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GLOBAL BOUNDEDNESS IN A QUASILINEAR
CHEMOTAXIS-CONSUMPTION SYSTEM
WITH SIGNAL-DEPENDENT MOTILITY AND
SUPER-QUADRATIC DAMPING

Chi Xub*

Abstract In this paper, we consider a quasilinear chemotaxis-consumption
model

u = Au™) +ru—pul, T€Q, t>0,
vy = Av — uw, reQ, t>0

within a smoothly bounded domain © C R" under homogeneous Neumann
boundary conditions, where the parameters a,r, x > 0 and [,m > 1. For any
sufficiently regular initial data and parameters {,m > 1 with [ > m + 1, it
is shown that the aforementioned system possesses at least one global weak
solution with a boundedness property

[, Dllr@) + [[o(B)llwree @ < C

for all p > 2 and ¢ > 0. This finding indicates the regularizing effect of
super-quadratic damping of a logistic-type source under strong degeneracy of
signal-dependent motility, even though the cross-diffusion is simultaneously
enhanced.
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1. Introduction

Chemotaxis, which refers to the directed movement toward the area with higher
chemical concentrations, is essential for the growth and survival of cells or bacteria.
The chemotactic movement can be described by the following reaction-diffusion
system

ug =V - (y(u,v)Vu) + V- (p(u, v)uVv) + g(u,v), x€Q, t>0, (L.1)
vy = Av + f(u,v), €N, t>0, .

which is also known as the Keller-Segel model. Here, v and v represent the density
of cells and chemicals, respectively, and 2 C R" is a bounded domain with a smooth
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boundary. In the signal equation, f(u,v) reflects the dynamics of cells and signifi-
cantly influences the behavior of the solution. For example, with the prototypical
choice f(u,v) = —v+ u, cells aggregate due to the movement of the chemotaxis in-
duced by the chemical they secrete. In this scenario, the dynamics of (1.1) is highly
dependent on the spatial dimension, with the phenomenon of critical mass observed
when n = 2 under conditions y(u, v) = ¢(u,v) =1 and g(u,v) = 0 (see survey [1]).
In contrast, when f(u,v) = —uw, cells are primitive bacteria and the movement
of the chemotaxis is mainly a result of the cross-diffusion movement toward the
oxygen they consume. However, compared to the case where the chemical signal is
produced, the chemotaxis consumption system is dominated by random diffusion
of bacteria, and the solution will eventually approach its homogeneous steady state
as time tends to infinity ( [16]).
As a simplification of (1.1), the Keller-Segel model with signal-dependent motil-

ity

up = A(p(v)u™) + g(u,v), z€Q, t>0, (1.2)

vy = Av + f(u,v), e, t>0

was proposed in [4] to model the stripe formation structure observed in experi-
ments. When the diffusion is Brownian, i.e., m = 1, in this case (1.2) can be written
as
up = A(p(v)u) + g(u,v), z€Q,t>0, (13)
v = Av — v + u, zeQ, t>0.

When g(u,v) = 0, the blow-up phenomena in (1.1) can be suppressed if the motil-
ity function ¢(v) exhibits algebraic decay at infinity ( [3,5,6]). However, a sim-
ilar critical mass phenomenon, which firstly detected in Keller-Segel model, was
also identified in [5,7, 8] if the motility function is an exponential decay function
e XV. These findings indicate that, on the one hand, the signal-dependent motil-
ity can bring a regularizing effect to suppress the blow-up of solutions when ¢(v)
is an algebraic decay function, but, on the other hand, the blow-up suppression of
signal-dependent motility might be invalid if ¢(v) is a fast decay function such as an
exponential function. When considering cell proliferation, the prototypical choice of
g(u,v) is a logistic source g(u,v) = ru — pu'. When | = 2 and the spatial dimension
n = 2, for any ¢(s) € C3([0,)) such that ¢'(s) <0, sll{go ¢(s) =0, and the limit

lim % exists, (1.2) will admit a unique global classic solution, which eventually
S5— 00

tends towards the constant equilibrium of (1.2) if p > & [ Jnax % ([9]). Sub-
<s<+o00o

sequently, a boundedness property in higher dimensions is obtained in [29] with
sufficiently large p. Nevertheless, pattern formation can occur if p is sufficiently
small ( [22]). For further results on super-quadratic damping, we refer to [19,20].
However, if m > 1, the diffusion of cells is not Brownian and the literature on
this topic is far from complete. For example, the following quasi-linear chemotaxis-
production system
J— m
ug = A(p(v)u™), z€Q, t>0, (1.4)
nw=~Av—v+u, =z, t>0,

where the motility function generalizes the prototype ¢(v) = v~2, admits a global
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bounded weak solution under several constraints on « and the additional condition
m > 1 ( [36).
In the signal consumption scenario with m = 1, system (1.2) can readily take
the form
w = AGw)u) + g(u,v), wEQ, >0, s
vy = Av — uv, zeQ, t>0.

