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QUALITATIVE ANALYSIS OF AN INTEGRATED
CHEMOTAXIS-FLUID MODEL: GLOBAL EXISTENCE AND
EXTENSIBILITY CRITERION*

JISHAN FANT, LULU JING}, GEN NAKAMURAS, AND KUN ZHAOY

Abstract. In this paper, we study the global existence and extensibility criterion of large-amplitude
solutions to a chemotaxis-fluid model in bounded domains. The model under consideration is an
integrated version of several recently studied models in bio-fluids, which is a coupled system of partial
differential equations with strong nonlinearities. The results obtained in this paper appear to be among
the first ones for the integrated model.
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1. Introduction

As one of the contemporary research topics on the crossroads of mathematical
biology and fluid dynamics, the investigation of the mutual influences of chemotaxis and
hydrodynamics has been actively conducted for more than a decade. Among the first
generation of mathematical models describing chemotaxis-fluid interactions, the Keller-
Segel-Navier-Stokes system proposed by Tuval et al. [17] has been widely recognized
by researchers in the area, its success being a consequence of its capability to describe
some of the fundamental phenomena in biofluids, such as the formation of plumes [7].
In the simplest form, the original Keller-Segel-Navier-Stokes system reads:

Jiu+u-Vu+Vr=Au—nVo,
V-u=0,
on+u-Vn=An—-V-(nx(p)Vp),
dp+u-Vp=Ap—nf(p),

(1.1)

x €R?, t >0, where the unknown functions u,m,n,p denote the fluid velocity field, scalar
pressure, bacteria density, and oxygen concentration, respectively. The functions x(p)
and f(p) are given smooth functions of p describing the so-called chemotactic sensi-
tivity and oxygen consumption rate, respectively. In the derivation of the model, the
Boussinesq approximation was applied to reflect the effect due to heavy bacteria, where
the function ¢ denotes the potential function produced by various physical mechanisms,
e.g., gravitational force (¢(x)=wx4) or centrifugal force (¢(x)=g(|x|)).

Since its initiation in the early 2000s, the Keller-Segel-Navier-Stokes system (1.1)
has been frequently utilized in the scientific computations of chemotaxis-fluid inter-
actions. In the pioneering work [7], Chertock-Fellner-Kurganov-Lorz-Markowich suc-
cessfully produced the formation of plumes in the numerical simulations of the model,
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which is consistent with the experimental results reported in [17], and inspired much of
the later works dealing with the rigorous analysis of the model. We refer the readers
to [5,6,9-11,14,15] and the references therein for a series of studies of the qualitative
behavior of solutions to (1.1), such as existence, uniqueness, regularity, extensibility
criteria and long-time behavior, under various initial and/or boundary conditions.

On the other hand, depending on specific biological / physical considerations, a fam-
ily of variants of the model (1.1) has been proposed to account for particular mechanisms
in chemotaxis-fluid interactions. Of relevance to this work, we would like to point out
the following generalized versions of (1.1):

e The model with porous medium-like diffusion [8]:

Jou+u-Vu+Vr=Au—nVo,
V-u=0,

1.2
on+u-Vn=An"-V-(nx(p)Vp), (1.2)
dp+u-Vp=Ap—nf(p),
accounting for the finite size of bacteria.
e The self-consistent model with porous medium-like diffusion [8]:
du+u-Vu+Vr=Au—nVo+nx(p)Vp,
V-u=0,
(1.3)

on+u-Vn=An"—-V-(nx(p)Vp)+V-(nVe),
Op+u-Vp=Ap—nf(p),

containing the effect of potential force on cells and the effect of chemotactic
force on the fluid.

e The model with general chemotactic sensitivity [19]:

Jru+u-Vu+Vr=Au—nVo,
V-u=0,

14
on+u-Vn=An—V-(nS(x,n,q)Vq), (1.4)
Oiq+u-Vg=Aq—q+n.
e The model with double chemical signals [13]:
oiu+u-Vu+Vr=Au—nf,
V-u=0,
on+u-Vn=An—V-(nVp)—-V-(nVyq), (1.5)

dp+u-Vp=Ap—np,
Oiq+u-Vg=Aq—q+n.

Along with the proposition of the models, the qualitative properties, such as global well-
posedness and long-time behavior, of solutions under various initial and/or boundary
conditions have been studied in the corresponding references.
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In this paper, we consider the following coupled chemotaxis-fluid model:

Jpu+u-Vu+Vr=Au+nVeo+nSVp+nSVg, (1.6)
V-u=0, (1.7)
on+u-Vn=An"-V-(nSVp)—V-(nSVq)—V-(nVe), (1.8)
Ogp+u-Vp=Ap—np, (1.9)
diq+u-Vg=Ag—q+n, (1.10)

x€R4, t>0, where S = S(x,n,p,q) denotes the general chemotactic sensitivity, which is
an integrated system incorporating the various mechanisms presented in (1.2)—(1.5), in-
cluding nonlinear diffusion, self-consistency, general chemotactic sensitivity and double
chemical signals.

From the point of view of physical / biological applications, the integrated model is
capable of describing more realistic situations than those portrayed by (1.1)—(1.5). On
the other hand, however, the additional nonlinearities (comparing with those in (1.1)-
(1.5)) and stronger coupling between the solution components make the mathematical
analysis of the integrated model a significant challenge. As a starting point of research,
we devote this paper to the rigorous analysis of some of the fundamental qualitative
behaviors of the integrated model, such as the existence, regularity and extensibility
criterion of large-amplitude solutions subject to appropriate initial and boundary con-
ditions.

Considering its physical / biological applications, we study an initial-boundary value
problem of the model (1.6)—(1.10) supplemented with the following initial and boundary
conditions:

(u,n,p,q)(x70)=(u07n0,p07qo)(X), Xeﬁa (111)
ulpo=0, Vn™-n|pn=0, Vp-nlgo=0, Vg-n|sa=0, t>0, (1.12)

where Q2 C R? is a bounded convex domain with smooth boundary 99, and n is the unit
outward normal vector to 0€).

The objective of this paper is twofold. First, for the model with porous medium-like
diffusion (i.e., m >1), we prove the global existence of large-amplitude strong solutions
subject to the initial and boundary conditions, (1.11)—(1.12), when the space dimen-
sion is two and under appropriate growth conditions on the chemotactic sensitivity
function S(x,n,p,q). Second, for the model with linear diffusion (m=1), we establish
an extensibility criterion of large-amplitude classical solutions in scaling invariant en-
ergy spaces for the three-dimensional case. We achieve the goals by utilizing L"-based
energy methods. To the authors’ knowledge, these are among the first generation of
analytical results concerning the qualitative behaviors of large-amplitude solutions to
the integrated model (1.6)—(1.10).

Before stating the main results, we introduce some notations for convenience.

NoOTATION 1.1.  Throughout this paper, ||-||Lr,||- ||z and ||-||wsr denote respectively
the norms of the usual Lebesgue measurable spaces L™ (), L>°(Q) and the usual Sobolev
space W*T(Q). When r=2, we denote the norm ||-|wsz2 by || ||gs. Unless otherwise
specified, C' will denote a generic constant which is independent of the unknown func-
tions, but may depend on ), T and initial data. The value of the constant may vary
line by line according to the context.

