied
in that case as well and completes the proof. (]

We finally recall the following lemma given in [27, Lemma A.1] which we shall use later in Sec-
tion 6.1 to complete the Alikakos-Moser iterative argument.

Lemma 2.7. Let 0 >1,b>0, c€ R, kg > 1, k1 > 1, and dy be given numbers such that

C
5o+ —— >0.
oty

We consider the sequence (0;);>0 of real numbers defined by
0j41 =00, +c, jeN.
Assume further that (n;);>0 is a sequence of positive real numbers satisfying
o < Y,
Njs1 < kool max{ky" 0}, jEN.
1_/5j)

Then the sequence (n;"”);>o is bounded.
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3. A TwWO-SIDED ESTIMATE BY A COMPARISON ARGUMENT

In this section, we fix initial conditions (u™, v, n"") satisfying (1.4) and denote the corresponding
classical solution to (1.3) given by Theorem 2.1 by (u,v,n), which is defined on [0, T1,.x) for some
Tax € (0,00]. We improve the comparison method proposed in [18] (see also [17,28]) to develop
a two-sided control estimate of v by some auxiliary functions which we define now. Specifically,
introducing the operator A on L*(Q) defined by

dom(A) 2 {z € H*(Q) : Vz-v=0 on 09}, Az 2 —Az + Bz, z¢€dom(A), (3.1)
we recall that A generates an analytic semigroup on LP({2) and is invertible on LP(Q) for all p €
(1,00). We then set

SH =AM (u+n)t)] >0, te€0, T, (3.2)
and
wt) £ A u®)] >0, 0, Thw), (3.3)

the non-negativity of S and w being a consequence of that of u + n and u and the comparison
principle. Firstly, due the time continuity of u and n,

S 2 S500) =AM u™ +n" and w™ £ w(0) = A [u"],

and it follows from the regularity assumption (1.4) on the initial conditions that S™ and w™ both
belong to W3N*1(Q).

Secondly, we remark that, due to [15, Lemma 2.3], (1.4), (2.1), and (2.2), there are positive
constants S, and w, depending only on NV, §2, £, and the initial data such that

S>S, and w>w, in [0, Tha) X Q. (3.4)

In addition, since u < u+n < u+ [0 in (0, Thax) X Q by (2.3) (with p = 00), it readily follows
from (3.2), (3.3), and the comparison principle that

w§5§w+% in [0, Thax) x Q. (3.5)

Now we derive two key identities involving the auxiliary functions S and w and supplement (3.4)
with pointwise upper bounds for S and w, respectively.

Lemma 3.1. Assume that v satisfies (Al). The following two key identities hold

08 + uy(v) +n = BA [uy(v) + 1] (3.6)
and

O+ uy(v) = A [Buy(v) + uf (n)] (3.7)

in (0, Thmax) X . Moreover,

w(t,z) < S(t,z) < S™(x)efmaxty it (t,2) € [0, Thnax) X . (3.8)
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Proof. By definition of A, we rewrite (1.3a) and (1.3c) as:
O = —Aluy(v)] + puy(v) + uf(n) in (0, Thax) X Q (3.9)
and
o =—Aln]+ pn—uf(n) in (0, ) X 2. (3.10)
Adding (3.9) and (3.10), we obtain
O(u+n)+ Aluy(v) +n] = Buy(v) +n) in (0, Tmax) X Q.
Applying A~! to both sides of the above identity gives the key identity (3.6). As for the identity (3.7),
it simply follows by applying A~ on both sides of (3.9).
We next infer from (2.5), (3.6), the non-negativity of v, u, and n, and the (elliptic) comparison
principle that,
S < 9,8 +uy(w) +n < BA uy(v) +n] < BA YU+ n]
< Bmax{y", 1JA " u + n] = Smax{", 1}S

in (0, Tinax) X €. Integrating the above differential inequality with respect to time and using (3.5)
give (3.8). O

The next lemma establishes an upper bound on v in terms of S (and thus also in terms of w in
view of (3.5)). The proof is the same as [18, Lemma 7] with a minor modification.

Lemma 3.2. Assume that 7 satisfies assumption (Al) and consider p > 1 such that Ty(p) < 1.
There is K1(p) > 0 depending on Q, v, T, 5, the initial data, and p such that

1 _
v(t,r) < — | S(t,z) + K p), t,z) € [0, Thax) X 2. 3.11
0 € s (S0 < Kalp) ) (09) €[0T 3.11)
Proof. Introducing the parabolic operator
L2270z + Az = 70,2 — Az + Bz (3.12)

and using (1.3b), we first observe that
Y(W)u =y(v)(T0w — Av + Sv)
= (Tﬁtf(v) — Al(v) + ﬁf(v)) +9'(0)|Vul* + B (vy(v) = T(v))
= LT(v) +7/(0)[Vo* + 8 (vy(v) = T(v)) . (3.13)
Substituting the identities (3.2) and (3.6) into (1.3b) and making use of (3.13), we deduce that
Ly=T10v—Av+pPv=u+n—n=LS—7IS —n
= LS+ 1(uy(v) +n) — BrA uy(v) +n] —n
=L(S+71T©))+ 79 )|Vv|* + 87 (vy(v) — T(v)) — BTA Huy(v) +n] + (1 — Dn. (3.14)
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Since 7'(v)|Vv|? is non-positive by (A1) and A '[uy(v) + n] is non-negative by the comparison
principle, it follows from (2.3) (with p = 00), (2.5), (3.14), and Lemma 2.4 (with sy = v,) that
Lo < L(S+71T(v)) + Bry(vy) + 7||n" || - (3.15)
Now, in view of the assumption (1.4) on the initial data, we may choose a positive constant K; >
(BTy(vs) + 7||n"||0) /B such that
K, > v"™(x) — S™(x) — 70 (v™)(x), €.
We then deduce from (3.15) and the parabolic comparison principle that
v(t,x) < S(t,z) +70(v(t,x)) + Ky, (t,x) € [0, Trmax) X . (3.16)
?&nz;lly, pick p > 1 such that 0 < 7y(p) < 1, the existence of which is granted by (Al). Then, by
1),

py(1) + (s = p)y(p) < py(1) +sv(p), s € [p,00),
['(s) <

py(1) < py(1) + 57(p) , s € [vi, ],

so that 7T(v) < 7y(p)v +7py(1) in [0, Tax) X Q. Combining this estimate with (3.16) completes the
proof. O

Since lim y(s) = 0 by (A1), a tight control from S on v follows from Lemma 3.2 by picking p
$—00
sufficiently large, as reported in the next result.

Proposition 3.3. Assume (Al) and consider ¢ > 0. There is Li(g) > 0 depending on ), v, T, 3,
the initial data, and € such that

v< (14+6)S+Li(e) in [0, Thax) X Q. (3.17)

Moreover, there is B > 0 depending on Q, v, 7, 3, and the initial data such that, setting w £ Bw
and S & BS,

v<w<S in [0, Tha) X Q. (3.18)
Proof. By (A1), there is p. > 1 such that 1 < (1 — 7y(p:))(1 +¢). It then follows from (3.11) (with
p = pe) that
v<(1+e)S+ (1+e)Ki(p:) in [0, Thax) X Q,

from which we deduce (3.17) with L () £ (1+¢)K;(p.). We next infer from (3.4), (3.5), and (3.17)
(with e = 1) that, in [0, Tiax) X €2,

Ly(1) Li(1) 17" [l
v <25+ =) S§<2+ S*)<w+ B )

< (2+47) (v I =0) = po < s

S, Bw*
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s (o BN (1, 0"
p2 (24 B0 (14 )

which completes the proof. O

with

Next, we aim to derive a reverse relation between v and .S, which will play a crucial role in Section 6.
To begin with, we prove the following result.

