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Abstract

This paper concerns with a reaction—diffusion system modeling the population dynamics
of the predator and prey, in which the predator moves toward the gradient of concentration
of some chemical released by prey instead of moving directly toward the higher density
of prey. The first objective is to investigate the global existence and boundedness of the
unique classical solution. Then we study the asymptotic stabilities of nonnegative spatially
homogeneous equilibria. Moreover, the convergence rates are also studied.
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1 Introduction

In this paper, we consider the following predator—prey model with nonlinear “indirect prey-
taxis”:
uy =diAu —V - (ux(w)Vw) + bug(v) — uh(u), xe,t>0,
wy = dr Aw — pw + ro, xe, t>0,
vy =d3Av+ f(v) —ug(v), xeQ,t>0, (1.1)
dyu = d,w = d,v =0, x €02, t>0,
u(x,0) =uop(x), wx,0) =wo(x), v(x,0) =vo(x), x €.

In this model, €2 is a bounded domain in R"” with smooth boundary 9€2, 9, = 337 and v is the
unit outward normal vector of 2. Functions u and v are, respectively, population densities
of the predator and prey, and w is the concentration of chemoattractant released by the prey.
Here dy, d>, d3, b, i1, r are positive constants. The decay rate of the chemical w is u, and
the parameter r is the production rate. The term x (w) is the chemotactic sensitivity which
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depends only upon w. The term uh(u) describes the population kinetic of the predator u.
Function g(v) is the functional response accounting for the intake rate of the predator as a
function of prey density. And f(v) is the growth function of prey.

The system (1.1), which was recently proposed by Tello and Wrzosek [17], describes
“indirect prey-taxis” in the sense that the predator moves following the gradient of some
chemicals which indicate the presence of prey instead of moving directly toward the higher
density of prey. The substance released by the prey, such as pheromones, chemical alarm
cues, sexual signals, can be viewed as the chemoattractant for the foraging predator. The
known example is that the wolf spider Pardosa milvina responses to chemical cues left by
the prey [7]. For the detailed biological background, please refer to [17] and the references
therein. For the special case b = d3 = 0, h(u) = 0 and ug(v) is replaced by v Fo(u), where
Fy is positive, bounded, smooth function and satisfies

Fo(0) =0, lim Fo(z) = Fpn
7—> 00

with positive constant F,, the global existence of solutions, linearized stability and asymp-
totic behavior of steady states in two dimensional case for (1.1) were established. It was
proved in [17] that the positive constant steady state may be unstable if chemotactic sen-
sitivity or the rate of release of the chemoattractant is big enough. However, to our best
knowledge, no other results are available. Studies concerning the model (1.1) with general
functional responses and nonlinear indirect prey-taxis are required.

In order to better understand the system (1.1), it is worth mentioning some studies for
the prey-taxis system in which the movement of the predator is determined by the prey
density gradient. In the spatial predator—prey interaction, in addition to the random diffusion
of predator and prey, the predator has the tendency to move towards the area with higher
density of prey population. Kareiva and Odell [10] first derived a prey-taxis model to describe
the predator aggregation in high prey density areas. Since then, various reaction—diffusion
models have been proposed to interpret the prey-taxis phenomenon [1,4,15]. The general
predator—prey model with prey-taxis reads as follows

uy = diAu — oV - wVv) + bug(v) —uh(u), x € 2, t > 0,
vy =d3Av+ f(v) —ug(v), xe,t>0,
oyu = v =0, x €0, t >0,
u(x,0) =ug(x), v(x,0) = vo(x), x € Q,

(1.2)

where the constant yo > 0 and the term xoV - (uVv) describes the tendency of the predator
moving towards the increasing prey gradient direction. This system has been studied by many
authors. Lee et al. [13] studied the pattern formation of (1.2), they showed that prey-taxis
in most cases tends to stabilize predator—prey interactions, which is an opposite result to
the case of Keller-Segel chemotaxis system (the chemotaxis may lead to the formation of
aggregates or inhomogeneous space patterns [3]). In [12], Lee et al. studied the continuous
traveling waves for (1.2) and they showed that prey-taxis can reduce the likelihood of effective
biocontrol. Wu et al. [27] investigated the global existence and boundedness of solutions of
(1.2) under a smallness assumption on xo. Jin and Wang [9] proved the global boundedness
of solution and stabilities of nonnegative spatially homogeneous equilibria of (1.2) in the
two-dimensional case. Recently, It was shown in [24] that the prey-taxis destabilizes predator—
prey homogeneity when prey repulsion is present (i.e. xo < 0). Moreover, the nonconstant
positive steady states of a wide class of prey-taxis systems with general functional responses
over 1-D domain were obtained in [24]. For more related works, we refer the readers to
[5,16,18,19,25].
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In the present paper, the initial data ug, wo, vo are supposed to satisfy
uo, wo, vo >, 20 and ug, wo, vo € WH(Q).
And we suppose that x, #, f and g satisfy the following hypotheses [9,19,27]:
(A1) The function x € C%([0, 00)), x > 0. The well known examples are

() x() = x1, () x() = T, G x() =
with positive constants xi, €.
(A2) The function g € C2([0, c0)), g(0) =0, g(s) > 01in (0, 00). The typical examples
are

N
(type 1) g(s) = ys, (typell) g(s) = IL
+ s

K

ys

¥ + sk
where y, [, k are positive constants and x > 1.