Concerning the global existence of large-amplitude solutions to (1.6)—(1.12), we have
the following:
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THEOREM 1.1.  Consider the initial-boundary value problem (1.6)~(1.12) and let d=2.
Suppose that S =S(x,n,p,q) € C?(Q x [0,00)3) satisfies the following condition:

|S(x,1,p,0)] < So(1+n)*, ¥ (x,n,p,q) €0 x[0,00)°, (1.13)

for some constants So >0 and a>0. Suppose also that

3 1
m+a<2, 1<m<§, §<a<1 (1.14)

or
3 1
m+a>2, §<m<2, 0<oz<§, (1.15)

where m is the coefficient of nonlinear diffusion in Equation (1.8). Let ug€ H*(),
(o, qo) € W2~ 77(2) and ng € C*(Q) for some 4 <r < oo and k> 0. Suppose that V-ug =
0, 79 >0, po>0, go>0in 2, andug=0, Vni'-n=0, Vpy-n=0 and Vgo-n=0 on 0.
Suppose also that p=p(x) is a smooth function satisfying Vé-n=0 on Q. Then the
initial-boundary value problem (1.6)—(1.12) has a strong solution satisfying

[all Lo 0. mm1nLee) + [lull L2 0.7 m2) + | Oru]| L2 0, 122) < C
| (paQ)HLOO(O,T;W%%,T) +11(0ep, 0 )l 0,77 + 12, D) L (0,75w27) S C, (1.16)

Hn('vt)”L‘x’(O,T;L‘x’) ch
for any given T >0, where the constant is independent of the unknown functions.

REMARK 1.1. In the statement of Theorem 1.1, by a strong solution to the initial-
boundary value problem (1.6)—(1.12), we mean a quadruple of functions (u,n,p,q), which
satisfies the system of equations (1.6)—(1.10) in the sense of distributions and the initial
and boundary conditions (1.11)—(1.12) in the classical sense, and possess the regularities
as stated in (1.16). Similar definition can be found in [18], and we omit the details to
simplify the presentation.

For the three-dimensional case, we have the following extensibility criterion for
large-amplitude classical solutions to the initial-boundary value problem (1.6)—(1.12)
with linear diffusion.

THEOREM 1.2.  Consider the initial-boundary value problem (1.6)~(1.12) with m=
1 and let d=3. Suppose that S=S(x,n,p,q) € C?>(Qx [0,00)3) satisfies the following
condition:

||+ [0x S|+ |00 S| +10,S| 40,5 < S1, ¥V (x,n,p,q) € Q% [0,00), (1.17)

for some positive constant Sy. Let (ug,n0,p0,q0) € H2(Q)). Suppose that V-uy=0,
ng>, po=>0, and ¢ >0 in Q, and ug=0, Vnyg-n=0, Vpg-n=0 and Vqgy-n=0 on
00. Suppose also that ¢=¢(x) is a smooth function satisfying Vé-n=0 on 0.
Let (u,n,p,q) € L (0,T; H*)NL*(0,T; H3) be a local classical solution to the initial-
boundary value problem (1.6)—(1.12) for some 0<T <oo. If the following hold true:

ueL?(0,T;BMO), VpeL=3(0,T;L"), VqecL+3(0,T;L°%) (1.18)

for some 3<r,s<00, then the solution (u,n,p,q) can be extended beyond T
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REMARK 1.2. In the statement of Theorem 1.2, BMO is the space of functions with
bounded mean oscillation, whose norm is defined by

| fllBaco = || fllz2 + [f]BMo,

with
flsro= sup —— F(¥)— forneoldy
BMO = T N - X )
xe0 |Qr(X)] Jarx) “4n()
Re(0,d)
1
fnR(x)Ei f(Y)dy,

|QR(x)| Qr(x)

where Qr(x)=Bgr(x)NQ, Br(x) is the ball with center x and radius R, and d is the
diameter of Q. Moreover, |Qr(x)| denotes the Lebesgue measure of Qg(x).

REMARK 1.3.  We observe that (1.18) is optimal from the point of view of scaling
invariance. Indeed, when m =1 and neglecting the linear lower order term ¢ in (1.10),
it can be shown that (1.6)—(1.10) is invariant under the scaling transform:

u— uy = (A, \x), 7Ty = A1\, Ax),
n—)n,\E)\Zn()\zt,)\X), p—>p/\5p(>\2t7)\x)7 (1.19)
4= =g\t \x), $— A= (N, %), '

S-)S)\ ES(AxanAapA#])\)a

which indicates that the functional spaces in (1.18) are energy critical for the corre-
sponding variables.

We prove Theorems 1.1 and 1.2 by using L"-based energy methods. Major difficul-
ties in the proof of Theorem 1.1 come from the strong coupling between the chemotactic
and hydrodynamic parts of the system, and the high order nonlinearities arising from
the porous medium-like diffusion and chemotaxis-induced nonlinear diffusion. We over-
come the difficulties by renovating classical energy methods based on the fundamental
inequalities, such as the Holder, Young and Gagliardo-Nirenberg inequalities, and ap-
plying standard theory of the heat equation. On the other hand, the BMO setting in
the extensibility criterion, (1.18), raises a significant technical barrier for the proof of
Theorem 1.2, since the BMO-norm of a function comes out as a penalty term when
one improves the usual Sobolev embedding: W17 < L> (3 <+ <o) by a logarithmic
correction, see Lemma 3.1. We survive the situation by carefully monitoring the energy
bound within a small time interval near the end of the lifespan of the local solution,
and deriving an iterative scheme based on the classical theory of the heat equation to
close the overall energy estimates.

The rest of this paper is organized as follows. In Section 2 and Section 3, we prove
Theorem 1.1 and Theorem 1.2, respectively, by deriving a priori estimates. The paper
finishes with concluding remarks in Section 4.

2. Proof of Theorem 1.1

This section is devoted to the proof of Theorem 1.1. First of all, we note that the
local existence of strong solutions to the initial-boundary value problem (1.6)—(1.12) can
be established by applying a similar regularization procedure as in [18] (mainly to avoid
possible singularities stemming from the porous medium-like diffusion) to construct a
sequence of approximate solutions, then carrying out standard energy estimation and
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taking proper limits by standard compactness arguments. The heart of the matter is
the a priori estimates of the solution. Hence, in what follows we shall focus on deriving
the a priori estimates of the local solution, in order to extend it to be a global one. We
divide the proof into several steps.

Step 1. First of all, since the initial functions ng, py and gy are non-negative, it
follows from (1.8), (1.9) and (1.10) and similar arguments in [8] (see Section 3.1 of [§])
that

n(x,t) >0, p(x,t)>0, q(x,t)>0, VY(x,t)eQx(0,T), (2.1)

where T'> 0 denotes the lifespan of the local strong solution. As a result of the positivity
of n(x,t), by testing (1.9) with p?~! for any 3>2 and using (1.7) and the boundary
conditions, we can show that

d _
5 (915 +8G-1) [ 1721+ snlal, =0,
Q

which implies ||p(-,t)||rs <||po(-)||zs- By letting 8 — oo, we obtain

Ip()l Lo <llpol e

Note that py€ W27 (Q) for some 4<r <00, it follows from the Sobolev embedding
W2-37(Q)— Ch'% (Q) that

Hp(t)HL"" SC» VtE(OvT)v (2-2)

where the constant depends only on the initial data.