When g¢(u,v) = 0, rigorous analytical research in the early stages mainly concen-
trates on the case where ¢(s) has a uniform positive lower bound for s € [0, c0), and
the findings suggest that a non-degenerate motility function does not significantly
impact the dynamics of (1.2) when cells consume the signal ( [10,13,14,26]). In
fact, under the condition ¢(s) > 0, s € [0,00), the existence of a classical solution
was established with a smallness condition on the initial data ( [10]). Later, this
smallness condition was removed for spatial dimension n = 2 ( [26]). Recently,
global solvability was established in a generalized framework, and this solution will
eventually stabilize to the homogeneous steady state of (1.6) ( [13,14]). If the motil-
ity function is given by ¢(s) = s, there exists a weak-strong solution for (1.6),
which can transform into a standard weak solution under conditions 2 < n < 5
and o > %. Moreover, the solution can be converted into a classical solution in
spatial dimension n = 1 ( [25]). But, the qualitative asymptotic analysis in the case
of ¢(s) = s~ is still lacking. When considering the degeneracy of ¢(s) in s = 0,
several profound studies reveal that this degeneracy can essentially complicate both
the theory of the solution and its asymptotic behavior. For example, the constant
equilibrium, which is asymptotically stable for any non-degenerate ¢(s), will even-
tually lose its stability, causing the solution to approach a non-constant equilibrium
as time tends to infinity ( [11,34,35]). When g(u,v) # 0, the system (1.2) pos-
sesses a globally bounded classical solution with non-degenerate ¢(s) if the source
term is either a super-quadratic degradation term or a standard logistic source with
large p > 0 ( [27]). Other similar variants with logistic-type source can be found
in [21,28].
When m > 1 and g(u,v) = 0, an analogous result in the chemotaxis-consumption
System
— m
u = Alp(v)u™), xeQ, t>0, (1.6)
vy = Av — uv, reN, t>0

was achieved in [15] with a non-degenerate motility function ¢(s). These findings
illustrate that porous medium-type diffusion can regularize the signal-dependent
Keller-Segel model in both signal production and consumption scenarios, provided
there is sufficiently strong nonlinear enhancement, even though cross-diffusion is
simultaneously enhanced. Recently, the existence of a global weak solution was
established in [2] when ¢(s) is a singular motility function s~® under constraints
between m and «, but the results regarding the well-posedness of (1.6) under the
degeneracy of ¢(s) at s = 0 are still quite limited, not to mention the influence of
considering of proliferation effect of cells. To the best of our knowledge, if g(u,v) =0
and the motility function nearly take the form ¢(s) = s%, system (1.6) possesses
a global weak solution under the condition a € [1,2m), while in one-dimensional
setting, the existence of global weak solution can also be obtained for arbitrary
a > 0, and that solution remains uniformly bounded when « > 1. Moreover, the
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uniformly bounded solution will eventually converge to a nonhomogeneous steady
state as time passes to infinity ( [12]). However, as far as we know, no rigorous
analysis exists for the scenario where g(u,v) # 0.

Main result. Based on the preceding discussion, this study primarily investi-
gates the impact of cell proliferation on the system (1.6). To this end, by incor-
porating a logistic source term ru — pu' in (1.6), the objective of this paper is to
determine to what extent the damping effect of the logistic source can regularize
(1.6) when ¢(s) potentially degenerates at s = 0. Specifically, we consider the
initial-boundary value problem

utzA(vo‘um)+TU—MUla er’ t>0’
vy = Av — v, xeQ, t>0,

(1.7)
%:%:0’ x e, t>0,

u(z,0) = up(x), v(z,0) =vo(z), x € Q, t >0,

where Q@ C R"(n > 1) is a bounded domain with a smooth boundary and v is the
outward unit normal vector of 2. The parameters r,u,a« > 0 and m > 1. We
assume the initial data satisfies

up € WH(Q), ug > 0 with ug # 0 and, (1.8)
Vo € Wl’OO(Q), v > 0 in Q.