(A3) The function & € C%([0, c0)) and there exist two constants @ > 0 and § > 0 such that
h(s) > a and h'(s) > 6 in [0, c0). In some sense, the constant a can be regarded as
the minimal death rate of the predator. The typical example is h(s) = a + 6s.

(A4) The function f € C2([0, 00)) satisfying f(0) = 0, and there exist two positive
constants 1, K such that f(s) < ns fors > 0, f(K) =0and f(s) <0 fors > K.
Some examples are

(logistic) f(s) = ns (1 — %) . (Allee effect) f(s) = n's (1 - i) (i - 1)

., (Ivlev type) g(s) = y(1 — ™%,

(type IID) g(s) =

K N
. / _ _4KN
with0 < N < K and ' = aL
Throughout this paper we denote || - ||, = || - |[Lr(@), and use C and C; to denote the

generic positive constants.

In contrast to the prey-taxis system (1.2), the model (1.1) involves chemoattractant which is
released by the prey and attracts the predator. A natural question is: Does the chemoattractant
affect the dynamical properties of the predator and prey? Our conclusions show that, in “most
situations”, the chemoattractant does not affect the dynamical properties of the predator
and prey.

The first result of this paper asserts that the solution of the prey-taxis system (1.1) exists
globally and maintains bounded. This property is the same as that of the classical problem
of predator—prey model without prey-taxis:

uy =dyAu + bug(v) — uh(u), xe, >0,
v =d3Av+ f(v) —ug(v), xeQ, t>0,
opu = d,v =0, x €0, t >0,
u(x,0) =up(x), vix,0) =vox), x € Q.

(1.3)

Theorem 1.1 Let n > 1 and the hypotheses (A1)—-(A4) hold. Then (1.1) has a unique non-
negative and bounded global solution (u, w, v), and

u,w,v e CQ x[0,00)) NC>( x (0, 00)).

Remark 1.1 We note that the solution of (1.2) exists globally in two-dimensional case ([9,
Theorem 1.1]). In the higher dimensional case (n > 3), if x¢ is small and g(v) < ¢ for some
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¢ > 0, then (1.2) admits a unique nonnegative global bounded solution ([27, Theorem 1.1]).
It remains unknown whether or not the solution of (1.2) blows up in higher dimensional case
when yq is large. However, for the system (1.1), Theorem 1.1 claims the global existence
and boundedness of solution of (1.1). This also shows that, compared to the prey-taxis, the
indirect prey-taxis will prevent the growth of the predator to ensure the global existence and
boundedness of the solution.

The second goal of this paper is to understand the role of the indirect prey-taxis in the global
stabilities of nonnegative spatially homogeneous equilibria of (1.1). The global stability of
the prey-taxis system (1.2) has been studied in [9]. Therefore, we are able to compare the
stability results of (1.1) with that of (1.2).

Let ¢(v) = f(v)/g(v). In order to achieve our aim, we shall need other assumptions [9]:

(A2) Function g € C2([0, 00)), g(0) =0, g(s) > 0in (0, 00), and g’(s) > 0in [0, o).
(AS5) Function ¢ € CL([0, o0)), ©(0) > 0 and ¢’'(s) < 0in [0, c0).

Remark 1.2 The Holling type I, type II and Ivlev type response functions satisfy the condition
(A2). Moreover, if f is of logistic type and g is of Holling type I or type Il with / > K, then
(AS) is fulfilled. We should mention that (A5) can not be satisfied by the bistable function
f (v) or the Holling type III response function g(v) (see [9]).

Let us first note that the possible homogeneous steady states of the system (1.1) are
given by

0,0,0), 0, rK/u, K) if bg(K) <a,

(o5, Ws. vs) = {(0, 0,0), 0, rK /i, K), (s, rvs/p, vs) if bg(K) > a,

where the positive constants u,, v, are determined by

{bu*g(v*) — uxh(uy) =0,
S () —usg(vye) =0.

It is easy to deduce that, if g, & and f take biological meaningful forms like some of those
given in (A2)’, (A3)—(A5), then (u, v,) is uniquely determined and can be explicitly found.
Hence, in what follows, we shall suppose that (1.4) has a unique positive solution (¢, vs).
Moreover, if f and g satisfy the assumptions (A2)’ and (A4), then by the second equation of
(1.4) we have v, < K, and hence m = max{||vg|lco, K} > vy.

In the case of bg(K) > a, we shall show that if the chemotactic coefficient x (w) is small
or one of the diffusion coefficients of the predator and chemical is large then the positive
spatially homogeneous equilibrium (u., rv« /[, vy) is globally asymptotically stable.

(1.4)

Theorem 1.2 Assume bg(K) > a and the hypotheses (A1), (A2),(A3)—(A5) are satisfied.
Let (u, w, v) be the unique bounded global solution of (1.1), which is given by Theorem 1.1.
Set

m = max{[[volloo, K}, M =max{|lwolloo, rm/u},

and
X= sup x@@), ki= inf g'(z), ko= inf [¢'(2)I.
2€[0,M] z€[0,m] z€[0,m]
If
52
16ubkk
X M’ (1.5)
did> r2u,
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then (s, rvy/ i, vy) is globally asymptotically stable. Furthermore, if we further assume
0 > 0, then (uy, rvi/, vy) is exponentially stable, i.e., there exist constants C, A > 0
such that

lu = walloo + w = rva/pllco + 0 = villoo < Ce™, V1> 0. (1.6)

In the case of bg(K) < a, the following theorem asserts that the semi-trivial spatially
homogeneous equilibrium (0, r K/, K) is globally asymptotically stable.