Lemma 3.4. Assume (Al). There is Ky > 0 depending on §2, v, T, 3, and the initial data such that
S<v+BTANIW)] + Ky in [0, Thax) X Q.
Proof. Applying A~! to both sides of (3.13), we obtain

A fuy ()] = A7 [mv) A ()Tl + B (0(v) — r(v))}

 LATT(0) + A [7’(v>lvv|2 B (y(v) - r<v>>] |

We then infer from (1.3b), (3.2), (3.6), and the above identity that
Ly=u+n—-—nm=LS—T70S—n
= LS+ 1uy(v) + (1 — 1)n — BrA Huy(v) + n]
= LS+ 1uy(v) + (1 — 1)n — BrLA [ (v)]

_ frA! {nw(vwm? T B0y (v) - r(v))] ,

which implies, together with the non-negativity of uy(v), n, and — A=+ (v)|Vv|?], that
LS <L (v+BrA T DW)]) 4+ BTA [n+ B(vy(v) =T (v) ] +n.
We further deduce from (2.3) (with p = o0), (2.4), (2.9) (with sy = v,), and the elliptic comparison
principle that '
LS < L(v+BrA T (W)]) + (1 + 7)||n"||so + BTy(vs) .
We now take Ky > [(1+ 7)||n"|| s + B77(vs)] /B such that
Ky > 8™ (x) —v™(x) — BTAT (™)) (), reQ,

and conclude with the help of the parabolic comparison principle that

S(t,z) <v(t,z) + BrA T (v)](t, z) + Ky, (t,x) € [0, Trax) X £2.
This completes the proof. O

After this preparation, we are in a position to derive an upper bound on S and w in terms of v,
using additionally either assumption (A3) or assumption (A2) with [ > %. We begin with the
former.
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Proposition 3.5. Assume (Al) and (A3). There is A > 0 depending only on S, v, T, 3, by, Ko(vy),

and the initial data such that
v>AS > Aw in [0, Thax) X Q.

Proof. On the one hand, it follows from (3.18), see Proposition 3.3, and the monotonicity of I" that

I'(v) <T(S) in [0, Tax) X Q and the elliptic comparison principle ensures that
AN (0)] < ATHD(S)] in [0, Thnax) X Q.

(3.19)

On the other hand, since S = BS and v, u, n, and B are all non-negative, we infer from (A1) and

(3.2) that

AID(S)] = —AT(3) + BT(S) = 1(8)AIS] = 7 (S)IVS + 5 (T(3) - 52(S))
> B(S)(u+n) + B (T(S) = $%(3)) = 8 (T(S) - $%(9)) -
Furthermore, since S = BS > BS, by (3.4), assumption (A3) (with sy = BS,) gives
T'(S) — Sv(S) > boI'(S) — Ko(BS.).
Hence, recalling (3.20),
AIT(9)] 2 BbT(S) — BEo(BS.) = A[BnA'[D(S)] - Ko(BS.)] |
from which we deduce that
['(S) > BbyA7YI(S)] — Ko(BS,) in [0, Timax) X Q,

by the elliptic comparison principle. It then readily follows from (3.19) and (3.21) that
r(S) N Ky(BS,)

AT (v)] < ATHD(S)) < 0, Thnae) % 2.
) < A7E) < 50+ 20 (0, T
Now combining (3.22) and Lemma 3.4, we conclude that
S < Bv+ EF(S) + TBK(BS.) + BEK, in [0, Thmay) X Q.

bo bo
Owing to (3.4), we may now use Lemma 2.4 (with s = BS, and € = by/(27B)) to obtain

N S 1B bo TBKy(BS,) . =
<B —+ — BK Tinax) X 2.
S < vt t b C3<2TB)+ b, + BK, in [0, ) X

Consequently, introducing

1 A 1 27 bo QTKQ(BS*)
—_ 294 | = 2K
A +v* [bocg <27‘B)jL bo el

(3.20)

(3.21)

(3.22)
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we deduce from (2.4) and the above inequality that

2B bo QTBK()(BS*) (% Bv . =
2BK,| — < — T, Q.
b() CS <2’7‘B) + b() + 2 Vy - A m [0’ max) ”

Recalling that w < S by (3.5) and that S = BS, we have thus established that Aw < AS < w in
[0, Thax) X 2 as claimed. O

We finally establish a similar result when -~ satisfies (A1) and, either N < 3, or N > 4 and the
parameter [ in (A2) satisfies [ > %. We emphasize that, in the most biologically relevant case

N < 3, the reverse estimate holds without additionally assuming (A2) or (A3).

§§23v+[

Proposition 3.6. Assume (Al) and that, either N < 3, or N > 4 and the parameter | in (A2)
satisfies | > %. There is A > 0 depending only on S, v, T, B, and the initial data such that

2
v>AS > Aw in [0, Thax) X Q.

Proof. We begin with the case N < 3. Owing to the monotonicity and non-negativity (A1) of ~,
there holds I'(s) < 7(1)s for all s > 0 and we infer from the elliptic comparison principle that
AT (0)] < (1) A o] in [0, Thpax) X Q. Then,
AT @)l < yMIAT Pllloo < CIIAT ]|z < Cllvflz < Cllufly < €

in [0, Tax) X ©Q, thanks to (2.2), Lemma 2.2, and the continuous embedding of H?() in L>(1).
Here and throughout the proof, C' denotes positive constants depending only on €2, v, 7, 8, and the
initial data. Together with (2.4) and Lemma 3.4, this estimate implies that

C+ K,

Vs

S§U+C—|—K2§<1—I— )v in [0, Thax) X Q,
which completes the proof of Proposition 3.6 for N < 3.
We next turn to N > 4 when v additionally satisfies (A2) with [ > =] and handle in a different

way the cases [ > 1, =1, and [ € (%, 1).
-1 > 1: Since |[T'(v)] < C in [0, Tayx) X Q by (A1), (2.4), and Lemma 2.5, Proposition 3.6

readily follows from the elliptic comparison principle and Lemma 3.4 in that case.

-l e (%, 1): We first note that the lower bound on [ guarantees that we can find ¢ €
(1, N/(N — 2)) satistying also ¢ > N(1 —1)/2. Next, by (Al), (2.4), and Lemma 2.5, the
function T' has a sublinear growth at infinity and |T'(v)| < Cv'™! in [0, Thay) x Q. Using
again (2.2), Lemma 2.2, the elliptic comparison principle, and the continuous embedding of

W2a/A=0(Q) in L>(£2), we find
AT D ()]l < CIAT [0 lloe < CIAT [0l w2ar0-0
< Cllv' g/ = Cllolly™ < Clluli™ < €

in [0, Thax) X €. We then proceed as above to complete the proof of Proposition 3.6 in that
case.



ON A CHEMOTAXIS SYSTEM WITH DENSITY-SUPPRESSED MOTILITY AND NUTRIENT CONSUMPTION 21

-1 =1 We fix 0 € (0,2/(N —2)) and ¢ € (1, N/(N — 2)) such that ¢ > dN/2. Since
IT(v)] < Cv in [0, Tax) X Q2 by (A1), (2.4), and Lemma 2.5, we argue as in the previous case
(with § instead of 1 —[) to complete the proof of Proposition 3.6.

O

4. GLOBAL EXISTENCE OF CLASSICAL SOLUTIONS

In this section, we consider the existence of global classical solutions under the assumptions of
Theorem 1.1. We first prove that v is Holder continuous with respect to both ¢ and x, which allows
us to apply the theory developed by Amann in [6, 8] for non-autonomous linear parabolic equations
to derive a W2%P-estimate for w with any p > N and 6 € ((N + p)/2p,1). In turn, we will obtain a
Wl estimate for v, which finally gives rise to LP-estimates for u with any p > 1 by standard energy
estimates.

From now on, we assume that « and the initial data satisfy (A1) and (1.4), respectively, and that
(u,v,n) is the corresponding solution to (1.3) provided by Theorem 2.1 and defined on [0, Thyax). We
fix t. € (0, Thhax) and infer from Theorem 2.1 that

M(t.) & JJu(t) ez + lv@E)llcz@) + 17t ez < oo (4.1)

Throughout this section, C' and (C};);>5 denote positive constants depending only on €2, v, f, 7, 5,
the initial data, t,, and M (t,) introduced in (4.1). Dependence upon additional parameters will be
indicated explicitly.

4.1. Holder estimates for v. Introducing

p & A uy(v)], (4.2)
and

¥ = A uf(n)], (4.3)

we observe from (3.3) and the key identity (3.7) that w solves the initial boundary value problem
Ow +uy(v) =B+, (t,x) € (0, Thpax) X 2, (4.4a)
—Aw+ pw =u, (t,x) € (0, Thax) X Q, (4.4b)
Vw-v=0,, (t,x) € (0, Thax) X 082, (4.4¢)
w(0) = w™, x €. (4.4d)

We now fix T € (0, Tyyax) and set J = [0,7]. By (2.4), (3.4), Lemma 3.1, and Lemma 3.2, there are
positive constants v*(7T") and w*(T") such that

0<wv, <v(t,z)<v"(T) in JxQ, (4.5)
0<w, <w(t,r) <w*(T) in JxQ,
and we infer from (2.5), (2.6), (4.6), and the elliptic comparison principle that
0< B+ = A Bur(v) + uf (W] < (B + F)w < (Br + f)u*(T) in TxQ. (A7)
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We now proceed along the lines of [26, Chapter V, Section 7] and [5, Section 5] to derive a local
energy bound for v.

