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1 Introduction

In this paper, we consider the Cauchy problem of the multidimensional chemotaxis model

osu=Au+V-uVinvy),
(1.1)
0V = uv — uv,

where (£,x) € R* x R”, u(t, x) and v(¢,x) denote the cell density and the chemical concen-
tration, respectively, and u is a constant.

The system (1.1) was proposed by Othmer and Stevens [1] to describe the chemotac-
tic movement of particles where the chemicals are non-diffusible and can modify the lo-
cal environment for succeeding passages. For example, myxobacteria produce lime over
which their cohorts can move more readily and ants can follow trails left by predecessors
[2]. One direct application of (1.1) is to model haptotaxis where cells move toward an in-
creasing concentration of immobilized signals such as surface or matrix-bound adhesive
molecules.

For the sake of simplicity, we set w = ¢ + Inv. Therefore we get from (1.1)

i =Au+V - (uVw),

(1.2)
oW = u.
Letting p > 0 be a constant, we substitute
u=p+p, q=Vw, (1.3)
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into the system (1.2) to get

op — pdivq — Ap = div(pq),
9q—-Vp=0, (1.4)
Vxq=0.

To represent the results in this paper, the following notations are needed. We use (-, ) to
denote the standard inner products in L2(R") and || - || is the corresponding norm in L2(R").
For any r € [1,00], L"(R") is the usual Lebesgue space on R”. We define the operator A*
with s € Rby

Nfw= [ 16 d,

where f (£) = Ff(£) is the Fourier transform of f(x). We shall use D¥ with an integer k > 0
to stand for the usual spatial derivatives of order k. When k < 0 or k is not a positive
integer, DX stands for AX. We then recall the homogeneous Besov spaces. Let ¢ € Cfo(Rg‘)
be such that ¢(£) =1 when || <1 and ¢(¢) = 0 when |§] > 2. Let ¢(&) = ¢(£) — ¢(2€) and
vi(&) = w(%) for any j € Z. Then ZjeZ @j(§) =1if § #0. We define A; := F () * f, then,
for o e Rand 1 < r, s < 0o, we define the homogeneous Besov spaces BY,(R") with the
norm || - || defined by

1
I lae, = <Zzgsf||A;f||zr) C Wl = s AS ).
je

jeL

We also use || AX(p, q)()|1 := | A p(t)||*> + ||A¥q(t)||> and denote by C a generic positive
constant which varies from line to line. For the energy estimates, the instant energy func-
tional for a solution (p, q)(,x) to the system (1.4), denoted by Ex(£) has the equivalent
relation with some integer N > 0,

N
En) ~ Y [P @00’ (L5)
k=0

In addition, the corresponding dissipation functional denoted by Dy () satisfies

N
Dn(e) ~ Y[ D" @®)|” + [D¥* ()|, (16)

k=1

Here the notation A ~ B is used to denote that there exist two generic positive constants
Ci < Cysuchthat CiB < A < CyB8.
With the above preparation, the main results in this paper can be stated as follows.

Theorem 1.1 There exists € > 0 such that if Ey(0) < € with N > 5 + 1 and n > 3, there is a
unique global solution (p,q) = (p, q)(¢, %) to the system (1.4) with (p,q)(0,x) = (po(x), qo(x))
that satisfies

d
EgN(t) +CDn(2) <O. (1.7)
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This global solution has the following time decay:
|A Q@) < Ce(+ ) forany € € [0,N]. (1.8)
If we further assume ||(p0,q0)||359 < oo with o € (0, 7], we have

||Ae(p, q)(t) ”2 <C(1+¢) forany € € [-o,N —1]. 1.9)

Remark 1.2 Similar time decay rates to (1.8) and (1.9) were obtained when the initial data
in the additional negative homogeneous Sobolev space H(R") with o € (0, 5) for equa-
tion (1.4) with some perturbation term in [3] the referee told us. Compared to the results
in [3], our results can include the endpoint cases while the equation considered in [3] is a
little more complicated. In some sense our results generalize their partial time decay rates
results and we believe that our proof methods can also apply to the equation considered
in [3] to obtain the time decay rates of the endpoints. In addition, the other small assump-
tions of the initial data are imposed in [4, 5], some time decay rates results can be obtained
and our results also improve the time decay rate results in [4, 5]. As to the chemotaxis sig-
nificance of the time decay rates of equation (1.4), we refer the reader to [3-5], where the
authors give more discussions.