Theorem 1.3 Ler the hypotheses (Al), (A2),(A3)—(A5) be satisfied and (u, w, v) be the
unique bounded global solution of (1.1), which is given by Theorem 1.1.

1) Ifbg(K) < a, then (0, K/, K) is globally asymptotically stable with exponential
rate, i.e., there exist constants C, A > 0 such that

lulloo + lw = rK /il + v = Klloo < Ce™, V1> 0. (L.7)

(i) If bg(K) = a, then (0, rK/u, K) is globally asymptotically stable. Furthermore, if
0 > 0, then (0, rK /i, K) is algebraically stable, i.e., there exist constants C, A > 0
such that

lulloo + lw = 7K /illeo + llv = Klloo < Ct+1)7*, Vi >0. (1.8)

In the conditions (A3) and (A4), constants ¢ and K can be considered as the minimal
death rate of predator and carrying capacity of prey, respectively. Hence, the maximal value
of the predation is g(K). The cases g(K) > a/b and g(K) < a/b can be regarded as the
strong and weak predation, respectively.

In the strong predation case (¢(K) > a/b), under our assumptions, the problem (1.1) has a
unique positive constant steady state (1., rvy/i, vy) and itis globally asymptotically stable.
Furthermore, if 6 > 0, then (u,, rv,/u®, vy) is also exponentially stable (Theorem 1.2).

Noticing that the condition (1.5) involves the coefficients d», i, r. Hence, the chemoat-
tractant plays an important role in the stability of (u., rv./p, vy). It is observed that the
value of k, also affects the stability of (u, rv,/u, vi). Moreover, from the condition (1.5)
we discover that the diffusion rate of the prey does not influence the long time behavior of
solution of (1.1). Since the predator responses to the chemoattractant released by prey rather
than the prey itself, the diffusion of prey may be negligible in this case.

In the weak predation case (g(K) < a/b), the problem (1.1) has no positive constant
steady state and the semi-trivial constant steady state (0, r K/, K) is globally asymptot-
ically stable (Theorem 1.3). This shows that, in the weak predation case, the presence of
the chemoattractant does not influence the steady states and their stabilities for the problem
(1.1). In contrast to the prey-taxis system (1.2) in such a case, please refer to [9, Theorem
1.3(D)].

For the asymptotic behavior of solution, in contrast to the classical predator—prey model
(1.3), we have the following assertions:

(i) in the weak predation case, the asymptotic dynamical properties of (1.1) are the same
as those of (1.3).

(i1) in the strong predation case, under the assumption (1.5), the asymptotic dynamical
properties of (1.1) are the same as those of (1.3).

The proofs of Theorems 1.2 and 1.3 rely on two Lyapunov functionals. The construc-
tions of these Lyapunov functionals are inspired by [9]. However, the arguments leading to
Theorems 1.2 and 1.3 are different from that of [9] which are based on LaSalle’s invariant
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principle. Our method depends on an important lemma (see Lemma 3.1) and some basic
arguments which seems friendlier to the readers.

The methods in the proofs of Theorems 1.2 and 1.3 can be applied to the model (1.2). The
case bg(K) = a and 6 = 0 was not considered in [9] for the problem (1.2). Using the method
in the proof of Theorem 1.3 (ii), we can show that the semi-trivial spatially homogeneous
equilibrium (0, K) is globally asymptotically stable for the problem (1.2) in this case.

The article is organized as follows. Section 2 provides the uniqueness, global existence
and boundedness of the classical solution of (1.1). Section 3 is devoted to proving the global
stability results in Theorems 1.2 and 1.3. In the last section, we present two examples.

2 Existence, Uniqueness, Boundedness and Uniform Estimates of
Global Solution

2.1 Existence and Uniqueness of Local Solution, Some Preliminaries

We first give a claim concerning the local-in-time existence of classical solution to (1.1).

Lemma 2.1 There existsa T € (0, oo] and a unique nonnegative solution (u, w, v) of (1.1)
defined in [0, T') and satisfies

u,w,v e C(Qx[0,7)NCH(Qx (0, 1)),
and
u, w >0, 0<v<m:=max{||vglleo, K} in 2 x (0, f). 2.1
Moreover, the “existence time T 7 can be chosen maximal: either T = 00, or T < 0o and

lim sup({|u(-, 1) loo + [[V(:, D)lloo) = 0.
t—T

Proof The local-in-time existence and uniqueness of classical solution to the problem (1.1)
follow from Amann’s theorem [2, Theorem 7.3 and Corollary 9.3] (cf. [27, Lemma 2.1]).
The estimates (2.1) can be derived by the maximum principle.