Next, we derive some relatively easy estimates from (1.8)—(1.10). By integrating
(1.8) over 2x(0,t) and using (1.7), the boundary conditions for u, n, p, ¢ and the
boundary condition for ¢ as specified in the statement of Theorem 1.1, we get

/Qn(x,t)dx:/ﬂno(x)dx. (2.3)

As a result of (2.3), by integrating (1.10) over 2, we see that

4 q(x,t)dx+ /

ax.tyix= [ nixt)ixe= [ noix,

which gives

/Qq(x,t)dxge_t/ﬂqo(x)dx—i—(1—e_t)/no(x)dx. (2.4)

Q

Moreover, testing (1.9) by p and using (1.7) and (2.1), we deduce that

1d

=S IplIZs + 11 V)22 + / npdx =0,
24" E L 0

which yields

| Inlaa<c. (25)
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Step 2. Now we derive some nonlinear estimates for n. Testing (1.8) by n™~2 and
using (1.7) and Young’s inequality, we can show that

m i
S e
m—1 1 d m—1
= [ (SVp+SVqg+Ve)- Vn™ dx+——— [ ™ "dx
Q 2—mdt Q
m e 3(m—1)
< iy I e+ S (SEIVRIE + SVl + V6l )
1 d 4
———— ™ 2.
+2—mdt/9n X (2.6)

where 1 <m < 2. After rearranging terms, we obtain

3m m—12
m”vn 1Z2
3(m—1) 1 d .
< =——(S5lIVpli: +S3IValz: +1Vellie) +5——— [ n"ldx. (2.7)
Testing (1.10) by ¢ and using (1.7), we infer that
1d
3 il ol = [ naax. (28)

For the term on the right-hand side of (2.8), by using the Holder and Gagliardo-
Nirenberg inequalities, we can show that

[ madx < lnlzelal e,

1

m—1
o llall, o,
Lm-1 Lo-1

m—1

=|ln

1

m—1 1_% m—1 et
L VR T T T lall,

m—1 L m—1

< (29)

0
-1’

where 6 >1 is a constant to be determined. Note that

e = (i)™ = ([ roeax) "

and 71 is a convex function (since 1 <m <2). Then we update (2.9) as

m—1 (1_%)ﬁ

[ nade< (190157 1) ol e,
m—11(1=%) w1

SC(IW 1 -9) 1+1>|CI||H1

< 2 C C m—1 (l_é)% 21
<5 llallen +C+C V™[ e ; (2.10)

N | =

where the Sobolev embedding: H'(Q) < L"(Q), QCR? V1<r<oo, is applied. By
substituting (2.10) into (2.8), we obtain

2

d -2
Sl + gl <€ +Cvam (211)
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By multiplying (2.11) with %S&, we get
d
dt

By adding (2.12) to (2.7), we infer that

d [4(m—-1) (m—1) 3m —
3 (3102 ) + R Bl + g Va1

4(m—1 4(m—1 me1(1=%) 727
(M= sBla1 ) + D Bl <c oo @iy

< C+CVn™ M VT +

1-3) 52 3(m—1
Ot 30D (gayopi, 1 v6l)

1 d 1
- m=1qx. 2.13
+2—mdt/§zn * ( )
By choosing
1 1
6>1 and 1f§<m71 (notethat1<m<2<:>27>l), (2.14)
-m

then applying Young’s inequality to the second term on the right-hand side of (2.13),
we can show that

d [4(m-1) (m—1) 3m m—
(=22 8Bla1 ) + sl + o 9w

dt Hm—1)
3(m—1) o 2 2 1 d .
= T 2 2)+o——— [ n™ : 2.1
=C+—— (SoIVpllz: +1Vell )+2_mdt [ dx (2.15)

By integrating (2.15) with respect to time, we obtain

4(m—1) b/(m—1) 3m —
A= Bae+ [ (S8l + g 9 ) ar

1
<Clt+1)+—o m—ldx. 2.1
_C’(—|—)+2_m/9n dx (2.16)

Note that 1 <m <2, and
-1

/Qnm—ldxg (/Qn(x,t)dx)m_1|ﬂ|2_m: (/Qno(x)dx)m Q2=

Hence, we obtain from (2.16) that

T
lallZa + / (a2 + 9™ |22) de < C. (2.17)

Step 3. Now we turn to the estimate of the velocity field. Testing (1.6) by u and
using (1.7), we have

1d

2dt

For I, by using the smoothness of ¢ and similar arguments as those in (2.9) and
(2.10), we can show that

|Il|<C‘/n|u|dx
Q

||u||2L2+HVuH%2z/QanS-udx—&—/QnSV(p—&—q)-udXEIl—i—Iz. (2.18)

1-1)- L
<C(W“||§2 P +1) lalln

m—1 (1_%)ﬁ
<O [Va™ ;s +1 ) [[Vul|Lz

< 2 m—1 (17%)717.271
<—|Vul|7: +C+C[Vn™ [} ,
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where the Poincaré inequality is applied (due to the no-flow boundary condition for u).
By choosing 6 = 53—, we get
1
L] <7 IVualZe+C+ OV L. (2.19)
For I, by using the assumption on the chemotactic sensitivity S(x,n,p,q) (cf.

(1.13)) and Gagliardo-Nirenberg and Poincaré inequalities, we can show that for any
2<s <00,

|u|dx

n
I < S \V4 _
B1< 50 [ 90+ s
<5 / IV (p-+q) 0" u]dx
Q

< SollV(p+q)llz2lln' =]

Ls

1,,

<CO|V(p+a)rzln' | uHLz IIVUIILz- (2.20)

LS
By further applying the Young inequality, we can show that

1_,

CIIV (p+q)||p2[n' uHLz ||VU||L2

LG
< *IIVHIIL2+CIIV(p+q) el P M
< *IIVuIILzJrC'IIV(PJrq)IILz+C’||ﬂ1 5 3. (2.21)

Note that the temporal integral of the second term on the right-hand side of (2.21)
is finite. For the third term on the right-hand side of (2.21), by using Gagliardo-

Nirenberg interpolation inequality and (2.3), we can show that for any s> ﬁ (note

that 0 <a<1),

— 1 s—
L il b
s(l—a) 2
m—1 ﬁ m—1 17@ m—1 .
<C{ln SO VRT | s ™
L m—1 L
s(l—a) 2
m—1 1_ﬁ m—1 s—2
<C (V™Y e +1 : (2.22)
By taking s= 23:7731”&7 we obtain
1 1 %'532
C <||Vnm1Lz R +1) <C+C|Va™ 2., (2.23)
Note that under the conditions (1.14) or (1.15), it holds that s=5-2m > 1. By

substituting (2.23) and (2.22) into (2.21), then substituting the result into (2.20), we
obtain

1 _
|52 < IVl + ClIV(p+q)lIZ: + CllullZe + CIVR™ e lul 7o (2.24)
By substituting (2.19) and (2.24) into (2.18), we have

55” uflzz + 5 HVUIIiaSC(IIVnm_lHizH)HUIIiz+C(|IV(p+q)IIQLz+||Vnm_1lliz+1)-
(2.25)
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By applying the Gronwall inequality to (2.25) and using (2.5) and (2.17), we have

T
||u(t)||2L2+/o [Vu(t)||3.dt < C. (2.26)