From Theorem 1.1, (1.2) and (1.3), we have the following results on the asymptotic be-
havior of solutions to the system (1.1).

Corollary 1.3 There exists € > 0 such that ifzz,:io |1 D*(uo — p, VInvg)||> < € with N >
5 +Land n > 3, then the Cauchy problem (1.1) has a global solution (u,v) = (u,v)(¢, x) with
(6, v)(0,%) = (uo(x), vo(x)) satisfying for all t > 0

N
> I -5, Vinn©)| = Ce.
k=0

This global solution has the following time decay:
|A G -p, VInV)@)|* < Ce(+6)  forany € € [0,N].
If we further assume |(uo — p, V In VO)”B;Q < oo with g € (0, 2], we have

||Ae(u —[9,Vlnv)(1,‘)||2 <C(1+¢) o forany £ € [-o,N —1].

Let us review some work related to the study in this paper. The one-dimensional version
of the system (1.1) has been studied for both Cauchy problems and initial-boundary value
problems, for instance, in [6, 7] for bounded domains and in [8, 9] for nonlinear stabili-
ties of traveling waves. However, there are few results for the multidimensional cases of
the system (1.1). The initial-boundary value problems are studied in [10, 11]. The local and
global existence of the solution to the Cauchy problem near some constant state is ob-
tained in [5]. Hao [12] proved existence and uniqueness of global solutions for initial data
close to some constant state in critical Besov space with minimal regularity. The proof
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was in the Chemin-Lerner space framework (see e.g. [13, 14]). In [4], the authors obtained
the global weak existence and partial time decay of the solutions to the system (1.4) near
some constant state in the slightly low regular Sobolev space. It was studied in [1] and a
comprehensive qualitative and numerical analysis were provided. We will not attempt to
exhaust references in this paper. We refer reader to [1, 3—6, 10-12, 15] and the references
therein for more discussions in this direction.

In this paper we consider precise large time behavior of the global solutions to the sys-
tem (1.1) near some constant state, motivated by [4, 5, 12]. We first construct the uniform
estimates, which are used to obtain global existence and time decay rate under the as-
sumption of initial energy being small enough. Once a global solution are constructed, by
using a time-weighted methods, we can prove the time decay rate of the kth-order deriva-
tives of these solutions approaching a constant state at a time decay rate O(t‘g) without
additional assumption. We remark that the time-weighted methods was also applied to
prove the time decay rate for the fluid system [16, 17]. If we further assume that the initial
data is in the negative Besov space (not necessary small) by a similar interpolation to [18,

19], we can obtain the fast time decay rate.

2 Some basic estimates
In this section we first represent some elementary inequalities and then we use these re-

sults to handle the nonlinear term.

Lemma 2.1 ([20]) Forany f, g € L*(R") N H*(R"), we have

[P0 = C(If < [ D] + gl [ D ])- 1)

Lemma 2.2 ([18]) Suppose that m # 0. We have the interpolation estimate

< Cll A el = Clamel Al (22)

Ia%g|l, <

where 0 <0 <land?2 <r <ooand
k+ 22 _ 1= 0) + 6. (23)
2 r

Lemma 2.3 If0 <k <N -1, it follows that

|(D* divipg), div D*q)| < CV/E®)| D (p, @) | (2.4)
and
N
|(D*div(pq), D'p)| < CVEN®) Y |D" (. 0. 2.5)
m=k+1
We have

(DN div(pq), D"p)| < C|(p, @) |, ID" (2, @) || | DV*'pI. (2.6)
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Proof By (1.5) and Lemma 2.2, we have, for 6 = (5 —1)/[5],
Ipl3~ < CIDp|P*" | DM p|* < Cen (o). (2.7)