Lemma 2.2 The solution component w of (1.1) satisfies
lw(, Dlleo < M, V1€ (0,7), (22)

where M = max {||wolleo, rm/u}. And for any p € [2, 00), there is K, = K(p) > 0 such
that

IVw(, ), < Kp, Y1e,T). (2.3)

Moreover, there exists a positive constant C such that the solution component u of (1.1)
satisfies

luC,0lli < C, ¥ie©,1). 2.4)

Proof By using (2.1) and the maximum principle, one can deduce from the w-equation in
(1.1) that

lw(-, Dl L) < max {|wolle, rm/u} =: M, Vit € 0,T).
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In view of the variation-of-constants formula, it yields

t
w(-, 1) = ' @AM 0 4 r/ U= DLA=, (6yds, e (0, T).
0

Making use of (2.1) and the well-known semigroup estimates [6,8,26] we have that, for some
AM,Ci>0,i=1,..,5,

t
IVw(-, t)||p < ||Vet(d2A7M)w0”p + r/ ||Ve(’*‘V)(d2A”‘)v(-, s)||,,ds
0
t
1
< Cre M|V, +rC> / M — )72 v, )| pds
0

12
¢ _1
< C3||wo||W1,w(Q)+C4/ M=) _ oy Hds
0
= C3||w0||le°°(Q) +Cs, te(0, 7’:)

This implies (2.3).
We next prove (2.4). It follows from the first and third equation in (1.1) that

4 (/ udx—i—b/ vdx) +/ uh(u)dx :b/ fydx, 1€ ©,7).
dt Q Q Q Q

Let No = sup,¢(o |/ (2)]. Recall the assumption (A3) and the estimate for v in (2.1),

it yields
d «
— / udx +b/ vdx +af udx +/ vdx < Cq, t€(0,7), 2.5)
dr \Jq Q Q Q

where C¢ = (bNo + m)|2|. Applying the Gronwall’s inequality to (2.5) we have (2.4). O

Next we provide a lemma which claims that the global existence and L*°-boundedness
of u can be reduced to proving its L?-boundedness for p > n/2 and p > 1.

Lemma 23 Letn > 1 and (u, w, v) be the unique solution of (1.1) in Q x (0, f") Suppose
that there exists a number p > 1 and p > n/2 for which

sup Jlu(-, )], < oo. (2.6)
1e(0,7)
Then T = oo and
sup lu:, )lloc < 0. 2.7
>0

Proof The estimate (2.2) implies

x| < xll=@.m, Y1 e©1).
Note that (bug(v) — uh(u))4+ < bug(v) and

bllug)llp < bN|ullp. 1€ (0.7,

where N = sup, 9 ) £(2)- Thanks to (2.1), (2.3) and (2.4), similar to the proof of [9, Lemma
3.1] (see also [3, Lemma 3.2]), one can deduce that T = oo and (2.7) holds. O

@ Springer



1298 Journal of Dynamics and Differential Equations (2020) 32:1291-1310

2.2 Proof of Theorem 1.1

Letn > 2 and p > n/2. Clearly, p > 1. Note that

pn —
— e (0, 1).
2—n+ pn
Hence, we can choose ¢ > p such that
o= PRTPA 6 1) ana 1P < 0.1), 2.8)
2—n+pn p

Let

A= sup x(@), N= sup g().
z€[0.M] 2€[0.m]

Multiplying the first equation of (1.1) by u”~! and integrating the results over 2, we obtain

1d
—— [ uPdx = —(p — 1)/ uP=2\Vu?dx + (p — 1)/ uP~ y (w)Vu - Vwdx
pdt Jo Q Q

+b/ u”g(v)dx—/ u?h(u)dx
Q Q
-1 —1
- _L/ u”*2|Vu|2dx+p7/ u? 2 (w) [ Vwdx
2 Q 2 Q
+b/ upg(v)dx—f uPh(u)dx
Q Q
-1 - x>
< _L[ up—2|vu|2dx+uf uPle|2dx
2 Q 2 Q
+(bN—a)/ uPdx
Q

2(p—1 - Dx?
- 2D )/ Vub Pax + 2D /u”|Vw|2dx
p Q 2 Q

—i—(bN—a)/ uPdx, te0,7), (2.9)
Q

where we have used Young’s inequality, (2.1) and (2.2) and the assumption (A3). By use of
Young’s inequality again and (2.3), it yields

(p—D3x?

1 «
/up|Vw|2dx < f/ widx +Cy1, Vie© 1) (2.10)
2 Q 2 Ja

with some C; > 0, and there is C, > 0 such that
1 N
bN/ u”dxfff uldx +Co, YVt €(0,7). 2.11)
Q 2 Ja

Inserting (2.10) and (2.11) into (2.9) gives

1d 2(p—1
—— [ uPdx +a/ updx—i-Lz)/ IVuglzdxsfuqu+C3 (2.12)
pdt Jo Q p Q Q
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forall t € (0, f), where C3 = C| + C,. Note that (2.8). Taking advantage of the Gagliardo-
Nirenberg inequality and (2.4) firstly, and using the Young’s inequality secondly, we have

/ widx = uP 1500 < Catlvur P17 b P50 P50
Q

Cs(IVuP|39P/P 4 1)
20p—1)
p2

IA

IVuP’? |13 + Co

=M/ \Vu?|2dx + Ce, V1 e (0,7T). (2.13)

Combined (2.13) with (2.12) allows us to deduce

1d A
- updx+a/updx§C7, Yte(,T).
pdt Jo Q

Thus we have, by the Gronwall inequality,
luC, D, < Cs, 1€ (0,1). (2.14)

Using (2.4) and Lemma 2.3 with p = 1 when n = 1, and using (2.14) and Lemma 2.3 when
n > 2, we can get the conclusion of Theorem 1.1 immediately.