Lemma 4.1. Let § € (0,1). There is C5(T) > 0 such that, if 9 € C®(J x Q), 0 < 9 < 1,
o€ {—1,1}, and h € R are such that

ow(t,z) —h <4, (t,x) € supp?, (4.8)
then

/192(010(15) —h)2 o+ L (T> 192|V(0w(3) ~ )4 |? dads

§/192(aw(t0) h)% dx + Cs(T // (IVI]? + 910,9) (cw(r) — h)% dads

+ C5(T / / 19 dzds
An,o(s

for 0 <ty <t<T, where
Apoo(s) 2{reQ : ow(s,x) > h}, s€[0,17.
Proof. By (4.4),

L d 9*(ow — h)% dz:a/

—— ¥ (ow — h) 0w dx + /(Uw — h)390,9 dx

Q

= —a/ 9 (ow — h)uy(v)de + a/ P(ow —h) (Be+)dr  (4.9)
Q Q
+ /Q(Uw — h)290,9dx .

Either o = 1 and it follows from (A1), (3.3), (4.4b),

—~

4.5), and the non-negativity of u and w that
—a/ 9 (ow — h) yuy(v)dr < —y(v 9*(w — h) u dx

Q
V9? (w +(fw — Aw) dx

< —y( (1)) | V [9*(w—h);] - Vw dz

IN

= (7)) | PIV(w—h)4[* do

29(*(T)) / OVI|(w — bV (w — h),| de.

{O\D\:}\D\
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Or o = —1 and we infer from (2.5, (3.3), (4.4b), and (4.6) that
—0/9192(010 — h)yuy(v)de < ~* /Q 9*(—w — h)yu dz
=5 [ w— b= Aw) s
< By (D) [ Fmw—h), da
+9° /Q V [*(—w — h);] - Vw dz
<= [ PV =) de
277 [ 99| (=w =WV (- =) da

+C(T) / P (—w — h), dz.
Q
Recalling that v* = y(v,) > v(v*(T")) by (A1), we have thus shown that

—0/9192(01,0 — h)yuy(v)de < —v(v*(T))/Qﬁ2|V(aw —h),|? dz
+C(T) /gzﬁ\Vﬁ\(aw —h)|V(ow — h)4| do

+C(T) / P (ow — h)y dz.
Q
Inserting this estimate in (4.9) and using (4.7) and Young’s inequality lead us to

3 | Pw =t do < @ @) [ P00 =n,P b
(

(v (T)) 2 _ 2 qr 2w — h)? de
—|—T/QI9 |\V(ew —h),]* d —i—C’(T)/Q\Vﬁ\ ( h): d
+C’(T)/Qz92(aw—h)+ dz + (ﬁ7*+f*)w*(T)/Ql92(aw—h)+ dz

+ /(aw — h)29|0,9|dx
Q

1@ (T) [ e 2
< —T/ﬂﬁ |V(ow — h)4|* do

+ C(T)/ (VO] + 9)0,9]) (ow — h)3 da + C(T) / 9 (ow — h), dz.

23
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We now use (4.8) to estimate from above the last term by

C(T)/ﬁ2(aw—h)+dx§5/ 192dx§/ v dx,
Q Ap.9,0 An9,0

and integrate the above differential inequality over (ty,t) to complete the proof. O

We are now in a position to apply [26, Chapter II, Theorem 8.2] to obtain a Holder estimate for
w.

Corollary 4.2. There is ar € (0,1) depending on Q, v, f, 7, B, T, and the initial data such that
we CT(J x Q).

Proof. Let § € (0,1). It follows from Lemma 4.1 that the estimate [26, Chapter II, Equation (7.5)]
holds true (with parameters ¢ = r = 2(1+k) = (2N+4)/N satistying [26, Chapter II, equation (7.3)]).
Consequently, according to [26, Chapter II, Remark 7.2], there is C(7") > 0 such that

w € By([0,T] x Q,w*(T),C(T), (2N +4)/N,8,2/N) .

Taking also into account the smoothness of the boundary of € and the Holder continuity of w'™ €
C(Q) for some o € (0,1), which stems from the definition w™ = A~'[u™], the regularity (1.4)
of u™, and elliptic regularity, we then infer from [26, Chapter II, Lemma 8.1 & Theorem 8.2] that
w € C°7([0,T] x Q) for some ar € (0,1) depending on T, but also on other parameters as indicated
in the statement of Corollary 4.2. O

Next, we may use the standard regularity theory of parabolic equations to obtain a Holder estimate
for v as in [19, Lemma 3.1].

Proposition 4.3. The function v belongs to C*Tom21(J x Q) with the exponent ar given in Corol-
lary 4.2.

Proof. Set 7 £ A~'[v] and ™ £ A~'[v"]. In view of the regularity v € WhNT1(Q), there is
ap € (0,1/(N + 1)) such that r™ € C*T*(Q)). Besides, we infer from (1.3b) that r is a solution to
TOr — Ar + fr =w, (t,x) € (0, Trax) X 2,
Vr-v=0, (t,x) € (0, Thax) X 082,
r(0) = r™", x €,
so that standard regularity theory of heat equations, along with Corollary 4.2, ensures that r belongs

Cltar2tar( ] x Q). As a result, we obtain that v = fr — Ar € C'Terer(J x Q). O

4.2. Li-estimates for u. Thanks to the just derived Holder estimates on v, we may now proceed
as in [, Section 6] to establish bounds on w in appropriate fractional Sobolev spaces, which do not
depend on T ..

Lemma 4.4. Let T € (0, Thax). For any p € (1,00) and 6 € <12%, 1), there is Cg(p,0,T) > 0 such

that
|w(t)lwaes < Cs(p,0,T),  t€0,T].
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Proof. We set D = (v,/2,2v*(T)) and J = [0, T], where v, and v*(T) are defined in (2.4) and (4.5),
respectively. For s € D, we define the elliptic operator A(s) by A(s)z := —v(s)Az and the boundary
operator Bz := Vz-v. We point out that A(s) is uniformly elliptic for s € D since minp{y} > 0 due
to (Al). For t € J, let A(t) be the LP-realization of (A(v(t)),B) with domain

WaP(Q) :={zeW??(Q) : Vz-v=0 on 00}.
As in the proof of [5, Theorem 6.1], the assumptions on v and Proposition 4.3 guarantee that
A € BUC(J, L(W?P(Q), LP()))

and that A(J) is a regularly bounded subset of C*(.J, H(W?P(Q), LP(Q))) in the sense of [4, Section 4]
(or, equivalently, the condition [8, (II.4.2.1)] is satisfied). By [6, Theorem A.1], see also [8, Theo-
rem 11.4.4.1], there is a unique parabolic fundamental solution U associated to {A(t) : t € J} and
there exist positive constants M > 0 and w > 0 such that

1T, 8) || cowniay) + 1T )] ewey + (& — )T )| ey wea@y < M) (4.10)

for 0 < s <t<T. Since 0 € <12ipp, 1), it follows from [7, Theorem 5.2] that

(27(2), W ()
and we infer from [8, Lemma I1.5.1.3] that there is My > 0 such that
U, )| 2oy + (= s U, ) 2oy, w2or (@) < Moe=) (4.11)

= WP (Q) 2 {z e WPP(Q) : Vz-v=0 on 00},

0,p

for 0 < s <t <T. We deduce from (4.4) that w solves
dw—+A(w=F, telJ,

w(0) = win (4.12)
where
F(t,z) £ (Bo+ ¢ — Puwy(v))(t, z), (t,x) € J x Q.
We recall that, according to (2.5), (4.6), and (4.7),
IF®)]loe < C7(T) 2 (By" + f)w™(T) + Buw*(T)y",  te ], (4.13)
while the continuity of u, v and w, see Theorem 2.1, ensures that
FeC(JxQ). (4.14)

Owing to (4.4) and (4.14), we observe that w is the unique classical solution to (4.12) on J and
thus has the representation formula

w(t) = U(t,0)w™ + /t Ul(t,s)F(s) ds, telJ, (4.15)
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according to [8, Remarks 11.2.1.2 (a)]. We then infer from (4.11), (4.13), and (4.15) that, for t € J,
t
lw(®)llw2ow < Moe™ [[w™ [0 + Me/ (t =) eI F(s)ll, ds
0
t
< MpeT ||w™ |2 + C7(T)M9|Q|1/p/ (t —s) %% ds. (4.16)
0

Since

t t Tl—GewT
/ (t —s) %79 ds = / s7%evs ds < , telJ,
0 0 1-46
we conclude from (4.16) that
Hw(t)HW%’p < C(p797T> ) te ']7

and the proof is complete. O

With an appropriate choice of # and p in Lemma 4.4, we are able to prove that v is bounded in
Whoo(Q) for positive times, which will further give rise to Li-estimates for v with any ¢ € (1, 00).