It follows from this and (2.1) that

(D divipq).divD'q)| < C|(2. @) 1~ [0 (2 @)|” < CVEND | D (.|

It follows from (2.1) that

|(D* divipg), D'p)| = |(D*(pa), D*'p)|
<C|e. @] | @[ [P 2.8)

Then we see from (2.8) that (2.6) holds. Next we prove (2.5). If k = 0, (2.5) follows from
(2.7) and (2.8). If 1 < k < 7, it follows from (2.2) that

k. n 1 k.
Ipllis | A*p|| < C| A% || T | A p| BT | A% p | BT ) 51, (2.9)

whereazg—([§]+l—§)% €[0,7).
If o € Z, by (2.8) and (2.9), we get (2.5). If & ¢ Z, it follows from (2.2) that

[a%p| = [ALTp] " AL p )", (2.10)
By this, (2.8) and (2.9), we obtain (2.5). If § <k < N -1, we have from (2.2)
Ipli [ AP < Cllpl™=?| A% p|" | AR Ap|, (2.11)

where 6 = ﬁ anda =(1- %)(k +1) € (0,k+1). Ifa € Z, by (2.8) and (2.11), we get (2.5).

If o ¢ Z, we use (2.10), (2.11) and (2.8) to obtain (2.5). a

3 Energy analysis

In this section we first deduce the uniform estimates of the system (1.4) and make use of
the time-weighted methods to the time decay rate (1.7). Then we use the properties of the
Besov space and the interpolation to get the fast time decay rate.

Theorem 3.1 Letting (p,q) = (p, q)(t, x) be the solution to the system (1.4) satisfying En(¢) <
€, we have the estimate

%EN(t) +CDy(t) < 0. (3.1)
Here En(t) and Dy (t) are defined as (1.5) and (1.6).

Proof Taking the derivative D¥ of (1.4) with 0 < k < N, we can obtain

1d
5 7 1D'P1" + BIDAa]) + [ VD" = (D" divipe), D'p). (3:2)
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For the system (1.4), we have for 0 <k <N -1

Hd Dhql’ - "’(Dk ,divD¥q) + 5|div Drq|> = [ VDY

= —(D"div(pq), div D"q). (3.3)

For any « > 0 small enough, we have from (3.2) and (3.3)

[0l ) e el 20 ')

k=0 k=0
N-1

+Z (1-x ”VD ” +2KpHd1vD"q|| }+2||DN+1P||2
k=0
N

N-1
=2 "(Drdiv(pq), D'p) - 2« Y (D" div(pq), div D' q). (3.4)
k=0 k=0

Notice that the equality | V,q||? = || div q||> + |V x q||? holds on p.2015 of [21]. By the fact
that V x q = 0, we have || divD¥q||? = || D¥*1q]|%. By this, for any « > 0 small enough, one
has

N N-1
ex = LDl +pI )+ (v ptal’ 20 p i )
k=0 k=0

N
~ Y Io el
k=0
N-1
Dn(t) = {2(1 K)||VD || +2KpHd1VDkq|| }+2||DN“19||2
k=0
N

~ YDl + [DY )
k=1

By Lemma 2.3 we have

N-1
> (D* div(pq), divD*q) | < CVEN (DN ()

k=0

N
Z(Dk div(pq), D'p)| +
k=0

Since Ex(t) < €, by these, we see from (3.4) that (3.1) holds. O

Remark 3.2 By Theorem 3.1 we have derived a priori estimates. Based on this uniform
estimate the global existence is proved by the standard continuation argument together
with the local in time existence theory; for example, see [5].

In order to show the time decay of the solutions obtained above, we need the refined
energy estimates of each order derivatives of the solutions to the system (1.4). For this

purpose, we shall prove the following lemma.
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Lemma 3.3 Assume that (p,q) = (p,q)(t,x) be the solution to the system (1.4) satisfying
En(t) < €. For any fixed m € {0,1,...,N — 1}, we have the following estimate:

d m 1
€0+ CD"(0) <0. (35)

Here £™(t) and D™ (t) are defined by

N N-1
=Z (|ID*p || +p||Dkq” +KZ ||d1kaq” 2(Dfp,divD*q)), (3.6)
k=m k=m
N-1
D"(t) =Y {20~ «)| VD'p|” + 2p|divDrq |’} + | (3.7)
k=m

where k > 0 is small enough.