2.3 Uniform Estimates of the Global Solution

Theorem 2.1 Let (u, w, v) be the unique global bounded classical solution of (1.1), which
is given by Theorem 1.1. Then for any given 0 < o < 1, there exists C(«) > O such that

< C(w). (2.15)

lu, w, v 2+a1+2(QX[1 ) =

Proof This proof is based on the standard parabolic regularity for parabolic equations (cf.
[20, Theorem 2.1], [21, Theorem 2.1] and [23, Theorem 2.2]). For the reader’s convenience,
we sketch the proof here. Applying the interior L? estimate ([14, Theorems 7.30 and 7.35])
to the equations of w and v firstly and using the Sobolev embedding theorem secondly
we have

llw, v”W;%"(Qx[inti,iJrB]) +llw. il ol 1 (Qx[z+ z+3]) =G, Viz0,

and hence

lw, U||C1+a,1+Ta(QX[ )) <. (2.16)

Note that w satisfies

— AW+ pw=rv, x €, t>0,
dhw =0, xe€ed, t>0,
w(x,0) = wo(x), x € Q.

By use of the interior Schauder estimate [11] and (2.16),

”w“CHD"H%(Qx[i+%,i+3]) <C3, Vi=>0,
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which implies

lwll 2va1+g (ax[L0)) < Cs. (2.17)

W=

Rewrite the equation of « in (1.1) as

u; —diAu+ x(w)Vw - Vu = G(x,1), x € Q, t >0,
oyu =0, x€ed, t>0, (2.18)
u(x,0) = up(x), X eQ,

where

G(x,t) = —u)(’(w)|Vw|2 —ux(w)Aw + bug(v) — uh(u).

Dueto (2.16), (2.17) and the boundedness of (u, w, v), we see that ||G||LOO(QX”+% itan = Cs
and ||X(w)Vw||Lw(QX”+% i3 = Cs for all i > 0. Applying the interior L” estimate to

(2.18) we have |ju|| w2l < Cg foralli > 0. Then the embedding theorem gives
P

(@x[i+1.i+3])

| <Cy, Viz0. (2.19)
¢ D

1*‘**1+T“(s‘2x[i+%,i+3
It then follows that
<Cg, Vi=>O0.

bug (v) — uh@)|l o4 (2x[i+1.143))

This combined with (2.17) yields
”G”Ca‘%(flx[i—&-%.i-%]) + ”X(w)vw”C"'%(Qx[i+%,i+3]) =Cy, Viz=0.

Applying the interior Schauder estimate to (2.18) we have ||u|| c
for alli > 0. Thus,

_ <
et S @it i+3) = C10

lell c2e1+§ (o 1.00y) = C11- (2.20)

Similarly, thanks to (2.16) and (2.19), we can apply the interior Schauder estimate to the
equation of v and get

101l 215 (1 gy = €12 (221)

Then (2.15) follows from (2.17), (2.20) and (2.21). The proof is complete. ]

3 Global Stability

Throughout this section we always assume that (#, w, v) is a bounded global solution of
(1.1). We shall prove Theorems 1.2 and 1.3 by constructing suitable Lyapunov functionals.
Let us first recall two basic results.

Lemma 3.1 ([22, Lemma 1.1]) Let T > 0, ¢ > 0 be constants, ¥ (t) > 0, ffoo p(t)dt < oo.
Assume that ¢ € C'([t, 00)), ¢ is bounded from below and satisfies

@'(t) < —c¥(t) + p(t) in[1,00).

If either € Cl([t,00)) and ¥'(t) < k in [t,00) for some constant k > 0, or
Y € C*([r,00)) and |V llce(r.00)) < k for some constants 0 < a < 1 and k > 0,
then lim;_, », ¥ (1) = 0.
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Lemma 3.2 ([9, Lemma4.1]) Let g satisfy the conditions in (A2) and (u, w, v) be a solution
of (1.1). Define

() = /” g(s) — g(k)ds
k g(s)

for the constant k > 0. Then ¢ is a convex function and { > 0 on [0, 00). Furthermore, if
v — k ast — oo, then there exists a constant Ty > 0 such that for all t > Ty there holds

g/ (k) (v — k)? g/ (k) (v — k)?
W <¢() < T (3.1

3.1 Global Stability of (u,, rv./u, v.): Proof of Theorem 1.2
In this subsection we always assume that bg(K) > a and (1.5) holds. The constant K is given
in the assumption (A4), and (u,, vy) is given by (1.4). For the convenience, let w, = rv,/u.

Due to (1.5), we fix a constant § such that

72 bk k
MK _ 5 o ZHORIRD (3.2)
4d,d> r2

where x, ki, ky are given by Theorem 1.2.

Lemma 3.3 Let § be given by (3.2). Let the conditions in Theorem 1.2 hold. Then there is
& > 0 such that functions E1(t), F1(t) defined by

El(t)=/ [<u—u*—u*1ni>+§(w—w*)2+b/v Mds]dx,
Q Uy 2 Uy g(s)

Fi(t) =6 / (u — uy)*dx + a/ [(v—v)? + (w — w)? + [Vul*]dx
Q Q
satisfy
E{(t) < —F(t), t >0. (3.3)

Proof For the convenience, we set

AL = / <u — Uy — uyIn 1) dx,
Q U

B (1) = %/(w—w*) dx,

b= [ [ Ok,
Vs g(s)

Evidently, A{(¢), B1(¢t), D1(r) > 0. Let x = SUP,c(0, M) x(z), where M is given by (2.2).
Since (u, w, v) is the global bounded solution to (1.1), there is ¢ > 0 such that

lu(, ) oo < ¢ forall ¢ € [0, 00). (3.4)
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Let us recall from the assumption (A3) that 4'(s) > 0 for s € [0, 00). The straightforward
calculation gives