Step 4. Now we continue to the higher order estimates of g. Testing (1.10) by
¢*~ ' (s>2), denoting v=¢2 and using (1.7) and (2.17), we have

1d 4(s—1)
L ofz + 262

V][22 + o] :/ o dx. (2.27)
Q

For the right-hand side of (2.27), we can show that for any 1 <6 <s,

1)

2(s—1) 2(s—
[ ot ax< ol
Q

_0
Lo—1
2(s—1
=|nllgollvll 2oy o
L= s 7

<Clinlyo (ol 7 ol ™ °
—Cllnllollola® el - (2.28)
By applying the Young inequality, we can show that
2 2o T
Clinllgollol s olye < loliZn + ClInl 5 ol (2:29)

For the second term on the right-hand side of (2.29), we can show that

__s0 1 _.__s6
e9 e+9 ’HL71||711,—1 s0—s+0
2

Inllge """ =l
Lm—1
1
1 1 § me1 m—1 s0—s+0
e (| PR M
1_1'3%94_9
(HV m— 1||L2§_|_1) o , (230)
where ﬁ v s+0 >1. Note that when 1<m<%7 by taking 9:% and

5> 235 o D) , it is straightforward to verify that
1 1 s6
1 — —_— = 2
( 9) m—1 s—s+6
which implies

Il 75 A <C(|IVn™ 72 +1). (2.31)

On the other hand, when % <m< 2, it is easy to verify that

1 1 s6
(19> m—1.59—8+9<2'
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In this case, by applying the Young inequality to (2.30), we can show that

[nll;5 %" o <C (V™ 3. +1). (2.32)

Further notice that z;(_e;:‘; < 2. Hence, we update (2.29) as

(01 o) 2(s—1) e
Cllnllzellol 2 ol < ol +C (V™ iz +1) (ol Ze+1) . (2:33)
By substituting (2.33) into (2.27), we obtain

2 s—1)2+1
ol + 222D vz, + O

[vlZ: <C (V™ H[Z2 +1) (lolZ2 +1).
(2.34)
By applying the Gronwall inequality to (2.34) and using (2.17), we can show that

T
o+ [ lol3pde<c.
0
which, together with the definition of v=g¢?, implies

2(m—1
Vmax{(m),2}<s<oo, 1<m<§,
—2m

lallze,7;2) < C, ; (2.35)
2<s <00, 5 <m<2.
Step 5. Testing (1.9) by —Ap and using (1.7), we have
33 Vol + it == [ 5" (00 0)np) e )k + [ awBpix
i,j=1
<|IVull 22|Vl Zs +llpll o nl 22 [ Apl| 2
<|Vullz2 Vel s +Clinll 2 [ Apll 2, (2.36)

where (2.2) is applied. By applying Gagliardo-Nirenberg interpolation inequality, we
can show that

IVplZs <C (lIpllz | Apllzz +[1Vpll72)-

Since Vp-n|gpg =0, we deduce that
1
IVpll7.= —/ pApdx <|lpl[r2 | Apl 2 <[Pl |2 (| Apl| 2,
Q

which implies
IVpll7s <Clpllr=l|Apll L2
So we update (2.36) as

1d

5 3 IVPIZe +1Apl7: <ClIVull2llplls [ Apll 2 +Cllnll 2 | Apl 2

SZHAPHQLQ+CHVUH%2+CHHH%2’ (2.37)
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which implies

1d 3
5 = IVpEa + 1 Ap|3: < O VulZ +Clnl, (239)
Testing (1.10) by —Aq and using (1.7) and Gagliardo-Nirenberg inequality, we can
show that
1d
2dt
—/nAqu—i—/(u-Vq)Aqu
Q Q
[nllL2l|Aqllz> +[ullz+ [Vl 4 [[Agll >

1 1 1 1
< [nllz2l|Agls +Clal £ 1Vl (190l 32 1A] 22 + [Vl 22 ) | Agl

IVallZ-+11Agl7- + Va7

IN

IN

1
1I18dlzz+ClinllZ: +CllalZe [ VulZ2 Vgl Ze + Cllull 2| Vall 2 [ Ve 72

IN

1
112dlzz+ClinllZ: +C Va2 Vel + C | VulZ: [ Val 7, (2.39)

where (2.26) and Poincaré inequality are applied. After rearranging terms, we have

1d

3
5 qpIVallze+ 7 1AdlIz: +[1Val7: < Clnllz: + ClIVulZ: [ VallZ.. (2.40)

Testing (1.8) by n™~! and using (1.7), we deduce that

1d m o 2m—3 2
mdt/Qn dx+m(m 1)/Qn |Vn|“dx
= (mfl)/nmflSV(p+q)~Vndx+(mfl)/nm*1V¢oVndx
Q Q
< So(m—l)/nm*1|V(p—l-q)||Vn|dx+C(m—1)/nmfl\Vn\dx
Q Q

m(m—1)

< 7/n2m_3|Vn|2dx+C/ ndx+0/n|v(p+Q)|2dX'
4 Q Q Q

After rearranging terms, we have

ii/nmdx+w/n2m*3|vn|2dxgc/ nodx+0/n|V(p+q)|2dx,
(2.41)

where (2.3) is applied. For the second term on the right-hand side of (2.41), we can
show that

/n|V(p+q)|2dx§77/ andx—i—C/ |V(p+q)|2§ﬁ1dx, (2.42)
Q ) )

where >0 is a constant to be determined. By using the Gagliardo-Nirenberg inequality,
we deduce that
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2m—1 ﬁ 2m—1 1_ﬁ 2m—1 237:,?1
§C< n-z 5 Vn 2z +HnT 5 )
L2m—1 L2 L2m—1
4m
2m—1 ||1= 2t 2m=T
SC( Vn 2 +1>
L2
2m—1 2
SC’( Vn™ 2 L2+1>. (2.43)
In a similar fashion, we can show that
Ty A 1 1-¢ T 2.44
IVp+g) 7 Tdx < C([[Ap+a)ll7=llp+all " +p+alle : (2.44)
Q

where / is a positive number to be determined and

1 1
_7tam

525(6)* %‘F% .

. . . . 1
We observe that since 1 <m <2, £(¢) is strictly decreasing for £ € (0,00), and & (ﬁ) =

2m—1
2m

. Hence, for some fixed number ¢y such that

1 2(m—1)
— T 2i<d
max{ 1" 3.9 s }< 0 <090,

by using (2.2) and (2.35) we deduce that

4m
2m—1

4m
_ 2m—1
C(1a+a)lSalp+all e +Ip+allzo )™ <C (IAG+a)5.+1)

Eony
<ClA(p+q)| 2" +C
<nllAp+q)li-+C, (2.45)

where the Young inequality is applied and n>0 is a constant to be determined. By
substituting (2.45) into (2.44), we have

/ V(p+4q)
Q
By substituting (2.43) and (2.46) into (2.42), we obtain

=T dx <nl|A(p+q)| 2 +C. (2.46)

2m—1

2
/Q nIV(p+q)Pdx <nC||V* | +nCllA@+a)E:+Co+1),  (247)

By substituting (2.47) into (2.41), we have

1d -1 .
——/nmdx+mfn2m*3|vmzdx

2m—1

2
< C’/QnodernC’HVn 2 HL2+7]CHA(p+q)H%2 +C(n+1). (2.48)