Proposition 4.5. Let T' € (t,, Thmax). For any q € (1,00), there is Cs(q,T) > 0 such that
lu()llg < Cslq,T),  t€0,T].

Proof. We fix p € (N, 00) and
N +p
2p
From (3.3) and Lemma 4.4, we deduce that

<0 <O<1.

[u()lw2o-20 = [|Alw(®)][[w2o-20 < Cllw(t)[lwee, < C(T),  t€]0,T]. (4.17)
Introducing

WﬁvP(Q)A {zeWsP(Q) : Vz-v=0 on 99}, (p+1)/p<€<2,
B Wer(Q), (1—p)/p<E<(p+1)/p,

see [7, Section 7|, and observing that the choice of 6 and p guarantees that 20 — 2 > (1 — p)/p, the
realization in W5' *P(Q) of A generates an analytic semigroup in W3’ *?(Q), see [7, Theorem 8.5],

and the interpolation space is characterized by

(W n@wgne) =W
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(up to equivalent norms). We then infer from (1.3b), (4.1), (4.17), and [8, Theorem V.2.1.3] that,
for t € [t,, T,

lo()llyar < [Jle 40 ()

t
W29,7p+/ He_(t_S)Au(s)HWW’p ds
t
t
< Ce PP u(tlyary + C [ (89" ) s
t*

t
< Cllo(t.)lwes + C(T) / (£ — )0—0'—1e=8=)/2 g
[
<C(T)(1+ M(ty)).
As the choice of ¢ guarantees that W% ?((2) is continuously embedded in C*(Q), the above estimate
implies that
Vo)l < C(T),  te[t,T]. (4.18)

Having at hand the W*°-boundedness of v in [t,, T, it becomes simple to derive the L¢-boundedness
of u with any ¢ > 1. To see this, let us multiply (1.3a) by u?~! and integrate by parts to obtain that
ld -2 2
P wlde+ (¢—1) | v(v)u??|Vu|* dx
qat Jo Q (4.19)

=—(¢—1) /ny’(v)uq_IVu Vo dz + /Quqf(n) dz .

By Young’s inequality, the boundedness (2.6) of f(n), and the boundedness of % on [0,7T] x Q
due to (A1), (2.4), and (4.5), we infer that, for ¢t € [t., T,

(1) /Q V()T V- Vo de + /Q i f(n) dz

—1 -1 / 2
S q— ”Y(U)uq_2|Vu\2 d$+ q / |7 (’U)| Uq‘V’UP dx—i—f*/uq dx
2 Q 2 o () Q

—1
- Y(0)ul | Vul*dz + (C(g, T) sup ||Volls + ) / uldx.
2 Ja [t2,T] 0

IN

We then use (4.18) to deduce that, for ¢ € [t,, T,

i/uqu+w/fy(v)uq_2\Vu|2dxSC’(q,T)/uqd:c.
dt Jo 2 Q Q

Integrating the above differential inequality over [t.,t] for t € [t.,T] provides the boundedness of
|ul|q in [t., T, while that on [0, t,] is a consequence of Theorem 2.1. O
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Proof of Theorem 1.1. With the aid of Proposition 4.5, we may further use a standard bootstrap
argument to prove that, for any 0 < 7' < Ty, there is C(T') > 0 independent of T, such that

sup_ ()l < C(T).
0<t<T
According to Theorem 2.1, we deduce that T,,,, = co and thus Theorem 1.1 is proved. O

5. UNIFORM-IN-TIME BOUNDEDNESS IN 2D

The main outcome of Theorem 1.1 being the global existence of classical solutions to (1.3) under the
sole assumption (Al), we are next interested in the uniform-in-time boundedness of these solutions
under certain decay assumptions as stated in Theorem 1.2 and Theorem 1.4.

In this section, we first show the uniform-in-time boundedness of classical solutions to (1.3) in the
two-dimensional case. The proof is based on the particular smoothing properties of elliptic equations
with right-hand side in L'(Q), as exemplified in Lemma 2.3. Similar arguments are carried out
in [16, Section 3.1] for the two-component system (1.2).

Throughout this section, C' and (C};);>9 denote positive constants depending only on €2, v, f, 7, 5,
and the initial data. Dependence upon additional parameters will be indicated explicitly.

To begin with, we derive a time-independent H'-bound on w.

Lemma 5.1. Assume (A1) and (A2e,) and that |[u™ + n™||y < 4m/x for some x > 0. There is
Co(x) > 0 such that

sup (nwa)nz )l + [ [ o) dxds) < Cy().

Proof. We multiply the key identity (3.7) by u and integrate over 2. Recalling that w = A~![u] by
(3.3) and that A" is self-adjoint, we obtain

d
3 (19wl +8wl) + [ wa0)do = [ 0™ 5ur(0) + upe] da

=[&w%w+»¢m»A*de
=j£@w00+zﬂn»uwdx-

Hence, owing to (2.5) and (2.6),

L (Il + Bl + [ s de < (577 4 7 [

Also, it follows from (3.3) that
HVw@+www@:3/umdm

Q
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Combining the above inequalities and using Young’s inequality, we arrive at

d
7 (IVllz + Bllwllz) + [Vwlls + Bllwlls + 2/Quzv(v) dz

:(2ﬁ7*+2f*—|—1)/wudx
Q
* * 2 2
S/UQV(U) dz + (267 +2/+1) / Y da.
Q 4 oY)
We thus obtain
d 2
— (IVwlfz + Bllwl3) + HVwH§+ﬁHwII§+/u27(v) de <C dz. (5.1)
dt 0 o)

We now deduce from the assumption (A2e,) that there exist b > 0 and s, > v, depending on x
such that eX*vy(s) > 1/b for all s > s,. Since y(s) > (s, ) for s € (0, s, ], we end up with

1 1
— max{b,—}exs, s>0. (5.2)
Y(sx)

s)
5), (3.17), (5.2), and the elementary inequality e > g%s? s > 0,

<

v(s) —

Now, for £ > 0, we infer from (3.5),
that

2
/w—dx’SC(X)/wzeX”dx SC(X)/S26X(1+€)S+XL1(€) da
Q Q

o Y(v)
< C(X)exLl(e) / eX(1426)S 1.
- x?e? Q

(5.3)

Since ||u 4+ nlj; = [|u™ +n™||; < 4n/x by (1.6) and (2.1), we may choose €, > 0 such that

47 A m 1
O = N <%ygx N =N 4) (5:4)

and deduce from (3.2) and Lemma 2.3 that
/Q X128 4 < Cyf[[u™ + ||y, x(1+ 22,)) (5.5)
Gathering (5.1), (5.3) (with € = ¢, ), and (5.5) gives
& (17wl + Bllwll) + IVwl} + lwli + | () de < 00,

from which Lemma 5.1 follows after integration with respect to time. 0

Proposition 5.2. Assume (A1) and (A2e,) and that ||u™ + n™||y < 47 /x for some x > 0. There
is C1o(x) > 0 such that

Sup ([[w(®)lloo + [l (®)loe) < Cr0(x) (5.6)
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Proof. Let p € (1,2) and € > 0 to be specified later. Since u = AJw] by (3.3), we infer from the
Sobolev embedding theorem, Holder’s inequality, and (5.2) that

[w]lee <C@)wllw2r < Clp)llully

sO@)(@u%@ﬁm)%( )
SC@JO(A <>m§%(/ezw¢0__
gO(p,X,g)< ) < ey (1F9)S dx) : (5.7)

Choosing p = p, £ 252X ¢ (1,2) with ¢, defined in (5.4), we observe that

2+3ey
XPx
(2 - px)

and we deduce from (5.5) and (5.7) (with ¢ = ¢, and p = p,) that

Wﬂméﬂm<ﬁﬁ%W®>%

Combining the above estimate with Lemma 5.1, we obtain, for ¢ > 0,

[H o) < ([H ||w(8)||§od5) < C(x </ /uv dxdg) <Ckx). (58

Now, observing that (2.5), (2.6), (3.7), the non-negativity of u and =y, and the elliptic comparison
principle imply that

dyw < Oyw + uy(v) = A7 [Buy(v) +uf(n)] < (B + fATu] = (87" + fHw
we realize that w(t + 1,x) < e /=)y (5 7) for all (s,2) € (¢, + 1) x Q. Consequently,
[t + Dlace® D < Jo(s) oo, s € [t 8+ 1],

and it follows from (5.8) and the above inequality after integration with respect to s over [¢,t + 1]
that

(1+¢y) =x(1+2¢)

]_ — 6_(6’\/*4_‘}(*) C( )
—— < C(x)-
By + f*

Since we already know that [|w(t)]|. < C for t € [0,1] by Lemma 3.1, we have thus proved that
[w(@)lle < C(x)  for 0.