Our main result can be stated as follows

Theorem 1.1. Let n > 1 and Q C R" be a bounded domain with smooth bound-
ary. Suppose that the parameters v, u, > 0 and m > 1. For any initial data satisfies
(1.8) and m,l > 1 fulfills

I>m+1, (1.9)

the problem (1.7) exists at least one global weak solution in the sense of Definition
2.1 below with additional boundedness property

[u(, O)llLe @) + 00 D) lwre @) < C (1.10)
with constant C > 0, for allp > 2 and t > 0.

Remark 1.1. 1. If [ = m + 1, the sufficiently large u > 0 can also guarantee the
existence of the global weak solution.

2. Given that [ > m+1 > 2, our findings suggest that the superquadratic damping
effect of the logistic source can effectively regularize the system (1.6), even when
@(s) degenerates at s = 0.

Main idea. Our intention of constructing a global weak solution in the sense
of Definition 2.1 below is based on the analysis of functional of energy type

f(t):/uf’(-,t)+/v—2p—2m+3|vp(-,t)|2p+2’”—2 (1.11)
Q Q

for a certain regularized system of (1.7). The functional F(t) actually admits a quasi-
energy structure for any suitably large p (Lemma 3.1). Thereafter, by introducing

the transformation v

w=—-In—77m
||U0||L°°(Q)
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the positive lower bound of v can be obtained through an argument of heat semi-
group along with aforementioned LP-boundedness property (Lemma 3.3). Then the
local L*°-boundedness of solution can readily be obtained through standard Moser
iteration (Lemma 3.4). Now, we collect all aforementioned estimates to derive a time
regularity of u™v® in regularized system to gain the compactness features of the
solution of regularized system through Aubin-Lions Lemma (Lemma 3.6) and the
weak solution can be constructed through a standard extraction procedure (Lemma
4.1).

2. Preliminaries

We firstly form the concept of weak solution as follows

Definition 2.1. Let @ C R™(n > 1) be a bounded domain with smooth bound-
ary. Suppose that r,u > 0, that [ > 1 and that (1.8) holds for any initial value of
(1.7). Then, a pair of functions

u€ L} (2 x[0,00)),

_ (2.1)
v € L5, (2 % [0,00)) ) Ljpe (0, 00); WH1(€2)),
is called a global weak solution for system (1.7), if (u,v) satisfies
ul € L}, (Q x [0,00)), u™v® € L}, .(Q x [0,00)), (2.2)
and -
—/ / upr — / uoyp(+, 0)
o e “ (2.3)

oo oo oo
=/ /uva‘Atp—Fr/ /ucp—,u/ /ulgo
0o Ja o Ja o Ja

for all p € C§°(Q2 x [0,00)) with g—f | oo = 0, as well as

/OOO/th+/Qvo<p(~,0)/OOO/QW-VWF/OOO/QUW (2.4)

for all ¢ € C§°(Q x [0, 00)).

To appropriately start the approximation procedures, the regularized system for
(1.7) can be constructed by

et = A(v2u™) +rue — pul, T €Q, t>0,

Ve = AV — ULV, z e, t>0, (2.5)
Bue — Bve — x €00, t>0,

ue(,0) =ug+e, ve(-,0)=1vg, x €Q,

and thereby the local existence and the extensibility for (2.5) can be established by
applying the argument in [32]. Therefore, the proof is omitted.
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Lemma 2.1. Let n > 1, v, p > 0 and assume (1.8) holds. Then for every ¢ €
(0,1), there exists
Ue € CO(Q X [Ovaax,s)) OCZ,I(Q X (O;Tmax,s))a

> (26)
Ve € ﬂq21 CO([0, Tinax,e); WH(2)) N C*1 (2 x (0, Tinax,))

with Tmax.e € (0,00] such that (ue,v:) solves (2.5) in the classical sense in £ X
(0, Tinax,e) with ue > 0, v, > 0. Moreover,

limsup [Juc(-,t)[[zo@) = 00, if Tmax,e < 00 (2.7)

t—Tmax,e

Then some basic estimates can be readily at hand.