Note that

2

2m—1

Vn

L2’

4
2m—3 2 _
/Qn [Vn| dx_7(2m71)2 H
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So we update (2.48) as

1 d/ mdx+3m(m—1) an27n2—1 2

mdt (2m—1)2 L2
m—1 |2
< c/ nodx+nC |V | +nClAp+a)E+Ch+D. (249)
Q
By adding up (2.38), (2.40) and (2.49), we obtain
d 1, 3
& (31904 5103+ - [ amax) +
Q
3m(m71) 2m—1 ||2
2 2 =
+Z||AQHL2+||VQ||L2+WH n Lo
< OIIVUIIizHVqII%z+C||Vu||2p+C\|nlliz+0/ ngdx
Q
1112
+nOHVn72 ; 1HL2+170||A(p+q)||%z+C’(n+1). (2.50)

Note that since m > 1, by Hélder’s inequality and (2.43), we can show that

2 e
||n||2L2=/n2dX§</n2mdx> o <c(an2 2+1)
Q Q

2
2m—1
+C,
L2

<ol

by which we update (2.50) as

d 1 3

5 (519wl + 519zt - [ nmae) + S1pi3s
Q

3m(m—1) 2

(om 17

< C||Vu||2L2HVq||2L2+C||Vu||2L2+C/ g dx
Q

2m—1

*llAq\|L2+||VQ||L2+

HVn
L2

2m—1 2
+770HV71 2 HL2+nC||A(p+q)||%2+C’(n+1). (2.51)

By choosing 1> 0 to be sufficiently small, we can further update (2.51) as

d 1 1
& (5904 510t - [ amax) + S8l
Q
3m(m—l) om—1 |2
211AQl2 2 H 2m-1
+2|| q‘|L2+||vq||L2+2(2m_1)2 2 2
< C||Vu||%2HVq||%z+C’||Vu||%z+0/ nodx+ C. (2.52)
Q

By applying the Gronwall inequality to (2.52) and using (2.26), we can show that

T 2
2m—1
IVpl3e +19alfs + [ nmaxe [ <|Ap|%z+||Aq||%z+sz HLQ) dt<C,
Q 0
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which further implies

T
/ / n?™(x,t)dxdt < C, (2.53)
o Ja
according to (2.43), and

l (pvq)HLOO(O,T;Hl) +l (pvq)”L2(0,T;H2) + ||(3tP,5tQ)||L2(o,T;L2) <C, (2.54)

by virtue of (1.9) and (1.10).
Step 6. Testing (1.8) by n/ (2<j <o) and using (1.7), we compute

1 itm
d/g+1d +(ﬂ/|wé|dx

j+1 dt
N /S . V(p+q)-Vn e dX—&-i/ = m+2V¢ Vn 5 dx

jt+m

ﬂH %2 CH # 2 C/ j_m+2d 955
= (j+m)2 Vn L2+ n LkHV(p-HJ)HL%-i— Qn X, ( . )

where (1.13) and the smoothness of ¢ are applied and 2 <k < oo is to be determined.
After rearranging terms, we have

1 d 3jm ifm
nftldx
j+1 dt/ +( /'v

i=m42-2a kHV(p—i—q)Hi% +C/an—m+2dx. (2.56)

2dx

<CH

For the first term on the right-hand side of (2.56), by using the Gagliardo-Nirenberg
and Young inequalities, we have

4 24
19G+0)I? a, <€ (IAG+DILIVE+0)I7:F +IVo+a)lE:)

<C(IAp+9liZ:+IVp+a)li=), V2<k<oo.

Note that according to (1.14) or (1.15), it holds that 2 <m+ 2« < 3, which implies

G-k (j—m+2-2a0)k jk
2 < 2 < 2
Since j > 2, there exists ko > 2, such that jko <2(j+1). Hence, we can show that

j—mt2-2a |2
2

Hn §C/ T ldx +C.
Q

Lko

Moreover, since 1 <m <2, it holds that j <j—m+2<j+1. Hence, we can show that

/nﬂ'*m”dxgc/ nftldx +C.
Q Q

By using the above estimates, we update (2.56) as

1 d
- Jj+1 _ e
j+1dt/ dx +(
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< C(/Qnmdx) (I.) 7+ 1) + (1) 132 +1) - (2.57)

By applying the Gronwall inequality to (2.57) and using (2.54), we can show that

T )
/nj+1dx+/ /|Vn%|2dxdtsc, ¥2<j<o0. (2:58)
Q 0 JQ

Step 7. Testing (1.6) by Vr— Au and using (1.7), we derive

1d

2dt

/ (nVo+nSVp+nSVg—u-Vu)-(Vr—Au)dx
Q

IValZ. + [V —Aul

IN

C(Inllz +Inllz IVpll s + Inll s [ Vall o + l[all 4 [V ul| ) [V — Aul 2
1 1
< C (1 19plzs + I Vallze + [[ull 221Vl 2| Au £ ) [ 97— Al

IN

1
5 IVr=Aulfz +C+C|[Vpl7: +ClVallL: +C|[Vullz:, (2.59)

where the smoothness of ¢, (2.58), (2.26) and the well-known H 2-estimate of the Stokes
system:

||U.HH2 S C ||V7T - Au||Lz,
are applied. After rearranging terms, we get from (2.59) that

1d 1
5 gl Vulliz + 51V = Aulf: <C+ ClIVpl: +ClIVal 7+ C [ Vul|7.. (2.60)

By applying the Gronwall inequality to (2.60) and using (2.26) and (2.54), we can show
that
IallLe 0, r:m) + 0l 20,7 m2) + 000l 20, 7522) < C- (2.61)

Step 8. With the a priori estimates established in the previous steps, we now apply
standard theory for the heat equation to derive the desired estimates of the solution as
stated in Theorem 1.1.

First, by the standard L*-estimate of the heat equation (cf. [2]), it follows from
(1.10), (2.58), and (2.61) that

gl o< (0,7;0) < C. (2.62)
Next, we decompose p as p=p; + p2, where p; and p, satisfy
Op1 —Ap1=—V-(up), (x,t)eQx(0,T),
Vp1-n=0, (x,t) €0 x (0,1, (2.63)
P1(x,0)=0, xeq,
and
atp27Ap2:7npa (Xat) €N x (O7T),
Vpy-n=0, (x,t) €00 x (0,T), (2.64)
p2('50):p07 XEQ?



JISHAN FAN, LULUNJING, GEN NAKAMURA, AND KUN ZHAO 825

respectively. By using (2.2), (2.58), (2.61) and the classical theory for the heat equation
(cf. [2]), it can be shown that

IVpillzro,r;r) < CllupllLro, 150
<Clhullzr0,r;27) <Clall Lo (0,751 < C, (2.65)

and
||8tp2||LT(0,T;LT) +|Ip2 ||LT(0,T;W2=T) <C (HPOHWz—%,T + H”pHLr(o,T;LT)> <C (2.66)
for any 2 <r < oo. Hence, it holds that
Vol Loy <C. (2.67)
In a similar fashion, we can show that
I1Vall Lo, 1307y < C. (2.68)
Now, we observe that the Equation (1.9) can be rewritten as
Op—Ap=f=—u-Vp—np.