The claimed boundedness of v now readily follows in view of (3.18) and the non-negativity of v. [

[w(t + 1)]loo

Proof of Theorem 1.2. With Proposition 4.5 at hand, we argue in the same manner as in the proof
of Theorem 1.4 in the next section, to which we refer. O
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6. UNIFORM-IN-TIME BOUNDEDNESS IN HIGHER DIMENSIONS

In this section, we turn to the higher dimensional case N > 3 and recall that, besides (Al),
we assume that the growth of 1/ at infinity is monitored by (A2) with & < N/(N — 2) and
k—1<2/(N—2). We further assume that, either the growth of s — s7v(s) is balanced by that of I'
as requested by (A3), or that the parameter [ in (A2) satisfies | > (N —4), /(N — 2).

Throughout this section, C' and (C});>11 denote positive constants depending only on €, v, f, 7,
[, the initial data, the constants B and A defined in Proposition 3.3 and in Propositions 3.5 and 3.6,
respectively, and the parameters k and [ involved in (A2). Dependence upon additional parameters
will be indicated explicitly.

6.1. Time-independent upper bound estimates. First, we derive a uniform-in-time upper bound
for v by a Moser type iteration under the assumptions of Theorem 1.4. More precisely, we prove the
following result.

Proposition 6.1. There is v* > 0 depending only on 2, v, f, 7, 3, the initial data, the constants B
and A defined in Proposition 3.3 and in Propositions 3.5 and 3.6, respectively, and the parameters k
and | involved in (A2) such that

sup [[v(t) o < v*
>0

The proof of Proposition 6.1 consists of the following lemmas. We recall that, by Proposition 3.3
and Propositions 3.5 and 3.6,

SL2AS<v<S=BS in [0,00)x Q. (6.1)
Lemma 6.2. Introducing the function
Yo($) émin{l,%}v(s), s>0, (6.2)
the function S satisfies the following differential inequality
9,8 + Byo(S)(u+n) < BTB (S)+Cyy in (0,00) x Q. (6.3)

Proof. First, we recall the key identity (3.6):
S +uy(v) +n = FA  fuy(v) +n] in (0,00) x Q.
On the one hand, thanks to (2.5), (6.1), and the non-increasing property of 7, there holds
B(uy(v)+n) > B (wy(v) + %”y(v)) > Bo(v)(u+n) > By(S)(u+n).

It follows that
9,S + Byo(S)(u+n) < BBA uy(v) +n] in (0,00) x Q. (6.4)
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On the other hand, recalling that ¢ = A~ [uy(v)], see (4.2), we infer from (6.1), the definition
(3.2) of S, and the monotonicity (A1) of v that

AALp] = Auy(v) < Alu+n)y(v) < Au+n)1(S) = AY(S)AIS] = (85 = AS)(S)
— —AL(S) + BT(S) + 7/ (S)IVS[* + 6 (57(8) - T(S)

< A[N(8)] + 8 (éy(é) - r(ﬁ)) i (0,00) x Q.
In view of (3.4) and Lemma 2.4 (with sy = AS,), we obtain
AAlp] < AD(S)] + Br(AS,) = A[L(S) +7(AS.)] in (0,00) x 2,

while (1.3d) guarantees that Vo - v = V(I'(v) + v(AS,)) - v = 0 on (0,00) x 02, from which we
deduce, according to (6.1), the elliptic comparison principle, and the increasing property of I', that

Ap < T(S) +~(AS,) <T(S) +~(AS,) in (0,00) x Q.

In addition, using again the elliptic comparison principle, along with (2.3) (with p = 00), gives

N—

t ~ in -
g B
Combining the above inequalities with (6.4) completes the proof. O
As in [21], we next combine (A2) and (6.3) to derive a differential inequality for ||S||, for p €
(1+ K, 00).
Lemma 6.3. There are positive constants Cio > 0 and C13 > 0 such that, for any p > 1+ k,

k ~ ~ ~
MHVS_ 15+ 012PHS|| < Cl3p/ (SP_IF(S) + Sp_l) dx
(p — k) 0

Proof. First, the definition (6.2) of 7o and assumption (A2) guarantee that there exist b > 0 and
sp > sg depending only on 7 such that, for s > sy,

1 Y k
= — < bs”,
Yo(s)  min{l,y*}y(s)
while the monotonicity of vy ensures that

1 1 sk

HSHP + Chz

*

< < , € |BS,, sp) .
Y0(s) = Yo(s6) — BFSEyo(s) | d
Therefore,
1
< Cs*, s €|BS,, ). 6.5
0) 5 o

Now, multiplying the inequality (6.3) by SP=1 for some p > 1 + k and integrating over ©, we obtain

d. - - B[ - N _—
LS8+ B [ (35 de < 22 [ 0) do+ culSi
Q Q
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Thanks to (6.5) and the fact S = BS > BS,, see (3.4), we derive that
B/Q(u +1)y0(S)SP7 dx > BC’/QS”_I“_l(u +n) dz. (6.6)
Next, recalling that 55 — AS = B(u + n) by the definition (3.2) of S, we observe that
B [ 5 k) do = [ §747(35 - A5) da
= BB+ k= 1) [ SV do

dp—k-1)
(p—k)?

Collecting the above estimates leads to the stated differential inequality and completes the proof. [

= BIISlp =% + VS I5.

Next, we state the following lemma which can be proved in the same way as [21, Lemma 4.4].

Lemma 6.4. For any

2(N—1)’Z+N(k—l)}

p>max{ N _2 5

and € > 0, there holds

/ <§p_1f‘(§) + Sp_l) dz < 5”31)57]6 ||%{1 + 014(5729) ) t>0. (67)
Q

Then, in the same manner as in [21, Lemma 4.5], we can derive from Lemma 6.3 and Lemma 6.4
the following uniform-in-time estimates for S in LP(Q2) for any p > 1.

Lemma 6.5. For any p > 1, there is C15(p) > 0 such that
IS, < Cis(p), >0,

With the above preparation, we are ready to use a Moser’s iteration technique along the lines of [2]
to establish the boundedness of S in L>(2) as stated in Proposition 6.1, see also [21].

Proof of Proposition 6.1. We recall that (2.5), (6.4), and the elliptic comparison principle imply that
9,8 + By(S)(u+n) < By A u] + BBAn] in (0,00) x Q.

Since A™![u] and A~![n] are both non-negative and S = A~ [u + n] by (3.2), we may bound from
above the right-hand side of the above inequality by AB max{1,v*} A~ [u4n] = fmax{1,~v*}S, thus
obtaining

9,8 + Byo(S)(u+n) < CS in (0,00) x Q,
with C16 = fmax{~y*,1}. Then, for any p > 2 + k,

d - _ _
181245 [ (et mu(E)57 1o < Cupl S,
Q
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We also infer from (3.2) and (6.6) that

B / (u+n)y(5)S"" dz > BC / (u+n)SP~+1dz = C / (85 — AS)SP*dy
Q Q Q

N Sy
= O S|P + a0 v st 2.
15155 + = )2 VS ™=
Observing that
plp—k—-1) _ 1
(p—Fk)? 2

for p > 2 + k and combining the above inequalities give
s P SEFE 12 q||p
1815+ Crall S Ml < Crepll S5 (6.8)
The remaining of the proof is then similar to the corresponding argument in the proof of [21,

Proposition 4.1]. We nevertheless sketch it below for the sake of completeness. By Holder’s, Sobolev’s,
and Young’s inequalities,

~ ~p—k ~ bptk ~p—Fk ~ btk
2C16p|S1p < 2C6pllS 7 || 2x (151l wipry < CPIS™Z ([ 1] wipen
N+2 N+2
~p—Fk ~
< Ol S I3 + P15 sy -
N+2
Combining (6.8) and the above estimate, we find
d = 5 5 Sk &Ptk
1515+ CieplI S| < 2CieplISIE = Cor[lS72" (17 < C’P2||5||5’{(Vp++2k>- (6.9)
Let us now define two sequences (p;);>o and (Xj);>0 by
N +2 , EN  2(N —1
Pj+1 = N p; —k, J =0, poIT %7
- (6.10)

X;=sup||S@)|F,  j=0.
t>0

Note that X; < oo for all 7 > 0 due to Lemma 6.5 since the choice of py guarantees that

kN
Dj+1>p; >po>——, Jj=>0, and lim p; = co. (6.11)

2 J—00
For j > 0, we take p = p,41 in (6.9) and use (6.10) to obtain

(N+2)p; N42

d o - o e
M55 + CropallSIZ L < CpiallSlly, ¥ < Cpja X, ™.