Proof For any « > 0 small enough, we have from (3.2) and (3.3)

%{Z(”D |* + 5| D*q|*) + & ;(”dikaq”Z—2(ka,divD’<q))

k=m

z

+ {21 K ||VD || +2/<p||d1kaq|| }+2||DN+11}9||2
k=

3

N N-1
=2 (Ddiv(pq), D'p) - 2« Y (D" div(pq), div D q). (3.8)
k=m k=m

Since || divD¥q||? = || D**'q||?> and « > 0 is small enough, one has from (3.6) and (3.7) that

N
and D"(t)~ Y [D*@.q|* +|DVp|". (3.9)

k=m+1

N
ey~ | D,
k=m

By Lemma 2.3 we have

N N-1
> (DX div(pq), Drp)| + | > (D* div(pq), divD*q) | < CVEND™(2).
k=m k=m
Since En(t) < €, by these, we see from (3.8) that (3.5) holds. O

In the following we will use the time-weighted methods to show the time decay of the

solutions to the system (1.4).

Theorem 3.4 Assume that (p,q) = (p, Q)(¢,x) be the solution to the system (1.4) satisfying
En(t) < €. We have the time decay estimate, for any m € [0,N],

| A", @) < Ce(1+ ).
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Proof Forany m € {1,...,N — 1}, we see from (3.5) that

%{(1 +0)"EM @)} - mA+ )" EM () + L+ £)" D" (¢) < 0. (3.10)

Letting the constants C,, > 0 and C,,, 3> C,,,; be large enough, we define the functional

N-1
E@t) =) Cul+1)"E™). (3.11)

m=0

By (3.10), (3.11) and (3.5) with m = 0, we see that

N-1 .
E)+CY_ / (1+5)"D"(s) ds < E(0). (312)
m=0 0

Since Ex(t) < ¢, for any m € {0,1,...,N — 1}, we have from (3.12) and (3.9)
|D” (0, @) < CE™(t) < Ce(1+ ). (313)
By (3.2) and (2.6) one has
1d 2 - 2 2
57D P +p|DYa]") + C[VDYp|
<Gl o~ " e + ¢ vDVp|"

Taking € > 0 small enough, we have

1d
57 IDpI" +B|DYa]) + C|vDVp|" < C. 0 @1 [PV 2 @) (3.14)

It follows from (3.14) that
d
AN (|Dp| + 5| DN a])} - NG+ 0N DN,
YR a7 e Vo ] (3.15)
By (3.13) and (2.7), one has [|(, q)||7oc < Ce(1 +¢)7". It follows from (3.15) that
40V P < € [ 09 D (@) ds + €DV a0

Since Ex(t) < €, we have from (3.12) and the definition of DN-1(s) that

c fo 1+ D (0, @(8)|” ds + C| DN (o o) | < Ce.
By the above estimates one has
1D, q)||* < Ce@+ )™,

By this, (3.13) and Lemma 2.2, we can obtain the desired estimates (1.8). O
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To show the fast time decay under the additional assumption, for this, we need to show

the propagation of the solutions in B;,io.

Lemma 3.5 For any o € (0, 5], for the system (1.4), we have
i(llpllz-— +pl4ql3- )+ ClIVpli-e <Clpl:lql® (3.16)
dt Byt Byt Byoo = Lxg ' ’
Proof Taking the operation A; on the sides of (1.4), we have

1d _ . .
EEHA;‘PHZ - p(Ajdivg, Ap) + |V Apl* = (div Aj(pq), Ajp)

and

1d
—|

2t Aqll* = (VAjp, Ajq) = 0.