Note that according to (2.61), (2.67), (2.2) and (2.58), it holds that f € L"(0,T;L"), and
thus we have

191 o iy 2.y 1Pl 07327 + Pl 20 ) <. (2.69)

Similarly, we can show that

||Q||LOO(O7T;W27%TT) +110eqll Lr0,7;2m) + ]l Lr0,7mw2m) < C. (2.70)

Lastly, by applying the same estimates as those in [12,20], one can show that

lall Loe (0,7, 00) + 17| oo (0,73 200) £ C (2.71)
The combination of (2.61), (2.69), (2.70) and (2.71) gives the desired estimates of the
solution as recorded in (1.16). This completes the proof of Theorem 1.1.

3. Proof of Theorem 1.2
In this section, we complete the proof of Theorem 1.2. For the reader’s convenience,
we recall the system of equations:

Jou+u-Vu+Vr—Au=nVo+nSVp+nSVy, (3.1)
V-u=0, (3.2)
on+u-Vn—An=-V-(nSVp)—V-(nSVq)—V-(nVe), (3.3)
dip+u-Vp—Ap=—np, (3.4)
dq+u-Vg—Aq+q=n, (3.5)

x €R3, t>0, which is supplemented with the initial and boundary conditions:
(uan7p7q)(x70): (u07n07p07qo)(x)a X€ﬁ7 (36)

u|g)Q=0, Vnm-n‘agzo, Vp~n|ag=0, Vq-n|ag=0, t>0, (37)
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where Q CR3 is a bounded convex domain with smooth boundary 952, and n is the
unit outward normal vector to 0. Moreover, the chemotactic sensitivity S(x,n,p,q) €
C?(Q x [0,00)3) is assumed to satisfy

S|4 [0xS| + 180 S| +8,S| 41945 < S1, ¥(x,1,p,q) €2 x[0,00)°, (3.8)

for some positive constant S;.

In what follows, we will show that a local solution (u,n,p,q)€ L>(0,7;H?)N
L?(0,T;H?) can be extended beyond 0<7 < oo, provided that the solution satisfies
the extensibility criterion:

ueL?(0,T;BMO), VpeL+3(0,T;L"), VqeL+3(0,T;L*) (3.9)

for some 3<r,s<oo, where BMO stands for the space of functions with bounded
mean oscillation. As usual, in order to prove that the local classical solution can be
extended beyond the local lifespan under the additional regularity assumption (3.9), we
need to show that the L>°(0,T;H?) norm of the solution is finite, and in particular,
l(u,n,p,q)||g2(T~) <oo. In the proof of the main result, we shall utilize the following
two lemmas.

LEMMA 3.1. Let Q be a domain in R3. Then it holds that

1f1lLee @) <C <1+ I lBao@) \/log (e+ ||f||W1w(Q))> (3.10)

forvVfe WOLV (Q) with 3 <~y < oo, where the constant depends only on Q and .

Proof.  When Q=R3, (3.10) is proved by Ogawa [16]. For a bounded domain
Q CR? with smooth boundary, we define

e f xeqQ,
10 xeQ=R3\Q.

Then we have (cf. [1, p.71])
1 Fllwrs sy =11 Fllwv ey
and it is obvious that
Il @®e)y =11 fllz=) and [|flsrows) <Cllflpro)-

Thus (3.10) is proved. |
LEMMA 3.2 ( [3]). Let QCR? be a bounded domain with smooth boundary. Then it
holds that

||f||2L4(Q) <ClfllezclfllBrro)- (3.11)

For the proof of Theorem 1.2, first of all, we note that the estimates (2.1)-(2.5) are
still valid in the three-dimensional case. We divide the subsequent proof into several
steps.
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Step 1. Testing (3.3) by ni~! (i >2), using (3.2), (3.8) and denoting w=nz, we
infer that

ld 4
gz + 22D

IVwllZ

2(1—1 2(1—1
= M/w(Vp+Vq)~dex+¥/quS-dex,
Q Q

7

which implies

d 4(i—1)
D+ 2D vz,
= 2(1'—1)/w(quLVq)-deerQ(ifl)/wV¢~dex. (3.12)
Q Q

For the first term on the right-hand side of (3.12), by Holder’s inequality, we have

2(i—1) /w(V'erVq)odex
Q
< 2= 1) (JwVp| 2 + [wValz2) [ Vel o2
< 2(i=1) (IVplleellwll 2, +1¥alce ] 2, ) IVe]l2 (3.13)

for some 3 <r,s <oco. By applying the Gagliardo-Nirenberg interpolation inequality, we
can show that

VDl

rfwl | 2=, <

1_,
v (Il ™ 19wl 2 + ullss )

IVal e (Il * 19wl o + el 22 )

rel[wll | 2s, <

So we update (3.13) as

2i—1)

/ w(Vp+Vq)-Vwdx
Q

1-2
e\ P (e

142
25 +\|w||L2||Vw||L2)

+CIIVal e (Jlwls”

2wl Ve

(i-1) o
< SVl +C (I + IVl ) folfs+Clwle. (314

where the Young inequality is applied. Moreover, for the second term on the right-hand
side of (3.12), by using the smoothness of ¢, we can show that

2(i—1) <C||w||L2||Vw||L2<( )||VwHL2+CHW||L2- (3.15)

/wV(b Vwdx
Q

By substituting (3.14) and (3.15) into (3.12), we have

2(' )

d
Slwl3e+

Vw ||L2<C< L >||w|L2+C||w||Lz- (3.16)
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By applying the Gronwall inequality to (3.16) and using (3.9), we infer that
17l os 0,7:25) + 10l 220,751y <O, V2<i<oo. (3.17)

Step 2. Testing (3.5) by ¢ and using (3.2), we compute

1d 1 1
5 gpllalze +1ValZa+llallZe <llnllzzllgllz2 < 5lInl7z + 5 llallZe,
which implies

1d

1 1
5@@”%2 +Vallz: + 5llallze < 5lnlZe. (3.18)

—2

By integrating (3.18) with respect to ¢ and using (3.17), we have

T
||61(t)||%2+/0 la@®)|Fndt<C, Ve (0,7). (3.19)

It follows from (3.5), (3.2), (3.17), and the standard L*°-estimate of the heat equation
that

llall Lo 0,1;100) < C. (3.20)
Step 3. Testing (3.1) by u and using (3.2), (3.8) and (3.17), we derive

1d

sl +[9ult = [ (8 Vp+nSVa+nve)-udx
Q

< C(I9pllz-lInl o, +1Vallze in]
< CUIVPlL+[Vallzs +1) ul 22

1
Sl +C(IVplz- +1Vallz. +1)

L2 +lnllz2) a2

A

IN

IN

1 2r 2a

stz +0 (1P + 17127 +1). (321)
where 3 <r,s<oo. By applying the Grénwall inequality to (3.21) and using (3.9), we
infer that

[ullzo 0, 7;22) +llull 20,7551y < C. (3.22)

Next, we shall move on to the estimation of the higher frequencies of the velocity
field. As the classical situation encountered in the three-dimensional incompressible
Navier-Stokes equations, the main difficulty in building up the higher order regularity
of the velocity field comes from the nonlinear convection term in (3.1), which essentially
leads to the Beale-Kato-Majda blowup criterion [4]. In our case, since we are to utilize
the temporal cumulation of the BMO norm of the velocity field as an extensibility
(blowup) criterion, the situation is even worse than that in [4], due to, as was mentioned
in the Introduction, the BM O-norm of a function being a penalty term as one replaces
the usual Sobolev embedding: W17« L[> (3<+vy <o) by a logarithmic correction,
see (3.10). In what follows, we overcome the difficulty by performing a somewhat
“microanalysis” by monitoring the growth of the energy bound of the solution within
a small time interval near the end of the lifespan of the local solution, and using an
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iterative argument based on the classical theory of the heat equation to close the energy
estimates.