Pji+1 Pji+1
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After an integration with respect to time, we find

ISz < 187 gyz1emCumest + Cpya X, (1= - Currot)

Pj+1 —

N+2
< max {QIIIS™ |2, Cpya X, }

for all ¢t > 0, where S» = BS™". Hence,

. N2
Xjar € Cpyrmax {[| S, X, L, j=0.
Owing to (6.10) and recalling that X is finite by Lemma 6.5, we are in a position to apply Lemma 2.7
with 0 = NT b =1, and ¢ = —k to conclude that the sequence (X /p ’) is bounded. Since
Jj=0
o0l < 150 e = T |50, <swp{X}7}, 220,
J—00 ]20
by (6.1), we have shown the uniform-in-time boundedness of v. O

6.2. Improved regularity. With the time-independent upper bound on v derived in Proposi-
tion 6.1, we may argue in the same manner as in Section 4 to derive the uniform-in-time boundedness
of (u,v,n). More precisely, we set J = [0,00) and regard w as a solution to the following initial
boundary value problem

Ow +uy(v) =B+, (t,x) € (0, oo) X €2, (6.12a)
—Aw + pw =u, (t,z) € (0,00) X (6.12Db)
Vw-v=0, (t,z) € (0,00) X 8(2 (6.12¢)

w(0) = w™, T €, (6.12d)

the source term ¢ and v being still defined by (4.2) and (4.3), respectively.
In view of (2.4) and Proposition 6.1, we have

0<wv, <v(t,z)<v* in JxQ, (6.13)
while (3.4), (6.13), and Propositions 3.5 and 3.6 imply that

*

w*gw(t,x)gw*:% in Jx Q. (6.14)
Also, by (2.5), (2.6), (6.14), and the elliptic comparison principle,
0< Bp+y=A"Buy(v) +uf(n)] < (By" + fw < (By + fw" in JxQ. (6.15)

Thanks to these properties, we may then argue as in the proof of Proposition 4.3 to derive the Holder
continuity of v.

Proposition 6.6. There is a € (0,1) such that v € BUC*(J,C*(Q)).



36 J. Jiang, PH. LAURENQOT & Y. ZHANG

As in Section 4.2, we now exploit the Holder regularity on v provided by Proposition 6.6 and, as
in the proofs of Lemma 4.4, we proceed along the lines of [5, Section 6] to establish the boundedness
of the trajectory {w(t) : t > 0} in W2»(Q) for all p € (N,00) and 6 € ((N + p)/2p,1). We here
take advantage of the validity of the needed bounds with constants which do not depend on time to
derive estimates which also do not depend on time.

Lemma 6.7. For any p € (N,00) and 6 € (N +p)/2p, 1), there is Cis(p) > 0 such that
[w(®)l[war < Cis(p), 20,
Proof. Recall that J = [0,00). With the same notations as in Lemma 4.4, we now have a unique

parabolic fundamental solution U associated to {A(t) : t € J} and there exist time-independent
positive constants M > 0, My > 0, and w > 0 such that

U (2, )|l coweniy) + 10 E )] eey + (&= U )| ey wea@y) < M) (6.16)
and 3 3
U2, S)Hc(wg‘“’(ﬂ)) +(t =)t S)HE(LF(Q),W@“’(Q)) < Mpe!=) (6.17)

for 0 <s <t
We then pick p > w and deduce from (6.12) that w solves

Ow~+ (u+AM)w=F+ pw, t>0,

, 6.18
w(0) = w™, (6.18)

with F' = B¢ + ¢ — pwy(v). By (6.15) and the boundedness v and w, there is Cjg > 0 such that
I1F(t) + pw(t)]o < Crg,  tEJT. (6.19)

Owing the continuity of u, v, and w provided by Theorem 1.1,
F+pweC(JxQ),

so that w is the unique classical solution to (6.18) on J. Using again [8, Remarks 11.2.1.2 (a)], we
conclude that w is given by the representation formula

t
w(t) = e MU(t, 0)w™ +/ e MU (t, ) (F + pw)(s) ds, t>0. (6.20)
0
We then infer from (6.17), (6.19), and (6.20) that, for ¢ > 0,

t
(@) llweer < Mpet ™" ™ [|yy20, + Me/ (t =) P I (EF 4 pw)(s) ], ds
0

t
< C(p, 0) + CroMy| Q7 / (t — 5) el M=,
0
=, (6.21)

since -
Iy = / s70ew1s 45 < 00
0
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Last, we shall derive uniform-in-time L%-estimates for u and ¢ € (1, c0).
Proposition 6.8. For any q € (1,00), there is Cyy(q) > 0 such that

sup [lu(t)[ly < Cao(q) -
>0

Proof. We fix t, > 0 and first argue as in the beginning of the proof of Proposition 4.5 to show that
Vot < C, t € [ti,0), (6.22)

taking advantage here that the bounds we use do not depend on time and that the infinite integral
with respect to time converges as it features the negative exponential ¢t — e=7%/2,

It remains to establish the uniform-in-time L?-boundedness of u for any ¢ > 1. Recalling the
boundedness (2.6) of f(n) and the uniform-in-time boundedness of % on [0,00) x © which is a
consequence of (A1) and (6.13), we can argue in the same manner as in the proof of Proposition 4.5

to obtain that, for ¢ > t,,

[t*voo)

d qlg—1 _ .
EIIUHZJr %/ﬂv(v)uq |IVuldz + [Jul|? < <C(Q) sup [|Volle + f +1> |2

<Co(q)|lullf- (6.23)

Since y(v) > v(v*) due to (6.13) and the monotonicity (A1) of v, we infer from Sobolev’s embedding
that

ql¢—1) /QV(U)U‘I_QWUP dz + [[ul|e > M | Vu®?

2 /2 2
5 + Huq

I I

> min {M’ 1} Huq/2Hi{1

q
> O (q)|lull?yw - (6.24)

N-2

It next follows from (2.2), Holder’s and Young’s inequalities that, for £ > 0,
Nq(q—1) Ng(g—1) 29

el <l 567 7 <l 7 T S el o+ Cla ).
Consequently,
Il
||u||qq_f > c . _C(qa5)7

which gives, together with (6.24),

q(q2 )/QW(U)uq—2|Vu|2dx+ [[ull§ > @Hung_cﬁ(q,g). (6.25)
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Combining (6.23) and (6.25) with ¢ = Cs3(q)/2C51(q), we end up with

d
Sl + Ca(@llullz < Cla),  t 2t (6.26)
from which the uniform-in-time bounded of the L?-norm of u follows. 0
Theorem 1.4 is now a straightforward consequence of Proposition 6.8 and a bootstrap argument.

Proof of Theorem 1.4. With the aid of Proposition 6.8, we may further use a standard bootstrap
argument (cf. [1, Lemma 4.3]) to prove that

sup [|u(t)]o < C',
>0
and thus complete the proof of (1.7). We then use the smoothing and decaying properties of the

semigroup associated with the operator A to deduce from (1.3b), (1.3c), and (1.7) that both v and n
belong to L>((tg, 00); C*(€2)), while this property for u follows from (1.3a) and [5, Theorem 5.2]. O

7. STABILIZATION TOWARD THE SPATIALLY HOMOGENEOUS SOLUTION

In this section, we study the stabilization of bounded classical solutions to (1.3) toward the spa-
tial homogeneous solution (m,m,0) under the assumptions of Theorem 1.6. More precisely, let
(u™, v n) be initial conditions satisfying (1.4) and assume that the corresponding non-negative

classical solution (u,v,n) to (1.3) provided by Theorem 2.1 is global (T,,.x = o0) and bounded.
Recalling (2.4), there are positive constants u* > 1, v, > 0, and v* > 1 such that
0<u(t,z) <u", 0 <wv. <w(t,z) <o, (t,x) € [0,00) x Q. (7.1)

We next set
(s) £ s7(s) and Ty(s) 2 / () = / py)dy, s >0,
1 1

Due to assumptions (Al) and (1.9), we have
Y <0< (7.2)
We also denote the mean value of z € L'(Q) by (z); that is,

) |ﬂ|/

Introducing a, = min{1,v,, (u™)} > 0 and a* £ max{u*,v*}, we infer from (2.2) and (7.1) that
(w(®), o(0) € oo, a’F, £ [0,00). (73)

For simplicity, we only consider the case 7 = 3 = 1 hereafter, the computations performed below
being the same in the general case, while the derived identities feature additional factors depending
on 7 and B. Then « and (k;);>1 denote positive constants depending only on €2, v, f, the initial data,
and the parameters (u*, v,,v*) introduced in (7.1).
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7.1. A Lyapunov functional. Building upon a construction designed in [13] for the system (1.2),
we introduce in this section a Lyapunov functional, which plays a key role in the study of the long

time behavior of classical solutions to (1.3).
For t > 0, we define the unique solution U(t) to the elliptic equation

—AU(t) =u(t) — (u(t)) in Q, VU(@{)-v=0 on 00, (U(t))=0.
Then, by (1.3a) and (7.4),

Ld

2 _ — =
2dt||VUH2 = /QU&AU dz /QUatu dz

_ /Q UA(uy(v)) dz + /Q Uuf(n) dx
:/QW(U)AU dx+/QUUf(n) dz
- /Q ((u) — wuy(v) dz + /Q Uuf(n) dz.