By these we have

| &

(Iapl* + PIAQI?) + IV Apl* = (div Aj(pq), Ajp). (3.17)

N =
Q

t

We have

|(div Aj(pq), Ap) | = [(A;(p@), VAP)| <29 Clipqlli- VAR

<29C|pI* Iqll* + &IV Ajpll*.
Lx

Here we have used the Bernstein type inequality in [14] for o = ~ — 5 € (0, 7] and r € [1, 2).
By using the definition of B;ﬁo and taking ¢ > 0 small enough, it follows from (3.17) that
(3.16) holds. a

To finish the proof of the fast time decay we will make use of an interpolation method
similar to [18, 19].

Proof of (1.9) in Theorem 1.1 By (3.16) we have, for any ¢ € (0, 5],
2 2 t 2 2
| @50 = Cll@oao)z:0 +C | llpl*y lal®ds. (318)
,O0 ,00 0 Lx

For ¢ € (0,%2], we have 1 <[4 — 0] < 4 and

P12 lal? = Dt -elp |7 [ DI 4p 7 I < CEnDx (). (3.19)

X

Here 6 = 7 -0 —[5 —0] €(0,1) for 7 — 0 ¢ Z by Lemma 2.2 and 6 = 0 for 5 — o € Z. If
En(0) <, it follows from (3.1) that for any £ > 0

En(t) + C/tDN(s) ds < En(0) <e. (3.20)
0
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The above three inequalities imply that if || (po, qo)|| B = Co

[0 [5e = Cll@o q0)5e +¢* < C.

For fixed m € {0,1,2,...,N — 1} we have from (2.2)

o+m
o+m+1

D ;

Q+m+1 < C”Dmﬂ(p’ q)

It follows from this, (3.6), (3.7) and (3.9) that

1

1 N 1+ o+m
(") e < C(Z”Dk(p, q H2>
k=m

1
o+m

N-1
_C(ZIIDkwnz) +C| DY, 7
k=m

N
¢y |P o+ c|P¥ (w9’ < D).

k=m

We have from (3.5) and the above inequality, for m € {0,1,2,...,N -1},
d
Zemn + (€)' <o, (3.21)

By using (3.9), we solve this inequality to obtain
Z 1D, @)|” < C1+ )00, (3.22)

By using Lemma 2.2, we can obtain (1.9) for o € (0, ”_2 .
Next we consider the case ¢ € (”2 ,5) and ||(p0,q0)||3 o <00 In this case, we have

||(p0,q0)||B,Q/ < oo for any ¢’ € (0, 0) by interpolation:
2,00

o a0l o = Clteo a2 1o a0)]

= C”(Po;%)”Q/Q | o-q0)| @0V _ o, (3.23)

Then (3.22) holds for any ¢’ € (0, 2 ] andany m € {0,1,2,...,N —1}. We set ¢’ = 52 with
n> 3. By (3.19) and (3.22) we have

H@mwunwmwn<dwb“wmn 2D, @) || (0, D s) |

<Cc(+ S)—(l—9)([%—g]+g’)(1 + S)—H([%—Q]Hw’)(l + S)—Q’

< C(1+5)" 3o, (3.24)

Page 10 of 11
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Since g € (%,g) and n > 3, one has 5 — o + n — 2 > 1. It follows from (3.18) that
o, Q@) e, <00 for any ¢ > 0. By this we may repeat the arguments leading to (3.22)
and prove tflat (3.22) holds for the case ¢ € (%, )

Finally if o = 5 and ||(100,q0)||‘-32;,<;o < 00, it follows from (3.23) that ||(po,q0)||].3£%/o < ¢ for
n-8

any 0" € (0, 7). Assume that o' = %5

with # > 3 and § > 0 small enough such that

|96 106" = |06 < Crs™D < s

By this we see from (3.18) that ||(p, q)(¢) ||B;‘~’ < 00. By similar arguments to (3.22), we can
obtain (3.22) for the case ¢ = 5. By using Lemma 2.2, we can obtain (1.9) forany ¢ € (0, 5].
This completes the proof of Theorem 1.1. d
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