Lemma 2.2. Letn > 1,7, > 0 and assume (1.8) holds. Then fort € (0, Tyax,e), the
solution (ug,ve) satisfies

/ng(-,t) <mi= max{/ﬂuo, (;) Q|}, (2.8)

[ve (-, )| oo (2) < llvoll Lo (0)- (2.9)

and

Proof. An integration along with the Holder inequality in the first equation of
(2.5) can produce the following result.

d I
— ugzr/ug—,u/uggr/ug—,uml—ll(/uE). (2.10)
dt Jg Q Q Q Q

Hence (2.8) is a direct consequence of the above inequality through standard com-
parison argument. Then we invoke the maximum principal on the second equation
of (2.5) and the positivity of the solution to obtain (2.9). O

Finally, we collect some basic inequalities presented in [33], which can be treated
as a preparation for the analysis of the functional energy in the latter section.

Lemma 2.3. Letn > 1, r, u, a > 0 and assume (1.8) holds. For each ¢ € (0,1)
and any choice of n > 0 as well as q > 2, there exist C = C(q,n) such that for all
te (07Tmax,6)

d
— [ w7 V|7 + q/ v 13| Vo |72 D? Inw,|?
0|V |?
<1 / v;q+1|VvE|q_2M +qlg—2+ \/ﬁ)/ ucv; 73|V |12 | D?v,. |,
2 o0 31/ Q
(2.11)
and
/ vV |1 < (g + \/ﬁ)z/ 07913V |92 D? In v, |?, (2.12)
Q Q
and

/USQHIVUEI"_zIDQvaIQ < (q+\/ﬁ+1)2/ vz V|7 D? Inwe?, (2.13)
Q Q
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as well as
0|Vu.|?
/ U;q+1\va\q727| 9 d
a0 v

< U/QUquL1|vvs|qi2|D2U8|2 + n/ﬂv;q*l|vva|q+2 + C/{Z e

(2.14)

Proof. The proof of all the above inequalities can be found in [33] and thereby
we omit it directly. O

3. A priori estimates

3.1. Global LP-boundedness of solution

Our procedures will start with the analysis of a suitably designed functional

Fot) = [+ [0 et e )
Q Q

with suitably large p > 2, which genuinely admits a quasi-energy structure by fully
utilizing the outcomes of Lemma 2.2. Our core lemma can be stated as follows

Lemma 3.1. Letn > 1, r, u, a > 0 and assume that (1.8)-(1.9) hold. Then for
all e € (0,1) and any p > 2 satisfying

( : >
p>{——m )
o +
one can find a constant C' = C(p) > 0 such that

—1
i]—;(t)Jr}'g(t)JrM / WP |y 2 4 B / rH-l <o (3.2)
dt 2 0 2 Jg

for allt € (0, Tinax)-

Proof. At first, multiplying the first equation of (2.5) by u?~! with p > 2 and
utilizing Young inequality, we have

1d
—— [ uE+m(p— 1)/ u™ P3| V|2 4 u/ ub =t
pdt Jo Q Q
=alp— 1)/ ugn“”*%?*qus -V + 7’/ u?
Q Q
1 2(p—1
<D [ g+ CLD [ tewnp v [
2 Q 2m Q 9]
(3.3)
Then, we apply Young inequality again to find ¢; > 0 such that
m(p — 1 m+p—3, .«
& e M0 s i [ e
Q Q Q (3.4)

2
o’(p—1) 1
S T/ng—‘rm 1’(}? 2|V’U5|2+Cl.
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Now recalling the outcomes of Lemma 2.2, we set ¢ = 2m + 2p — 2 > 0 to obtain
d —2p—2m+3 2p+2m—2
il p-2p—2m+ V| p+2m
dt Jo ¢

+(2p+2m —2) / v IS gy, 2P H2mA D2 I g |2
Q

|V |?
<(p-m+ 1)/ v;zm_2P+3|Vva|2p+2m_47| ave|
o0 v

+(2p+2m —2)(2p +2m — 4+ /n) / ugv; 22|y, PP D2y .
Q

(3.5)
At this position, we set two constant

p+m—1
co 1=
2T (2p+2m -1+ /n)?
and
p+m—1
C3 =

(2p+2m — 2+ /n)?’
then (2.14) along with (2.12) as well as (2.13) readily yields

40|Vl

(p+m-— 1)/ v 2PTImAS |y, 2P T2
50 8V

< Cj/ U;2p72m+3‘vve‘2p+2m74|D2vs|2 + Cj/ vg2p72m+1‘v,06|2p+2m (3.6)
2 O 2 Q
+C’/ ve, forallt e (0,Tmaxe) and € € (0,1)
Q
with some positive content C' = C/(cg, ¢3). Noting the fact that