2 .
a0 = —de, [ Eilavpu, [ KOGt p [ - ulew - gwolan
Q U Q Q

u

—/ (u — uy) (h(u) — h(uy))dx

2
_dlu*/ [Vul dx—l—u*xf
—0/(u—u*) dx,

Vu

u

IA

w|dx +b / (- up)g(v) — g(v)ldx
Q

and
B (1) = —5d2/ [Vw|?dx — 5#/ (w — wy)?dx + ar/ (w — wy) (v — vy)dx,
Q Q Q
as well as
D) = b / HORFICINN
Q g(v)

= b/ 8W) = 8C) Ay 4 F(v) — ug(v)]dx
Q g()

Z—bdzg(v*)/g() vzdx—l—b/Q[g(u) g(v*)](f(()) u)

—bdsg(v*)/ v2dx — /Q[g(v) — g (U — uy)dx

+b/[g(v) g(vy)] (& —u*> dx

()
f)
<—=b | [gw) — gl —u)dx +b | [g(v) — gv)]| —— —ux | dx.
Q Q g()
Thus we have
E{(t) < (1) + (1), (3.5)

where

| Vu
Il(l)——dlu* dx+ X | |—
Q

u
L) = —9/ (u — u*)zdx - Suf (w — wy)dx + ar/ (w — w,) (v — vs)dx
Q Q Q
+b / [g(v) — g(v)] (@ - u) dx. (3.6)
Q g

We first deal with 71 (¢). An application of the Young inequality yields

R Vu
Usx X
Q

-Vw

dx —5d2/ [Vw|*dx,
Q

M Yw /' ”'2d +8d2/ \Vw[2dx.
u - 43d2
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Consequently,
wix*\ [ |Vl |Vul?
I1(t) < — | usd) — dx := —¢p dx.
45d2 Q M2 Q M2
It follows from (3.2) that ¢y > 0, and hence by (3.4),
L) < —‘9—2[ |Vu|?dx := —81/ |Vu|2dx. 3.7)
¢ Ja Q

We next handle 75 (¢). It follows from the second equation of (1.4) that u, = f(vs)/g(v«).
Thanks to the definitions of ki, k2, the last term in the right hand side of (3.6) can be

estimated as
b / [e(v) — g(v2)] (M - u) dx
Q g(v)

- b/ [s(v) — g(v)] (f(”) _ f“’”) ax
o s g

=b /S;[g(v) — 8(W)lle(v) — @(vy)]dx

= b/Qg’(El)w'(Sz)(v —v,)%dx < —bklkl/Q(U — v,)%dx, (3.8)

where &1, & are between v and vy, and ki, kp come from Theorem 1.2. Insert (3.8) into
(3.6) yields

L) < —9/ (u — uy)?dx — Buf (w — wy)?dx + 3;»] (w — wy) (v — vy)dx
Q Q Q

- bk]sz (v — vy)%dx. (3.9)
Q
Note that bkiky > 8r2 /(4w) by (3.2), we can choose g7 > 0 small such that
82r2
o —ey >0, e3:=bktkp ——— >0
40u — &2)

Again, by Young’s inequality, there holds

32 2
8r/ (w — wy) (v — vy)dx < Sp — 82)/ (w — wy)2dx + — / (v — vy)2dx.
Q Q 4(0pn — &) Ja
This combined with (3.9) allows us to derive
L) < —9/ (u — uy)’dx — 82/ (w — wy)?dx — &3 / (v —ve)%dx.  (3.10)
Q Q Q

Finally, according to (3.5), (3.7) and (3.10), by choosing ¢ = min{eq, &3, €3} we then
get (3.3). m]

Lemma 3.4 Under the conditions of Theorem 1.2, for any 0 < a < 1, the following holds:
lu — sl c2ve gy + lw — Wil coto(@y + 1V — Vallg2ta(gy = 0 ast — oo, (3.11)

Proof Let E|(r), F1(t) be given Lemma 3.3. Clearly, E1(t) > 0 as g’(s) > 0in [0, 00).
Thanks to (2.15), itis easy to see that F; (1) € C%/2([1, 00)) and || F1 || ca/2(j,00y) < kin[l, 00)
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for some constant k > 0. Recall (3.3), we can apply Lemma 3.1 to deduce tlim Fi(t) =0.
—00
That is,

tl_i)rgo (Ilw = wyll2 + v = vill2 + [ Vull2) =
and

lim [lu —uslo =0 if 6 > 0.
1—00

Take 0 < @ < o' < 1. According to Theorem 2.1, in the space C2+°‘/(S_2), u(-,t), w(-, t)and
v(-, t) are bounded for r > 1. Using the compact arguments and uniqueness of limits we can
show that (3.11) holds when 6 > 0, and

Tim (Il = wellcasagy + 10 = vellcaraggy) =0 (3.12)

when 6 = 0. _
In the following we consider the case & = 0. Define f = % f fdx for f € L' (Q). It
follows from the third equation of (1.1) that

() = |]§| /Q[f(v) —ug(v)]dx

1 1
- = fQ LF0) = ks = o [Q ulg(v) — g(vy)ldx

8(vx)
- 2l /Q(u—u*)dx

=:J1(t) + (1) + J3(t), Vte(0,00). (3.13)

It follows from (3. 12)that hm [Jl (1)+J2(1)] = 0.Recall (2.15), we have ||’ ||Coz/2([1 o)) = k

for some positive constant k. This combined with (3.12) yields v/(r) — 0 as r — oo.
Therefore, in view of (3.13), there holds J3(t) — 0 ast — o0, i.e.,

u(t) > uy ast — oo. (3.14)

Making use of the Poincaré inequality ||u—iu], < C||Vull» withC > 0, we have |u—ull, —
0 as t — oo. This combined with (3.14) implies

llu —usllz < llu —ull2 + [t — usll2 = 0 asz — oo.

