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microglia, chemoattractant and chemorepellent respectively. Due to the lack of Lyapunov functional, the
mathematical studies on the ARKS chemotaxis model are much harder than the chemotaxis model with
single attractive signaling chemical v (i.e., £ = 0 in (1.1)) or with single repulsive signaling chemical w
(i.e., x = 0in (1.1)). There is no pattern formation for the chemotaxis model (1.1) in the case of ¢ = 0
or x = 0, due to the fact that the solution will blow up in higher dimensions (n > 2) in the former case
(see [1-6] and reference therein) and converge to a unique constant stationary state in the latter case [7,8].

Cells can interact with several chemoattractive or chemorepulsive chemicals to generate complex biological
patterns [9-13]. For the ARKS chemotaxis model (1.1) under homogeneous Neumann boundary conditions in
a bounded domain 2 ¢ R" with smooth boundary, the global solvability, boundedness, blow-up, critical mass
phenomenon, pattern formation, existence of non-trivial stationary solutions and asymptotic behavior of the
system for various ranges of parameter values are studied [14-22]. Due to the complexity of the stationary
state of (1.1) with 8 # 9, to our knowledge, there is no result on the large time behavior of system (1.1) in the
case of 5 # ¢ with large initial data in bounded domain with homogeneous Neumann boundary conditions.
If the domain 2 = R"(n > 2) and repulsion dominates (i.e., &y > xca), Shi and Wang [23] established the
boundedness and decay rate of solution to system (1.1) with = = 0. However, the solution behavior was left
as an open problem for the case repulsion cancels attraction (i.e., &y = xa) and 7 = 1.

In this paper, we will study the large time behavior of solutions to the system (1.1) with 7 = 1 for the
whole space (i.e., 2 = R™) in the case of repulsion cancels attraction (i.e., £y = x«). Precisely speaking,
when 7 = 1 and £y = ya we show that the uniformly-in-time bounded of solution will decays to zero as
t — oo and behaves like the heat kernel with large initial data in two or three dimensions. The main results
are stated as follows.

Theorem 1.1 (Global Ezistence Theorem). Let n = 2 or 3 and assume that 0 < ug € LY(R") N L>*(R")
and 0 < (vo,wp) € WEP(RM(p > n). If &y = xa (repulsion cancels attraction), then there exists a unique
triple (u,v,w) of nonnegative functions in C>®(R" x (0,00); R®) which solves (1.1) with 7 = 1 classically.
Furthermore, there exists a constant C' > 0 independent of t such that

[ull L < C. (1.2)

Theorem 1.2 (Decay Rate and Asymptotic Profiles). If the conditions in Theorem 1.1 are satisfied, then for
all 1 < p < oo, we have:

(i) u has the following decay rate and asymptotic profiles

SUp(l+t)%(17%)”UHLD(R”) <oo and lim t2@-%)
t=0 t—oo

= 1.
e =0 @)

‘u(t) - /R ) uodyG(t)‘

where G(t) = G(z,t) = (4rt)~Zexp (—)j—i) is the heat kernel.

(i) v, w have the same decay rate and asymptotic profiles as u.

Remark 1.1. In Theorems 1.1 and 1.2, the results are also hold for the case of - = 0.

2. Proof of Theorem 1.1

When 7 = 0, the local existence and regularity of the solution to the problem (1.1) were proved in [23].
In fact, the ideas of the proofs are also valid for the case 7 = 1. We omit it for simplicity.

Lemma 2.1 (Local Existence). If 0 < ug € LY(R™NL>(R") and 0 < (vo, wo) € WHP(R)(p > n), then there
exist a Tmax € (0, +00) and a unique triple (u,v,w) of nonnegative functions from C*(R" x (0, Tmax]; R®)



H.-Y. Jin, Z. Liu / Applied Mathematics Letters 47 (2015) 13-20 15

solving (1.1) with 7 = 1 classically in (0, Tmax) X R". Moreover

if Tmax < +00, then [|u(:,t)||Le — 00, ast— Tmax. 2.1)

Before proving our main results, we recall two lemmas which are concerned with the estimates of the heat
kernel.

Lemma 2.2 (/24)). If 1 < q < p < o0, then for f € LY(R"), we have

_n (1_1
|G * fllLpny < Ct™27\a ) 11l Laqemy (2.2)

and
IVG * fllpgny < Ct2 GBI | 7]l Laggmy (2.3)

where C' is a positive constant depending only on n, p and q.