(2p+2m — 2)/ v 2PTEMER gy, 2P D2 I g |2
Q

(3.7)
ZCg/’U;Qm_2p+3|V’U5|2p+2m_4|D2U5‘2+C3/U;Qm_2p+1|vvg|2p+2m.
Q Q
Hence, we obtain
i U;2p—2m+3|vva|2p+2m—2
dt Jq
C c
_1_52/Ug—2m—2p+3|v,ua|2p+2m—4‘D2U8|2_|_53/U;Qm—2p+1‘vv8‘2p+2m (3.8)
Q Q

< (2p+2m —2)(2p+2m —4++/n) / ucv; AT Yy | 2P M D2y |
Q
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Now, combining (3.3) with (3.8), we have

d -1
CFE) +F(t) + mp(p — 1) / W30 | Vo, 2
dt 2 0

+c?2/U—2m—2p+3|vve|2p+2m—4|D2,U€|2
Q

+Cj/ Ug—2m—2p+1|vv6|2p+2m,+u/ u€+l—1 (3.9)
2 Ja Q

§C4/ugva_zm_sz|Vv5|2p+2m_4|D2v5|+C5/u’a’+m_1v?_2|V1}E|2
Q Q
+(r+1) / u? + / v 22|y 2EIm2 o / v.
Q Q Q

for all t € (0, Timax,e) and € € (0,1), where
cs=(2p+2m+2)(2p+2m — 4+ /n)

and

_a?p(p—1)
N

Then, by applying Young inequality, we can obtain

05/ u§+mflv§‘*2|V1}5|2
Q

IN

1
C3 on_ 6 \ ptm-1 ptm prm_ (o L
A v 2p 2m+1‘vvs‘2p+2m+ () c5p+m T u157+m08p+m T ptm
Q

6 Jo ° c3
(3.10)
and
C4AUEUQQm_2p+4|vvs|2m+2p_4|D2UE|
2
< 9/U;2m72p+3|vvg|2m+2p74‘D2v6|2_|_674/ugv;2m72p+5‘vv€‘2p+2mf4
2 Ja 2¢2 Jg
< 2/,U;2p72m+3|Vv6|2p+2m74‘D2,U6|2+Cj/ U?m72p73|vva|2p72m+4
2 Ja 6 Ja
6 m+2pf2 9 p-;rn,
Cy p+m
— — U v
+<03> (202) /Q =
(3.11)
as well as
/v;2p—2m+3|vv5|2p+2m—2
Q
(3.12)

cs 6 p+m—1
S e / U€—2p—2m+1|vvs|2p+2m =+ e / V.
6 Ja €2 Q

for all € € (0,1). Hence, one can immediately find constant c¢g, ¢; > 0 as well as
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cg > 0 such that

d —1
r iy + Ry + M=l [z v +p [zt
(3.13)

,’”*'7"’1((17%)
S 6 U§+mUEP+”L7 p+m +C7 u16)+m +CS
Q Q

for all t € (0, Tmax,c) and € € (0,1). Now for o > 0, by the choice of p > 0, we

conclude
(5-m), 73
p>|——-m)] >—-m
o L«

1
a> —— (3.14)
p+m

which yields

for such choice of p. Thus (2.9) together with (3.14) can immediately yield
pbm, T (0= o) et (e=5tw) [ ptm
ce [ ulTul < csllvoll &y ulTm, (3.15)
Q Q
Then, this fact shows that

L r )+ o)+ 20D / a8 Vo 2 4 g / a1
dt 2 o o
(3.16)

< (calluoll T (o) 4 7) / WP g,
Q

Because
p+l—1—(p+m)=I1—(m+1)>0.

Then Young inequality entails

d mp(p — 1) mtp—3. o 15 -
%fe(t) + Fe(t) + f/ﬂu P V) + 5 ng” "o (3.17)

with constant cg > 0 for every e € (0,1), which directly yields (3.2). O
From the outcome of Lemma 3.1, a standard comparison argument can be ap-
plied to obtain the boundedness property as follows:

Lemma 3.2. Let n > 1, v, pu, o > 0 and assume (1.8)-(1.9) hold. Then for
arbitrary p > 2, one can find C(p) > 0 such that for all t € (0, Tiax,e)

[ue(,t)llLr ) < C(p)- (3.18)

Proof. For every sufficiently large p satisfying

p>|l—-——m )
a +

by dropping the positive term of left-hand side in (3.2), we can obtain

d
E}"E(t) + F(t) <C, forallte (0,Tmaxe) and € € (0,1), (3.19)
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which immediately yields