Step 4. Testing (3.1) by 9;u and using (3.2), (3.8) and (3.10), we compute

1d
IVl + ol

= /(anb—i—nSVp—l—nSVq)ﬁtudx—/(u-Vu)-@tudx
Q Q

IA

C(Inllze + 1l

+[lullze [[Vull 22 (| Gra]| 22

2 9Pl il 2, [Vl e ) 90 e

IN

1
3 19allZ: +CllulZ= [VullZ: +C (L4 [ VPIIZ- +[1ValZ-)

IN

1
3 l9wallz: +C [1+ ||u||2BMO log (e-+[ullw)] [VullZ:

re ).

where 3 <r,s<oo. After rearranging terms, we have

5 < IVl + S0

.
< CO[1+[[ulbaso log (e + l[ullwr )] IVl +C (H”Vp'if

L) . (3.23)

By applying the Gronwall inequality to (3.23) and using (3.9), we deduce that for any
O<to<t<T,
)]

t
IVu(t)[2. < [HVu(to)n%zw / <1+Vu|iz+||w||

t
xexp{log[e+y<t>1 / ||u||2BModT}

t
s0exp{1og[e+y<t>1 / ||u|2BModr}, (3.24)
to
where
= s (el 3<7<6 (3.25)
to,t

Since ue€ L?(0,T; BMO), for any €< 1, there exists to < T, such that

T
/ lul|%,0d7 <e. (3.26)

to

Hence, we update (3.24) as
IVu(t)[2: < Cle+y(®), Vho<t<T, (3.27)

where the constant C' depends on |lu(to)||2.. Later, we will choose an appropriate value
of € to close the energy estimates, by which ¢y will be fixed. By substituting (3.27) into
(3.23), we have

5 < IVl + S0
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< C[1+[[ulBaro log e+ [[uflw)] [6+y(t)]€+0<1+|Vpllif’JrIIVQIEsS)

27 2s

i +Vq z;3>. (3.28)

< O [1+]lulf a0 log (e +y(T))] [e+y(T)]+C <1+ VDl

Integrating (3.28) over (to,T") and using (3.26), we infer that

T
/ |Opul2.dr

’ T
< ||Vu(to)||2Lz+C[€+y(T)]€+C[e+y(T)]€10g(e+y(T))[ [l aodr +C

< O+ Cle+y(T)+Cle+y(T)|log(e+y(T))"
< Cle+y(T)]*. (3.29)

Moreover, by using (3.27), (3.29), and (3.17), we can show that

a2
< C|Vr—Aul| g2
= C||Opu+u-Vu—nVo—nSVp—nSVq| L2

< Cl|9pul| 2 +Cllaf o[Vl s + Clln][ 2 + Clln]| L

Vol +Clinll,

Vq|

2r ‘ 2s
r—2 —2

s

1
< Clpul| 2 +C|[VulZ: + 3 lullz= +C+ClVplL-+ClValle, (3.30)

where we have applied the following interpolation inequalities in R3:
[aflze <Cl[VullLz,
1 1
IVl s <C[|Vul|7.[[V?ul| 7.
After rearranging terms and squaring on both sides, we get from (3.30) that
[ull?2 < CllopalZ2 + ClIVullfe +C +C|[Vpll7- + CVal 7. (3.31)
Integrating (3.31) over (¢p,7") and using (3.27) and (3.29), we infer that
T
/ lulfZedr < Clet y(T)J. (3.32)
to
Step 5. Now we decompose p as p=p; + p2, where p; and py satisfy

atpl—Aplsz(up), (X,t)GQX (OaT)a
Vpr-n=0, (x,t) €09 % (0,T), (3.33)
p1(x,0)=0, x €,

and

ath - AP2 =—-np, (Xat) € Q% (O7T),
Vps - n=0, (x,t) €% (0,T), (3.34)
p2('50):p07 XEQ,
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respectively. It follows from the classical theory for heat equation [2] and (2.2) that

||Vp1||L6(t0,T;L6) < C||up||L°‘(to,T;L°‘) < C||“||L6(to,T;L6)~

By using Gagliardo-Nirenberg inequality and (3.27), we can show that

T T
[ ultedr<c [ [9ulfadr <@ —to)le o) < Cletu(@))*,
to

to

which implies
Lle
IVpLllzoto,r;00) < Cle+y(T)]>
Similarly, by using (3.17) and (2.2), one can show that
VP2l Lo to,7:00) < Cllp2llLoto,riw20) <C (Hpoﬂwz-%,e + ||np||L6(to,T;L6)) <C,

whence

€

[

IVollLs(to,r;6) < Cle+y(T)]
In a similar fashion, we can show that
IVall o 10,720y < Cle+y(T)]
Step 6. We note that the Equation (3.3) can be rewritten as

on—An=-V-(un+nSVp+nSVqg+nVae).

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

By using (3.27), (3.37), (3.38) and the standard L*>-estimate of the heat equation, one

can show that
[l oty i) < Cle+y(T)]
It then follows from (3.40) and the previous estimates that
VRl s (to,7520) < Cle+y(T)]
Observe that the Equation (3.4) can be rewritten as
dp—Ap=f=—u-Vp—np with ||flrs,1:L5) <Cle+y(T)],
and thus we have
10epIl 3 (t0, 1513y + 1P| L3 (10, 73w2:3) S Cle+y(T)]“.
Similarly, we have

10eqll L3 (t0,7:13) + gl L3 (20, 7;w202) < Cle+y(T)]°.

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

It then follows from (3.27), (3.37), (3.38), (3.40), (3.41), (3.8) and the smoothness of ¢
that the right-hand side of (3.39) satisfies the estimate: |g|| 13 (s, 7;23) < Cle+y(T)]*,

where g=—V-(un+nSVp+nSVqg+nVe¢). Therefore

2e

0enll 3 (to,1:2) + Il L2 (20, m302.2) < Cle+y(T)]™

(3.45)



832 INTEGRATED CHEMOTAXIS-FLUID MODEL WITH SUPERCRITICAL SENSITIVITY

Step 7. Applying 9; to (3.1), testing by d;u and using (3.2), we observe that

1d|
2dt

7/(5‘tu«Vu)«8tudx+/8th¢~8tudx+/ﬁt(nS)V(erq)ﬂtudx
Q Q Q

|0rul[Z: + VOl 7,

Q

In what follows, we shall estimate I3,...I4 within the time interval [to,T]. To bound I,
by using the Gagliardo-Nirenberg inequality and (3.27), we can show that

LI <[Vl 2 l18ru]l3s < Ol Va2 |9yl 2. | Vrul
< V0l + CIvulds ol
< IV + Clet (T [Ol3o. (3.47)
For I5, by using the smoothness of ¢, we have
|| <1V e lldim] 2 | Orull 2 < 9l + COynl 32
< ||opul|3e +C|0sn |35
<||0pu|2s +C||3yn3 s + C. (3.48)