Lemma 2.3 (/24)). Let 1 < g < p < o0, % — % < % and suppose that z is solution of the Cauchy problem

2= Az —boz+agf, z€R", t>0, @2.4)
Z(ZL’,O) = ZO(x)v T e Rna .
with zg € WHP(RM). If f € L>(0, 00; L4(R")), then
2@ lLperny < ™Y z0]lLprny + C - T'(¥) sup || flLagem (2.5)
O<s<t
and
IV2()l|Lernmy < e Vzo|lLprny + C - I'(F) OS<UF<’t Il aqrny, (2.6)
S

jior [t,loo),1 where C is a constant independent of p, I'(*) is the gamma function, and v =1 — (% — %) A=
n
5 — (, —_=2).0nh

q p/ 2
As in [19], we set s := Ew — xv. With &y = xa and 7 = 1, then the system (1.1) can be transformed into

uy = Au+ YV - (uVs), r€R", t>0,
st = As — ds + x(8 — ), z€R™ t>0, @7
ve = Av + au — [, x €R",t>0, '

u(z,0) = uo(x), v(x,0) = vo(x), s(z,0) = Ewo(x) — xvo(x) = so(x), = € R"

Thus we have the following lemma which is the cornerstone of our mathematical analysis of system (2.7).

Lemma 2.4. Letting &y = xa and n = 2 or 3, then there exists a constant C > 0 such that

Vsl < C. (2.8)

Proof. First, we consider the case of n = 2. From the first equation of (1.1), one has u« € L*(R?). Then we
can apply Lemma 2.3 to the third equation of (2.7) to obtain ||Vv]|, e < ¢1, which together with Sobolev

L5 (R2) —
inequality (see [25, Proposition 2.2] on page 4) gives

< cico. (29)

[olliaesy < 2llVol_g oy <

Similarly, via (2.9) and applying Lemma 2.3 to the second equation of (2.7), one has (2.8). Next, we con-
sider the case of n = 3. Similarly, applying Lemma 2.3 to the third equation of (2.7) and according to
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[|lu||L2(r3y < c3, ONe obtain HVUHL%(W) < ¢4 and then

< cs|| V| < cacs, (2.10)

||/U||L¥(R3) — L%(R?’) —

which implies

||VS|||_4(R3) § Ce, (211)
by applying Lemma 2.3 to the second equation of (2.7). Multiplying the first equation of (2.7) by « and
integrating with respect to = over R3, we end up with

1ld

== uzdx+/ |Vu|?de = f/ uVu - Vsdx
2dt Jrs R3 R3

IN

1 1
§||VUH2LZ(R3) + E||u||2L4(R3)||VS”2L4(R3)' (2.12)

Substituting (2.11) into (2.12) and using the Gagliardo—Nirenberg inequality and Young’s inequality, we get
qa
dt Jgs
which yields

2 2 201 112 2 & 1 2
uldr + . [Vul®dz < cgllullLagsy < czllVullzl[ull Pagey < E”VUHLZ(]W) + cs,

d 1
%HUHZLZ(R?’) + EHVUHZLZ(]R?) < cg. (2.13)

By using the Gagliardo-Nirenberg inequality, it follows that

6 4 1
[ullfz < col [ Vull o2 gy l[ullfaggsy < §||Vu||2Lz(R3) + cao. (2.14)

Substituting (2.14) into (2.13), one has

%HU”ZLZ(H@) + HU||2|_2(]R3) < ¢g + 10, (2.15)
which together with the Gronwall’s inequality gives
[ullLzrey < e (2.16)
Applying Lemma 2.3 to the third equation of (2.7), and from (2.16) we have

190l g g < ciz.