/ uP < max {F.(0),C} :max{ / ub + / v52’”‘2p+3vuo|2m+2p2,0} (3.20)
Q Q Q

for all ¢t € (0, Tiyax,e) and € € (0,1). But for p satisfying

1
]-<p<(_m> )
@ +

Holder inequality, along with the fact that  is bounded, can readily yield
luec (-, )l ey < crlluc(-t)||Lro(), for all t € (0, Thax,e) and € € (0,1),

with constant ¢; > 0 and py > (i - m)+, which finish the proof. O

3.2. Local L*°-boundedness of solution

Due to the presence of degeneracy in (2.5), the Moser-type iteration cannot be
applied to convert the LP-boundedness property presented in Lemma 3.2 into a
L*>°-bound of solution. Hence, by following the variable of change used in [30], we
set

Ve

we=—In———
[vollL=(e)

to avoid the difficulty arising from the degeneracy. The result can be stated as
follows.

Lemma 3.3. Let n > 1, r, u, o > 0 and assume that condition (1.8)-(1.9)
hold. Then, one can find constant C = C(T) > 0 with T € (0, Tax,c) such that
ve(z,t) > C(T), forallz e, t€(0,T) ande € (0,1). (3.21)

Proof. By setting
wom—tn
l[voll L= ()

we rewrite the second equation of (2.5) in form

wer = Aw — |[Vw|? +u., z€Q, te(0,7T),

ow. ), x €9, te(0,T), (3.22)
we(z,0) = —1In 7”1]0"1;000(9), x € .

with some T € (0, Tiyax.c)- Based on a semigroup argument (eg. [31]), we fix p > n
to obtain

t
l[we (-, )| Lo () <lle"wol| L () +/0 €@ 9% u (-, 5)|| Lo 0y s

t
<lwoll (@) + c(p) / (14 (t—5)7%)e M u (-, 5) = U(s)|| Lo (o ds
0

t
+/ u.(s)ds, forallte (0,T) and e € (0,1),
0
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with ¢(p) > 0, where A; is the first nonzero eigenvalue of —A under homogeneous
Neumann boundary condition. Now, recalling the boundedness property of solution
in LP(Q) with arbitrary p > 2, one can immediately find ¢1, ¢z > 0 such that

t
||w€(~7t)||Loo(Q) <c + 02/ (1 + 0’7%)6_/\10(10— +c T (323)
0
for all t € (0,7) and € € (0,1). Then the fixed p > n can entail
/ (140 2%)e Mo < 0o
0

and thereby we can estimate
lwe (-, 1) || Loy < c3(T), forallte (0,7) and ¢ € (0,1) (3.24)

with constant ¢3(7T") > 0. Hence (3.21) can be readily obtained through the above
estimation as well as the definition of w.. O

Then the following L°°-bound of solution will be immediately at hand through
a Moser-type iteration.

Lemma 3.4. Letn > 1, r, u, a > 0 and assume (1.8)-(1.9) hold. Then one can
find a constant C = C(T') with some T € (0, Tiyax,e) such that

lue (-, t) || Lo ) < C(T'),  foralle € (0,1) and t € (0,T). (3.25)

Proof. We first invoke the heat semigroup regularities to estimate

t
190 Oy = [ TS = [T
0

. L ()
S Cl”V'UOHLoo(Q) + co / (1 + (t — 5)7%7%)6_)‘1“_5)||u6(~, S)”LP(Q)
0

<e¢3, forallte (0,T)ande € (0,1),

(3.26)
where A; is the first non-zero eigenvalue of —A under homogeneous Neumann
boundary condition. Then, by multiplying pu?~! on the first equation of (2.5) and
integrating over (2, one can employ integration by parts and Young inequality to

derive J )
R R N R
dt Jo 2 Q Q

2 1 (3.27)
< « P(P* )/U§+m71U?72|Vv5|2 +T/ u;g
Q Q

2m
Now, due to (3.21), (3.27) can convert into

d .
— [ uP+ 04(T)/ u™ P3|V, |2 —|—,u/ uP !
dt Jo Q Q

< 05(T)/ uP T Vo |2 + r/ uf, forallt e (0,T) and € € (0,1),
Q Q
with constant c4(7T'), ¢5(T") > 0. Therefore, together with (3.26), we invoke the well-
established Moser-type iteration (see e.g. [24]) to derive (3.25), thereby completing
the proof. O
We can now assert that the maximal interval Tihax . extends to infinity.
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Corollary 3.1. Letn>1,r, p, a >0 and assume (1.8) hold. Then we have
Tmax7e = Q. (328)

Proof. If Thaxe < 00, from Lemma 3.4, the boundedness property of u. contra-
dicts (2.7), which finishes the proof. O

3.3. Further e-dependent regularities

Now we should deduce the time-derivative regularity of uPvg with p > 0, and there-
after prepare an argument based on the application of Aubin-Lions Lemma, which
is the objective of the next two lemmas. We first concentrate on the regularity of
spatial gradient involving u..