Similar to the above we can prove (3.11). This completes the proof. O

Proofof (1.6) Let6 > 0. For the given positive constant y,, we define 4(y) = y — y, In y for
y > 0. By L’Hopital’s rule, one can easily check that

im PO = RO _ h'(y) 1
im ————— = lim ——— = ——.

=y (¥ = i) =y 2(y = ye) 2y«
Remember the limit (3.11) and (3.1), it follows that there is 7o > 1 such that

! /(u—u)dx</(u—u*—u*ln—>dx<—/(u—u*)dx (3.15)
4u Uy

g (vy) // 80s) — 8w g(v*)/ y
— v —v)2d 3.16
el ACRRLCILAE A Mrrs o) Jo T G10)
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for all # > f9. Recall the definitions of E () and Fj(¢), it follows from the right inequalities
in (3.15)—(3.16) that E{(t) < C{F;(¢) for all t > o and some C; > 0. Inserting this into
(3.3) we get

1
E\(t) < —Fi(t) < —C—lEl(t) for t > 1.

Thus, E1(t) < Cpe %' fort > fy and some C3, o > 0. In view of the left inequalities in
(3.15)—(3.16), there exist C3, C4 > 0 such that

/ (u — uy)dx + / (v — ve)?dx + / (w — wy)?dx < C3E1(t) < Cae™ %', t > 1.
Q Q Q

Recall that u(-, ), w(-, ) and v(-, t) are bounded in W () for r > 1. Thanks to the
Gagliardo-Nirenberg inequality (with Cg, > 0)
_n_ 2
1V lloe < ConllV T ) IV, ¥ ¥ € Wh2(Q), (3.17)
we can find C, A > 0 such that

—At

lu — tslloo + 11V — Villoo + lw — Willoo < Ce™™, > 1.

Thus (1.6) holds, and the proof is complete. O

3.2 Global Stability of (0, rK/u, K): Proof of Theorem 1.3

Throughout this subsection we always assume that bg(K) < a. For the convenience, we
denote K =rK/pu.

Lemma 3.5 Assume that bg(K) < a. Let k1, k> be as in Theorem 1.2 and 0 < §; <
QQubkikz)/(r?). Then functions Ea(t), Fa(t) defined by

Ez(t)=/ (u+8—l(w—13)2+b/UMds)dx,
Q 2 K g(s)

F(t) = (a — bg(K))/ udx + 9/ uldx + 4 (/ (w— K)%dx + / (v— K)zdx>
Q Q Q Q

satisfy
Ej(t) < —F (1), t >0, (3.18)

where ¢4 = min{1 /2, bkiky — 81r2/(2u)} > 0.

Proof In view of the assumption (A3), we have h(u) > a + 6u, which implies that

dt Jo Q

= b/ u(g(v) — g(K))dx +/ u(bg(K) —aydx —l—/ u(a — h(u))dx
Q Q Q

< b/ u(g(v) — g(K))dx + (bg(K) —a)/ udx —9/ u’dx.
Q Q Q
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Similar to the proof of Lemma 3.3, by a series of calculations we can get

2 i /( — K)%dx = —81d2/ |Vw| dx—81M/(w— K)%dx
—|—51r/(w—K)(v—K)dx,
Q

and

// 86) —8(K) 4 0~ _b/ u(g(v) — g(K))dx
Q

g(s)
f) f(K)>O1
— —— | dx
gv) gK)

+bf9[g(v> — g(K)] (
Hence, there holds
Eé(l) < (bg(K) —a)/Qudx — Qfguzdx + I3(1), (3.19)
where

() = —51M/(w—1€)2dx+51r/(w—k)(u—K)dx
Q Q

+b/9[g(v) — 8(K)][p(v) — (K)]dx (3.20)

with ¢(v) = f(v)/g(v) and p(K) = f(K)/g(K). The last term in the right hand side of
(3.20) can be estimated as

b fg L) — g(K) i) — ¢ (K)ldx = b /Q ¢ €Y ED @ — K)2dx
< —bklsz (v — K)%dx, (3.21)
Q

where &3 and &4 are between v and K, and k1, ko come from Theorem 1.2. Inserting (3.21)
into (3.20) and applying the Young’s inequality to derive that

L) < _5”’“f (w— K)%dx + 817 / (w— K)(v— K)dx — bklkgf (v — K)%dx
Q

5"“‘/( — R)2dx — (bklkz——>/( — K)%dx
= —&y (/ (w — k)zdx+/(v - K)zdx>,
Q Q

where ¢4 = min{d; /2, bkik, — 81r2/(2u)} > (. This combined with (3.19) gives (3.18).
m}

Proof of Theorem 1.3 (i) Assumethatbg(K) < a.Let E»(¢) and F>(¢) be givenin Lemma 3.5,
then Eé (1) < —F>(t).Clearly, F>(¢) > 0. Similar to the arguments in the proof of Lemma 3.4,
one can deduce that, forany 0 < o < 1,

lull c2ve gy + lw — 1€||C2+a(§2) + v = Kl cate(q) — 0 ast — oco. (3.22)