(B%)
which implies

||’U|||_4(R3) S 013HVU‘|L¥(R3) S C12€13 = C14. (217)
Applying Lemma 2.3 to the second equation of (2.7) and via (2.17), one has (2.8). Hence, we complete the
proof of Lemma 2.4. O

Proof of Theorem 1.1. It follows from (2.8) and the well-known Moser—Alikakos iteration procedure (cf. [23,
26]) that there exists a constant ¢z > 0 such that

[uC, Ol Lcgny < ez forallt e (0,7) andn = 2,3. (2.18)

Theorem 1.1 is an immediate consequence of (2.18) and Lemma 2.1. O

3. Proof of Theorem 1.2

In this section, we use a similar argument as in [24,27] to study the decay rate and asymptotic profiles of
solutions to the ARKS model (1.1) with large initial data.
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Proof of Theorem 1.2. Introducing the scalings
ue = e"ulex, €%t), ve = v(ex, £2t), we = w(ex, £2t), 3.1)
and from the first equation of (1.1), we have
t
ug(z,t) = G *uge + /0 VG(t — s,-) * (xue Vug — Eug Vwe)(s)ds, (3.2
where ug e = e"ug(ex). Assuming that 1 < p < 3 and applying Lemma 2.2 to (3.2), we obtain

_n(_1
lue ()| Lpny < c1t 5(1 p)||uo|||_1(Rn)

t
_n(i_1)_1
+02/ t—s) 2(-%) 2 (J|lue Vue||Lagrny + [|ue Vwe || Larny)ds. 3.3)
0
Letting % = % + L and choosing 0 < n = -9 (% — [1)) +12=1_0 <1 from (3.3) we have

t
_n(1_1 _
lue@llLoqeny < ext 2C p)nuonu(Rn)”Z/ (t = )" Hlue | Loqrny (Ve [ Leqrny + [ Ve lLxqrny)ds
0

IN

t
_n(_1 _n —
cat™2(78) 4 cuet =R / (t = )" luel|o myds
0

t
= C3t_%(1_%) + C4€2n/ (t - S)n71||’l,bg|||_p(Rn)dS, (34)
0
where we have used the scaling (3.1) and the boundedness of ||Vv|[_x®ny and ||Vw|| «@n) to obtain
ca(||VvellLeqny + | Vwel[Le@my) = c2e™ R (| VollLeqny + [Vl Le@ny) < cast <.
Applying the singular Gronwall’s inequality (see [28, Lemma 7.1.1]) to (3.4) and letting 0 < ¢ < 1, we get
t
e (®)llLpny < cat2E7E) + ge? / (t — )" s 2B ds < co(1 + 21 205), (3.5)
0

where we have used the assumptions 1 <p<3and 0 < n < % to derive

t
/ (t— s)r‘*ls*%(l*%)ds
0

t t
/2 (t— 3)”7187%(17%)615 + / (t— s)r‘*ls*%(l*%)ds
0 3

n-1 .t -2@-3 st
< <t> /2 s720" D) s + (t> T / (t —s)"tds
2 0 2 %
_ (2pn +2p—n(p — l)) (t> A
[2p — n(p — Dy 2 '
From the scaling (3.1), we obtain
lue(®)[Lpgmy = "7 u(D)]Lpcan- (3.6)

Hence substituting (3.6) into (3.5) and choosing ¢t = 1, we have

[u(=?) | Loqrny < co(1 + 2" 5. (3.7)

Noting that ¢ is arbitrary, from (3.7) we have

[u(t)||Lprry < Co26 Tt 41.585 87426 a5 4.312 -1.495 Td [(626.7))]TI0 g 0 G [-334(w)28(€)-92 Td [((6 TI/F17 9.9
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where the boundedness of ||u(t)||r(rny is used. Next we will show the decay rate of ||u[|_gny. From the
first equation of (1.1), we have

t
u = Gx*xug+ / VG(t — s,-) * (xuVv — EuNVw)(s)ds
0

t t
=Gx*xug+ /2 VG(t —s,-) * (xuVv — EuVw)(s)ds + / VG(t —s,-) * (xuVv — EuVw)(s)ds
0 3
=Gx*xug+ 1 + 1. (3.9

Via the Hdolder inequality and (3.8), we estimate the term I; as follows
%
_n_1
(1| Loermy < 07/ (t —s)"272||[xuVv — EuVw||L1wnyds
0

t
2 n_1
_ —272 =+
w [ (G-l (nwnupl(w) |Vw||Lpp1(Rn)) s

t
2
< cgtigi%‘/\ 37%(17%)4—”6[3
0

IN

< cot™2 5*5(1*%)“1’ (3.10)

where 0 < < . If p satisfies 0 < p = § (”7*1 - %) —nand0<n<3 (“%l - %) then we can rewrite the
estimate || I1]|L~ as follows