To handle the first term on the right-hand side of (7.5), we proceed as in [13] to obtain

Jo = /Q(<u> —uw)uy(v) do
= /Q((u) — 20)uy(v) do + /Qvfyl(v) dz — /Q(v —u)?y(v) dz.

Since
/Q((u) — 2v)uy(v) dz = /Q((u) — 2v)y(v)(Opw — Av +v) dx
— @ [0 de =25 [ 1) do— [ 2210 - (@) 9P do
+ (u) /Q%(U) dr — 2/91171(1)) dz,
we obtain

Jo = <u>—/QF(U) dz — 2% /Qf‘l(v) dz — /Q 279 (v) — (u)y (v)] |Vo|* dz
- /(U — (u))n(v) dz — /(v —u)*y(v) dz.
Q

Q

(7.4)

(7.5)
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Consequently, inserting the above formula for J; in (7.5) and using (1.3a), we obtain

%[vang +2/Qr1(v) dz — <u>/ﬂf(v) dx}

- ( e dx) Z0 = [ %) — Wy @) Ve do
- /Q(” ~ (w))m(v) dz — /Q(v —u)y(v) da + /Q Uuf(n) dz
== [ 290 = (@90 de = [ (0= @) = () da

- /Q(v —u)?y(v) dz —I—/Qqu(n) dr — v ((u)) /Q(v —(u)) dx
— (L) [[wf(n)l:-
Finally, in view of (1.3a) and (1.3b), we observe that

—% (ra () lvll) = 1 ((w) /Q(v — () dz = () () [uf ()],

9215 () ) = T4 ) =Ll =)l ()l
and
91 (0T () = P40 ) = TG s = TG s ()]

Gathering the above identities gives

%{MH/QQ(U) dz — <u>/r(v) dz =y ((w))[lv]lx

2 )

192 (7 () ) + ()T () — 2r1<<u>>)}
_— / 27, (0) — (u)'(0)] | Vo2 dz — / (0 — ) (1 () — 1 (1)) dz

Q

- / (v — u)y(v) dz + / Uuf(n) dz — [(T@)) + 7 ()] [luf ()]
(4 () ) + D)) faaf ()]

Let K, > 0 to be specified later. As

d
K. lnlh = =K luf ()l
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we end up with

d VUl
dt 2

2 / Iy(v) da — (u) / D(0) dz — 1 ({u) ol + K.y
1o (%(<U>)<U> T (T ((u)) — 2r1<<u>>)}

= [ 2300) ~ Wy @) 9ol e = [ (0= (o) = m({u) (76)
- [w=ws) dot [ Uurn) de = (K. + 0@)+ 1)) fuf )]
() () + () uf ()]l
It now follows from (7.1), Poincaré-Wirtinger’s inequality
wollz— (B IV=E, 2 € HY(Q), (7.7

and Sobolev’s embedding that, when N > 3,
U@ lonyv—2) < BIUG | < Bllu— (w2 <k, £20.

As U also solves —AU +U = U +u — (u) in Q with VU - v = 0 on 012, elliptic regularity provides a
bound on U in W2*V/(N=2)()) and hence in L*/(V=6+(Q)). Thus, after a finite number of iterations,
we conclude that there is U* > 0 depending only on 2 and u* such that

\U(t,z)| <U", (t,x) € [0,00) x €. (7.8)
A simpler argument gives (7.8) when N € {1,2}. We now choose

K, 21+U"+u* sup {7;} +2I(a*) > 1,

[ax,a*]

so that, by (7.1), (7.2), (7.3), (7.8), and the monotonicity of I';,

/QUUf(n) dr — {K*+<F(v)>+%(<U>)<v>—71(<U>)<U>—F(<U>) [wf ()1

< |U"+u” sup {m} +20(a") — K*] [uf ()2
< —fluf)]:-
We then infer from (7.2), (7.6), and the above estimate that

d
L Dy + Do+ Dy + Dy <0, (7.9)
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where
e B s [r) e =) [ 10 do=m(Gu)lelh + K ol
101 (3a(0)0) + T () - 2030 ).
D12 [ 290) = Wy )] Vol do 2 0,
D22 [ (0= () (0) = () dr 0.
Do [ (w=ups(0) drz ) [ (o-up w20,

Dy = |luf(n)]: > 0.

We also note that the convexity of 'y and —I, see (7.2), and the non-negativity of (u) guarantee
that

L=V lh+2 [ (Ta(e) = Ti((w) do
T () / (= D(0) + T({u))) da — 7 ({u)) / (v — {u) da
> WU | g gy + 2 / () (0 — () da — (uy((u) / (v — (u)) dz

Q

() / (v — (u)) dz

VU
“ ||2+K|| I, >0. (7.10)

A first consequence of (7.9) and (7.10) is that

4

/m (Z Di(s)> ds < L(0) < 00 (7.11)

Next, since (u(t)) > (u™) > 0 by (2.2) and — > 0 by (7.2), we notice that

D > / [24,(0) — (™) (4)] [Vo]? da.

We furthermore observe that 2v](s) — (u™)7/(s) > 0 for all s > 0. Otherwise, there is sy > 0 such
that 2v;(so) — (u™)7/(so) = 0 and it follows that v](sp) = 7'(s0) = 0 due to the non-negativity (7.2)
of v and —'. Thus, 0 = v{(s0) = s07'(s0) + V(s0) = ¥(s0), which contradicts the positivity of v in
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(0,00). Consequently, there exists x; > 0 such that
D1z [ [20) = ")y ()] [V do > a9
Hence, by (7.11),

/ Vo) dt < <.
0
Next, by (1.3b), (7.1), (7.2), and Cauchy-Schwarz’ inequality,

1d
1ol + HVUM::/Yu—w»@vdx
Q

2 dt
1 1 1 D5
< §||8tv||§ + §||U —ol3 < §||8tv||§ + (7))
Hence,
Ds

d
2 2
+ — V < —=
||atv||2 lt” 'U||2 — ’}/(’U*)

We then infer from (7.11) and (7.15) that

sup{IIVv(t)||H1}+/ 10,0(s)]|2 ds < 0.
t>0 0
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(7.12)

(7.13)

(7.14)

(7.15)

(7.16)

7.2. Stabilization toward the spatially homogeneous solution. We are now in a position
to study the large time behaviour of (u,v,n) and first exploit the previous analysis to prove the
convergence of (u(t),v(t),n(t)) to the spatially homogeneous steady state (m,m,0) as t — oo.

Lemma 7.1. Recalling that m = (u'™ + n'™), there holds
fin (1) = il + o) = il + (0l ) =0

Proof. By Theorem 2.1,

m = (u(t) +n(t)), t>0,
and
o Jim (u() > (") > 0, 2l () € 0, (1)

Thanks to (1.3b) and (7.18), we also see that
Jlim (o(t)) = m.,

It next follows (7.11), (7.16), and Cauchy-Schwarz’ inequality that
| = o@onth at <5 [T iw=ooB a5 [ ool

1 o 1 [
< D - 2 .
< Doares [ el e <o

(7.17)

(7.18)

(7.19)
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Consequently, (u — v)d;v belongs to L'((0, 00) x Q) and it follows from (7.14) and (7.16) that

Voo lim Vol = Vo8 +2 [ [ (u=o)a(o dode—2 [ o) at
is well-defined and finite. But (7.13) implies that V, = 0 and we end up with
Jim |Vo(t)]l2 =0. (7.20)
We now combine (7.19), (7.20), and Poincaré-Wirtinger’s inequality (7.7) to obtain
i fo(t) = mull2 < Jim [[jo(e) = o(0) 2 + VI G0(0) = m|

1
< — 1im ||[Vo(t)]s = 0.