Lemma 3.5. Let n > 1 and assume (1.8)-(1.9) hold with r, p, o > 0. Then for
allp >0 and any T > 0, there exist C(T) > 0 such that

T
/ / um P30 Vu |2 < C(p,T), forallte (0,T) and c € (0,1).  (3.29)
0o Ja

Proof. Based on the assumption on the initial data, we combine the outcomes of
Lemma 3.3 and Lemma 3.4 to deduce

ve(x,t) > e (T), w(w,t) <co(T), inQx(0,T) for every € € (0,1), (3.30)

and
/ |V (z,t)]? <3, in Qx (0,T) for every € € (0,1) (3.31)
Q

with any given T' > 0 and constants ¢, ¢z, ¢3 > 0, which relying on 7. Then (3.30)
can warrant that it will be sufficient to prove (3.29) is valid when p € (0,1). Hence
by multiplying —u? on the first equation of (2.5), we have

1d m(1 —p) _ I
ST R el Rl CREY R

2 1—
P ) ( P) / u§+m_1vg‘_2\VUE\2 —r/ ul.
Q Q

- 2m

(3.32)

Then an integration on the above inequality will yield

1 — T
m( 5 p)/ /ugl+p—3vg|vu€|2
0 Q

T
1
<uf [werorttes [ e
0o Ja P Ja
o*(1—p) [T
R S p+m—1 a—QV 2.
+ T /O/Q(u5+e) v V|

Now, along with (3.30) and (3.31), above estimates can readily imply (3.29). O
By applying the results in Lemma 3.5, we immediately obtain the following
regularity feature involving the time derivative.
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Lemma 3.6. Let p > 0 and suppose that (1.8)-(1.9) hold with o, u, v > 0. Then
for all'T >0 and k > %, there exist C(T') > 0 such that

T
/0 10 (W2, )0 (-, 1)) [l (we 2 (q))-dt < C(T) (3.33)

and .
| 100 Ol et < 1) (3:30)
forallt € (0,T) and € € (0,1).

Proof. By fixing k > %, the continuity of embedding W*2(2) < L*(Q) can

allow us to find ¢; > 0 such that
el ) < eillellwr2@)

for all ¢ € C*°(€2). Thus, for ¢ € C(Q) with [j¢[|yr2(q) < 1, a testing procedure
implies that

[ autuzee) -
Q

< 02/ ué”"'p_?’vg“\VuEP—i—cz/ u™ TP 2207 | Ty || V|
o Q (3.35)
+02/ u?+p_1v§“_2|Vv€|2+02/ u?*“%ﬁ“\VuJ
Q Q

+02/ ul P2 |y |, for all t € (0,7) and € € (0, 1),
)

with a constant co > 0. Now for given T" > 0, let us once more recall Lemma
3.3, Lemma 3.4 and (3.26) to find ¢3(T), ¢4(T) and c¢5 such that

ve(x,t) > e3(T), wue(z,t) <ca(T), foreveryee (0,1)in Q2 x (0,7) (3.36)

and
/ |V (-, t)]> < es, forevery e € (0,1) in Q x (0,7). (3.37)
Q

Hence, by utilizing Young inequality, one can see that

A

1 1
/ U220 [V, | < / WP 2 4 2 / umP1yda2 gy, |2
Q 2 Jq 2 Ja

1 m+p—3, .« a — m+p—1
<5 [ T+l s (T @I
(3.38)
and
[rriewad < [umrtgwag+ [
& ° & (3.39)

N A [ )
Q
Then, we insert (3.38) and (3.39) into (3.35) to obtain

10 (uEvE) | wr2 () < CG(T)/ ul P2 Ve ? + c6(T) (3.40)
Q
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for all t € (0,T) and € € (0,1) with constant c¢g(7") > 0, which readily yield (3.33)
through an integration upon interval [0, T].