_n_ n n—1 1
[ 11]|Loe rny < c10t™2 7P, 0<p< > ( - ) : (3.11)
n p

Using the Holder inequality, from (3.8) and the boundedness of ||u/|||_sn), We have

B 1-B _np(q_1)4Pn
||UHL‘1(R”) S ||u||ED(Rn)||uH|_OOq(]Rn) S Cll(l +t) 2q (1 p)+ q ., (312)

Applying Lemma 2.3 to the second and third equation of (1.1), one has

IV0llLseqany + [Vl any < c1a(1+ )~ 3 (=5)0E, (3.13)

Using (3.12) and (3.13), we have

t
_n 1
[ 12| Loe mry < 013/ (t —s) 2 2||[xuVv — EuVw||Lawnyds

T

2

t
_n _ 1
/ (t — )5} ullagamy (| Vollw + [ Vo]l o qrmy)ds
2

IN

2pn

t
015/ (t — 5)7%7%(1 + 3)7%(17%)+Td3
%

IN

<t BTO@AMTE (3.14)

where ¢(p, q,n) = T — 3 — 21 When n =2 and p = ¢, we have ¢(p,¢,2) = 3 — % > 0. When n = 3,
we can choose % < p < 3and g > 3 such that ¢(p, ¢,3) > 0. Hence letting n > 0 su [ciehtly small, one has

w(p,q,n) — 2% > 0, which implies that there exists a constant ¢ > 0 such that

1 12| Loe (rry < et~ 27 (3.15)
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Substituting (3.11) and (3.15) into (3.9), we have ||ul|Le~@ny < c1gt~ 2, which together with u € L*(R™)
gives

1 1—1 _n(q1_1
lullLoqny <l s gy lull Fgny < c10t™2CG78), forall 1 < p < co. (3.16)
Now, we consider the asymptotic profiles of «. First, the combination of (3.9), (3.11) and (3.15) gives
Jim t2||ut) — G * uo|| Lo gy = O. (3.17)
Thus we have

- n
lim ¢2
t—oo

u(t) — /R ) uo(y)dyG(t)H =0, (3.18)

Loo(RM) -
by noting that lim¢_ o HG * U — fRn uo(y)dyG(t)HL @ = 0. For 1 < p < o0, using the Holder inequality,

we have

[y [ v, < Jur- [ weace

LP(RM)

1 _1
3 1-5

L1(R")

Hu(t) - /R ) uo(y)dyG(t)H

Lo (RM)

IA

1-2 n 1
car[u) = [ wotdayGeo) < cart 20D, (319)

which together with (3.16) complete the proof of Theorem 1.2(i). Applying Lemma 2.3 to the second equa-
tions of (1.1) and via (3.16), for all 1 < p < co we can derive that |[v]|L» < coot~ 2 (2 5). For the asymptotic
behavior of v, we give derivation as follows. Rewrite v as

t
o(t) = e PG x v +a / PG — 5.) 5 u(s)ds
0

I+

= Gxug + e PG x (vg — ug) + / - e POt — s5,-) « (uls) — G(s) * ug)ds
0

+ /t e PGt — 5,2) % (u(s) — G(s) * ug)ds

t

2

= G xup + e PG % (v — ug) + J1(t) + Jo(1). (3.20)

From (2.2), we have HeiBtG * (vg — UO)HLOO(]RFI) < e*BtHuo - 1)0|||_oo(Rn) and

I+

[ J1()]| L~ @ny < a/ e PED|G(t - s,-) * (u(s) — G(8) * ug) || Lo myds
0

t
2
< 023/ e PO s < cppe 7 (3.21)
0

Combining of (2.2), (3.10), (3.11) and (3.15) leads

t t
oz/t e P lu(s) — G(s) * uo||L@nyds S/ e PO (I L Loy + (122l L )l

IN

| T2 ()| Lo (mry

r

2

N

< cp(L+1) 271 (3:22)
where p > 0. Substituting (3.21) and (3.22) into (3.20), one has
[o(t) — G * uollLe < cor(1+1)" 2 (3.23)

This gives the asymptotic profiles for v. Furthermore, we can use the same argument as v to obtain the
decay rate and asymptotic profiles of w. Hereto the proof of Theorem 1.2 is completed. [
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