\/H_O t—o0
Together with the boundedness (7.1) of v in L*(£2), the above convergence implies that
tlim lo(t) —myll, =0, p €[l o00). (7.21)
—00

Next, according to (1.3c)

1d
gl = @IE = [ (1= (a)om do =~ 9nl = [ (0= hus(n) ds
< —IValz + (m)lluf ()]
It then follows from (2.3) (with p = 1) and Poincaré-Wirtinger’s inequality (7.7) that

%Hn — (Ml + Kolln — ()15 + [IVnll3 < 2(m)luf ()l < 2(n™)|uf ()]s - (7.22)

Integrating (7.22) and using (7.11), we end up with
lim [[n(t) = (n(t)}]l2 = 0.
which, together with (7.18), yields that
lim ||n(t) — my,|l2 =0. (7.23)
t—o00

Next, by (7.1), (7.2), and (7.11),

A (0) / T —w)(s) 3 ds < / " Dy(s) ds < oo,

so that
t+1

lim (v —u)(s)]|3ds=0. (7.24)

t—o00 n
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Consequently, by (2.3),

[ lo(s) f(n(s)]l ds < / (o — u)(s) F(n(s))ln ds + / lu(s) f(n(s)) ] ds
<l s {f) (/ H(v—u)(s)H%ds)

[0, [loo]

1/2

n / lu(s) Fn(s))]s ds.

Since the right-hand side of the above inequality converges to zero as t — oo by (7.11) and (7.24),

we conclude that
t+1

lim |lv(s)f(n(s))]s ds =0.

t—00 t

Since (7.21) and (7.23) entail also a.e. convergences, we deduce from Fatou’s lemma that
my f(m,) =0.

Thus, m,, = 0 and m,, = m in view of the positivity assumption f(s) > f(0) =0 for all s > 0.
It remains to show the convergence of u to m. Since

O(u — () = Aluy(v)) + uf(n) — (uf(n)) i (0,00) xQ
by (1.3a), we deduce from (7.1), (7.2), and Young’s inequality that

dinu— (W) = —2/7(1))|Vu\2 dx—z/w(v)vu.w de
t Q Q

1 / (u— {u))(uf (n) — (uf(n))) da

IN

—/{27(U)|Vu|2 d:)ﬁ—l—/Q |77/((Z))| u?| Vol d:B—I—Q/Q(u— (u))uf(n) de

< = (@)IVull3 + & Voll3 + £Ds.

A further use of Poincaré-Wirtinger’s inequality (7.7) gives

d (%) roY(v7)
D= )3 < -2 pwuly— 20— gk (100l + D)) . (729
Then, the above inequality, together with (7.11), (7.13), and (7.18) yields that
tlim |u(t) —m|2 = 0. (7.26)
—00

Finally, the convergence of (u,v,n) toward (m,m,0) in LP(Q;R?) for all p € [1,00) readily fol-
lows from (2.3), (7.1), (7.21), (7.23), and (7.26). Making use of smoothing and decaying prop-
erties of parabolic equations as outlined at the end of the proof of Theorem 1.4, the trajectory
{(u(t),v(t),n(t)) : t > 1} is actually bounded in C*(Q), from which the convergence of (u,v,n)
toward (m,m,0) in L>(£2;R?) follows by an interpolation argument. O



46 J. Jiang, PH. LAURENQOT & Y. ZHANG

7.3. The exponential stabilization. In this section, we prove the exponential stabilization under
the addition assumption
f(s)

é . .
fo= h;géfrlf — 0, (7.27)

bearing in mind that f > 0 on (0,00) and satisfies (1.5). Owing to Lemma 7.1 and the above
assumption, we may now assume there is to > 0 such that the trajectory {(u(t),v(t),n(t)) : t > to}
is sufficiently close to the spatially homogeneous solution (m,m,0); that is,

[u) =mllo < 5. =t (7.28)

and

f(n(t,z)) > %n(t,x), (t,x) € [tg,0) x Q. (7.29)

Lemma 7.2. There exist ko > 0 and k3 > 0 such that, for all t > t,
[u(t) = mllo + [[0(t) = Mmoo + [(t)[|oc < roe™™".

Proof. In order to show the exponential stabilization, we need to establish some control on the
Lyapunov functional by the dissipation terms. First, by (1.3b), (7.4), Poincaré-Wirtinger’s inequality
(7.7), (7.12), and Young’s inequality,

VU3 <llu— ()5 < & (lu— o3 + [lo = @) + [[{v) = (w)]]3)
<k ([lu = o[z + [Voll3 + [{0)]3)
<k (D1 + D3+ ||0w]3) . (7.30)

Next, since
Iy (v) = Ti((w) + n({w) (v — (u) + %vi(&)(v — ()’

and
['(v) = T((w) +v((u) (v = (u)) + %7’(&2)(@ — (u))?

with some &;, i = 1,2, depending on (¢, x) and lying between v and (u), we notice that, using again
(1.3b), as well as the bounds (7.3) and the regularity (A1) of =,

[y () = Ta((w)) + 7 ((u)) (u) =1 ((w))v = %%(51)(0 — ()’
< ;t{g}hﬁ [(v = ()" + ((v) = (w))7]
<k [(v = (v)* + (0) ] .
Similarly,

(M(&) = (W)Y (&2)) (v — (u))*
[(v—(0))* + {Ow) ] -

=N NN
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Consequently, due to (7.12) and Poincaré-Wirtinger’s inequality (7.7),
2 /Q 1 (v) do — (u) /QF(U) dz — v ((u)[oll + €] (71(<U>)<U> + (u)I'((u)) — 2F1(<U>))
= /Q [1(v) = T ((u)) + 7 ((w)) (u) = 71 ((u))v] dz
+ /Q [F1(v) = Fi((u)) = (w)D(v) + ()T ((u))] dz

<x [ = )P+ |@w)F] do
Q
S K (HVUH% + H@wH%) S K (D1 + H&WH%) . (7.31)
Next, (7.28) and (7.29) indicate that, for all ¢ > ¢,

Dy = Juf(mll > T ) = ") (732)

Thus, it follows from (7.30), (7.31), and (7.32) that, for ¢ > t,
L S Ry (D1 + D3 + D4 + ||8tv||§) y

with x4 > 1. Combining the above estimate with (7.9), (7.12), and (7.15), we obtain, for §; € (0, 1),
92 € (0,1), and ¢ > to,

d 4
prits Su[IVvl13) + 2L + 61 ([ Vol3) + > D + 6|03
i=1
01
< 2 _
~ 52([/ -+ (51HVUH2) + ’)/(U*)Ds
oy | 0109 01
< 63k4 (D1 + D3+ Dy + ||9yv]]3) + D, + D3
K1 v(v*)
< (opry+ 24 0 ip-ﬂm (Xl

Then, picking §; € (0,1) and J5 € (0, 1) such that
01 1 1 1 1
5y = — d{z+—+—<)0 2=
27 2y o (2 * K1 * fy(v*)) P
we finally arrive at

d
S(L+B]VolR) + (L + & VolB) <0, t21. (7.33)

Integrating the above differential inequality leads us to

L(t) + 6, || V)2 < (L(to) + 01]|Vo(ty)||?)e %2t for all t > ¢,.
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Recalling (7.10), we obtain

VU@ + Vo3 + )l < ke™™", t>to. (7.34)
We next deduce from (7.22), (7.25), and the definition of D, that
d (") Ko7 (v)
2 (= @I+ 1= 1) < =252 1wl = 0D = -+ (19008 + s )l
= [IVnllz = rolln — (m)l3 + 2{n) [[uf ()1
Since
Alluf ()l +2m)luf ()]0 < (x4 2mju” max [l < sllnlh
by (1.5), (2.1), (2.3) (with p = 00), and (7.1), we infer from the above estimates that
d Koy (v*)
2 (b= QB+ = 018} < =0 = )13+ (193 + ) = sl ~ (b

< (= (l} + I = {0l ) + (17008 + )
with 263 = ko min{y(v*),2} > 0. Integrating the above differential inequality and using (7.34) and
Poincaré-Wirtinger’s inequality (7.7) give
lu(t) = (w3 + [[o(t) = (®O)5 + [n(t) = (pE)][5 < Cem ™% forall t>t,. (7.35)
Finally, by (1.3b), (2.1), and (7.34),

(0} = gt <Rz,

[(u(t)) —ml = [(n(t)] < re™™",  t>to,

and

Mmm—m:(ww»ﬂmw4+/«mw—mw4m

to
t
< (ot0) — i+ [ [tuls) — e ds
to
< ((v(to)) + m)e'o™" 4 ke ™", t>to,
recalling that 0 < d < 1. Together with (7.35), the above estimates entail that
lu(t) = mll + [lv(t) = m[3 + [n(t)[5 < Ce™™"  forall t >, (7.36)

with 54 = min{ég, 53} S (0, 1)

With the exponential convergence (7.36) at hand, we can further improve the exponential conver-
gence to more regular spaces via standard bootstrap argument. A similar procedure can be found
in [20]. Hence we omit the details here. O
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Proof of Theorem 1.6. Theorem 1.6 follows directly from Lemma 7.1 and Lemma 7.2. O
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