As for (3.34), we once more choose ¢ € C* () with [|¢|[yx.2(q) < 1 and invoke
the continuity of embedding W*2(Q) < L>(Q) to see

‘/ Vgt * go’ S/ [Vue| + ¢ / ueve < c7(T) (3.41)
Q Q Q

with constant ¢7(T') > 0, which readily yield (3.34) through integration. O

Now, for turning the compactness feature of u?v¢ into component u., the ob-
stacle therein seems to be the information on the positivity of weight function
v.. Hence, the following observation, which guarantee the positivity of v., is neces-
sary when accomplishing subsequent extraction procedure.

Lemma 3.7. Let n > 1 and assume (1.8)-(1.9) hold with r, u, o > 0. Then, for
given T > 0, there exist C(T') > 0 such that

/ In MH(LK;;Q) < C(T), forallte (0,T) and each ¢ € (0,1). (3.42)
Q Vel

Proof. Based on an argument to the second equation of (2.5), we invoke Young
inequality and (2.8) to obtain

d vo | Lo d Ve |?
/ln”O”Lm)/lnvs/ [Vee| +/u5§m. (3.43)
dt Q Ve dt Q Q ’Ug Q
Then an integration in the time interval [0, 7] can yield (3.42) along with the posi-
tivity of v in €. O

4. Passing to the limit

In this section, we combine all of the above estimates, especially the compactness
property thus implied, to accomplish the main step towards the existence of the
global weak solution by passing to the limit € \, 0.

Lemma 4.1. Let n > 1 and assume (1.8) hold with r, p, o > 0. Then there exist
(€j)jen C (0,1) as well as negative functions

u € L2 (Q % [0,00)), (4.1)
v € L>=((0,00); Wh (1)),

such that 5 0 as j — oo, and that ¢ = €; \( 0, we have

ue = U, in (g Lo (2 x [0,00)) and a.e. in Q x (0, 00), (4.2)
ve = v, in (Vyzq L, (2 % [0,00)) and a.e. in Q x (0,00), (4.3)
Vo, = Vo, in L=(Q x [0,00)). (4.4)

Moreover, v > 0 in Q x (0,00) and (u,v) forms a global weak solution of (1.7) in
the sense of Definition 2.1.
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Proof. By fixing p > ’"T_l and k € N such that k > %, we infer from (3.33) that
for any given 7" > 0,

(0 (uBvE)) e (0,1) 18 bounded in LY((0,T); (Wk2(Q))*).

Now according to (2.9), (3.26), (3.29) and Lemma 3.3 as well as Lemma 3.4, one
can find a constant C(T") > 0 such that

t
/0 IV (P 50 () [y ds < 2p /Q W2 2020V 2 4 207 / W2Po2 2| 2

< C(T).
(4.5)
with such p > ’”Tfl and T > 0. Hence, this fact actually implies that

(uBvE) ¢ (0,1) is bounded in L2((0,T); (WH2(€))).
Thereafter, from (2.9), (3.34) and (3.26), it can readily be verified that
(Ve)ee(o,1) is bounded in L>((0, 00); Whee(Q))

as well as
(Vet)ee(0,1) is bounded in L2((0,00); (W*2(2))*).

Then, two applications of Aubin-Lions Lemma can allow us to pick a subsequence
£ = g; \, 0 with two nonnegative functions z € L}, .(2x[0,00)) and v € L>((0, 00);

loc

W12°(Q)) such that (4.3), (4.4) hold as well as

ze = uPve — 2z, a.e. in Q x (0,00) and in L, (Q x [0,00)) (4.6)

when € = £; N\, 0. Since v < ||vgl| L () due to (2.9) and (4.3), Lemma 3.7 along with
Fatou’s Lemma guarantees that v is positive a.e. in © x (0,00) and therefore, we
define u = (v%)%7 which is nonnegative and u, = (j—;)% — wa.e. in Qx(0,00). Since

2 (€2 x [0,00)), u must belong to this space and satisfy (4.2) as
a consequence of Vitali convergence theorem.

Now, the verification of the claimed weak solution of (u,v) is quite straightfor-
ward. In fact, the integral identities (2.3)-(2.4) can be derived by standard argument
from the corresponding weak formations in (2.5) after letting ¢ = ¢; \, 0 and us-
ing (4.2)-(4.5) as well. As for the rest of the integrability features required in this
lemma, it can be immediately obtained from (4.3). O

ue is bounded in L$°
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