By using (3.8), we estimate I3 as
13| = ap 3

< Cl(0en, 0ip,0a) || 2 |V (p+ )| Lo [|Ou]| L2 (14 ([0l o)

<o)z (1+[n)Z) +C (1(9n. 00, 0:0) |72 + | (V, Va)l| 76 )

<Cle+y(D))|0sullF2 +C ([|(8en,0ep,0:0) | 75 + (VD V)1 26) » (3.49)

oS oS 0
/ {S@tn+n<8tn+ 3tp+8tq>} V(p+4q)-0udx
Q

where (3.40) is applied. Lastly, for Iy, we can show that

I4|‘/5t(p+q)8tu~V(nS)dx
Q

<Cl|9:(p+a)lzs 0ral| L2 ([0l o [ (0xS, V', VP, V) || Lo +[[ V] o)
< [[opullZ2 ([Inl[Z +1) +C ([(0ep,0ea) 122 + (V7. Vi, V) |76 +1)
< Cle+y (D)0l 72+C (00, 0:a) |22 + [ (V1, Vi, V)| G6 +1). (3.50)

By substituting (3.47)—(3.50) into (3.46), we obtain

o3+ Vo,

< Cle+y(D)*|0pul|72 4+ C (| (9en,0ep,0:0) |35 + | (V1, Vp, V) |96 + 1) . (3.51)
By integrating (3.51) over (to,T), and using (3.29), (3.43), (3.44), (3.45), (3.37), (3.38)
and (3.41), we can show that

T
|0pu2 . +/ |Vorul||32dr < Cle+y(T)]%. (3.52)
to
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Step 8. Testing (3.4) by —Ap and using (3.11), (2.2), (3.17), and (3.22), we can
show that
1d 5 5
i&HVPHH +[Aplz.= [ (u-Vp+np)Apdx
Q

< (Iallza[Vpllza +lInllz2 Pl ) Apll 2

< Ol ull 3arolpl < Apl 22 + 1)l Ap .2
< S18pl3 + Cllulfhnro +C, (3.53)
which implies, by (3.9),
Il oo 0,750y + PN 22 0, 1312y < C (3.54)

In a similar fashion, we can show that
lall Lo o, 7m0y +lall 20, 7;m2) < C. (3.55)
By using similar arguments in (3.30), we can show that
[ull 2 < Cl|pul 2 +C|| V|72 + Cllnll 2 + Cllnll L= | Vo] 2 + Clln) L= [ V| 2
<Cle+y(T), Vteto,T],
where (3.52), (3.27), (3.17), (3.40), (3.54) and (3.55) are applied. By using the definition
of y(t), we infer that

3e
Ja(®) e <C (et sup u(®)llwss ), Vel T), 3<y<6.
[to,T]
According to the Sobolev embedding: H? < W7 (3<~<6), we see from above that
3e

sup [[u(t)l| 2 < C(e+C sup [lu(t) a2

[t07T] [t07T]
By choosing €= ¢, we obtain

||uHLoo(t07T;H2) SC (356)

At this point, we see that when the value of € is fixed, one can fix the value of to < T,
such that (3.26) is fulfilled, and therefore all the constants (depending on the energy of
the local solution at t =ty) appearing in the energy estimates following (3.26) are finite.
Consequently, it follows from the definition of y(t) and (3.56) that y(7) <C, which in
turn implies that

l0val|Los (10,722 + [V Orul| L2, 1522) < C,
|(Vn,Vp,Va)|lLsto,1;16) + 11 (0en, 00,05 q) | L3 (40, 7;.3) + || (7,2, @) || L3 (80,03 w203) < C,

17| Loo (1o, 13150y < C,

in view of (3.52), (3.37), (3.38), (3.41), (3.43), (3.44), (3.45) and (3.40). Since to<T is
fixed, according to the local existence theory we can update the above estimates as
|0¢a| Lo 0,7;22) + [|0rall L2(0,7,1) < C,
1V, Vp, V) nso,1;6) +11(0em,0:p,0¢q) | L3 0,7;15) + | (0,0, @) | 3 (0, 75w2.3) < O, (3.57)
70l Los (0,731.) < C.
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Moreover, by applying (3.57) and classical estimates of the Stokes’ system, we can
improve the estimate of the velocity field as

[uallr2(0,7;m3) < C. (3.58)

Step 9. Applying 9; to (3.4), testing by 9;p, using (3.2), (3.12), (3.57), and (3.58),
we have
1d

0l Vol + [ n@rax
Q

= —/((%u-Vp)atpdx—/(3tn)P(atp)dx
Q Q

< [0l Ls[[Vpl e 0epl 2 + [Ipll Lo || Oenl| L2 | Osp]| 22
< Clowallm [[Vplle 10l > + Cllpll 2| 0en| 2] Oep | 2
< lpllZ: (l0cullF +lIplF2) +C (1VpllLe +10im] 2). (3.59)

A

By applying the Gronwall inequality to (3.59) and using (3.57), we can show that

10epll Lo< (0,1:22) + 10ep | L2 0,717 < C- (3.60)

In a completely similar fashion, by applying 9; to (3.5) and (3.3) and using the previous
estimates, we can show that

10eq|| oo (0,7;,L2) +110ed| L2 (0,7;11) < C,
[0enll Lo 0,7:L2) + 110l L2(0,7311) < C.

Then by further iterating the estimates by using classical theory of the heat equation,
we can show that

P\l oo 0,712y + 1Pl 20, 73128y < C
”qHL“(O,T;H?) + HQ||L2(O,T;H3) <C,
1]l o (0,1;12) + 1l 20,73 15) < C.

Since the proof is standard, we omit the technical details to simplify the presentation.
This completes the proof of Theorem 1.2.

4. Conclusion and looking ahead

We have studied the qualitative behavior of large-amplitude solutions to an inte-
grated chemotaxis-fluid model, (1.6)—(1.10), under the initial and Dirichlet-Neumann-
type boundary conditions, (1.11)—(1.12). In particular, it is shown that for the model
with porous medium-like diffusion in the two-dimensional space, large-amplitude strong
solutions exist globally in time for naturally prepared initial data under appropriate
conditions on the generalized chemotactic sensitivity function, see Theorem 1.1. For
the model with linear diffusion in the three-dimensional space, it is shown that local
classical solutions can be extended beyond their lifespans provided that certain solution
components belong to some critical energy spaces involving the BMO and L" norms
of the local solutions, see Theorem 1.2. These appear to be among the first analytical
results for the coupled chemotaxis-fluid model (1.6)—(1.10).

On the other hand, many questions concerning the qualitative behavior of the in-
tegrated model are widely open, whose resolution may require more in-depth analyses
than the ones presented in this paper. We leave the investigation to future works. These
questions include, but are not limited to:
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e long-time behavior of large-amplitude solutions to the initial-boundary value
problems of (1.6)—(1.10) under the conditions of Theorem 1.1;

e global existence and long-time behavior of large-amplitude solutions to the
initial-boundary value problems of (1.6)—(1.10) under the conditions different
from those of Theorem 1.1, especially (1.13);

e extensibility criteria of large-amplitude solutions to the initial-boundary value
problems of (1.6)—(1.10) in different functional spaces from (1.18).

We hope that the research of these topics will offer future opportunities in this area.
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