[m}
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According to (3.22) and Lemma 3.2, there exists 7o > 1 such that

g'(K) /(U_K)zdx 5// 8) —8(K) .
4g(K) Jq g(s)
< %/ﬁ(v —K)2dx, > 1o (3.23)

In view of the definitions of E»(¢), F>(¢) and the right inequality in (3.23), we get
Ex(t) < C1F2(1), t > 1o.
It follows that

e
E5(t) < —Fa(1) < — é(), t > to.
1

This implies that there exist Cp, 0 > 0 such that E;(t) < Cae ! for t > t. By the left
inequality in (3.23) we have

/ udx + / (w — K)%dx + / (v— K)2dx < C3E»(t) < Cae™ ', 1 >19. (3.24)
Q Q Q

In light of (3.22), in the space WI’OO(Q), u(-,t),w(-,t) and v(-, r) are bounded forr > 1.
Making use of the Gagliardo—Nirenberg inequality

_n_ 1
1Vl = Cslllﬂllﬂﬁm(mllx/fllil“, vy e whe Q)
and (3.24), we have

1

_n_ . ot
lulloo = Csllullgﬂw(g) lulli*' < Cee™ 1, t > 1. (3.25)

Similarly, it follows from the Gagliardo—Nirenberg inequality (3.17) and (3.24) that

lw—=Klloo < Cenllw — K||"};1230(Q) lw— KI5 7 <Cre w2, 1>1, (3.26)
2 o) -t
lv—Kloo < Cgnllv — Kllﬁvﬁw(mll — K|} < Cge” n2, t > 1. (3.27)

Thanks to (3.25)—(3.27), the statement in Theorem 1.3 (i) is followed immediately.

Proof of Theorem 1.3 (ii) We first consider the case bg(K) = a and 0 > 0. Let E>(t) and
F>(t) be given in Lemma 3.5, then Eé(t) < —F,(t). Clearly, F»(¢t) > 0. In the present
situation,

F (1) :9/ uzdx+g4/(w—l%)zdx+g4/(u—1<)2dx, t>0.
Q Q Q
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Similarly to the above, we can show that (3.22) holds. Let #p > 1 be as in the proof of
Theorem 1.3 (i). Using (3.23), the Cauchy-Schwarz inequality and boundedness of (u, w, v)
we can find C9 > 0 such that

Sl an K[
Ez(t)S/Qudx—i—Z/Q(w K)dx—l—g(K)/Q(v K)“dx

1/2 ) 1/2 1/2
< Cy <f u2dx> + Co <f (w— K)de> + Coy (/ (v — K)2dx>
Q Q Q

1/2
<309 </ [4 + (w — K)* + (v — K)z]dx>
Q
= Co/3F> (1), t>1y.

m}

This combined with E}(r) < —F(t) leads us to Ej(r) < —CloE%(t) for t > ty. Thus,
Ey(t) < % for t > ty. Recall the definition of E;(¢) and the left inequality in (3.23), we
can have

X C
/ [+ w— K+ @—K)]dx < CuEa(t) < —>, 1 > 1.
Q t+1

By the similar arguments in the proof of Theorem 1.3 (i), there exist C > O and A > 0
such that

lulloo + lw — Klloo + v = Klloo < Ct + D7, 1 > 10.

This implies (1.8).
Now we consider the case bg(K) = a and 8 = 0. In this case,

Fa(1) = 84/ (w— K)?dx + &4 / (- K)*dx, t>0.
Q Q
Similarly to the above it can be shown that

lw = Kl catagy + 10 = K ll2va(gy — 0 ast — oo. (3.28)

Integrating the equation of v in (1.1) we have

i vdx =/ f(v)dx—/ ug(v)dx
dr Jo Q Q

:/ f(v)dx—l—/ u(g(K) — g(v))dx —g(K)/ udx. (3.29)
Q Q Q

Noticing f(K) = 0, the limit (3.28) implies fQ f(v)dx —|—fQ u(g(K)—g())dx — Oast —
00. We have known tlim % fQ vdx = 0 (see the proof of Lemma 3.4). It follows from (3.29)
— 00
that tlim llu|ly = 0. Similarly to the above (compact arguments and uniqueness of limits),
—00

we can show (3.22), which implies the globally asymptotically stability of (0, rK/u, K).
Theorem 1.3 (ii) is proved.
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4 Two Examples

To better understand our stability results, we shall use Theorems 1.2 and 1.3 to study two
examples which are of biologically meaningful.
Let us first consider the Lotka-Volterra predator—prey system with indirect prey-taxis, i.e.,

x(w) = xo0, h(w) =a+0u, gv)=v, f(v)=qgv(l—v/K),
where the constants xg, a, , K > 0and 6 > 0. Note that g’(v) =1, g(K) = K and
p) = f(v)/gw) =n(l —v/K), ¢(0)=1n>0, ¢'(v) =—-n/K <0.

It is easy to see that (A5) is satisfied, and if bK > a then the positive constant steady
state reads

(n(bK—a) rK(a+ 6n) K(a+9n)>
(s, TVR/ L, Vi) =

bK +0n  wbK +6n) bK +0n
According to Theorems 1.2 and 1.3, we have
e IfbK > a and
Lg _ 16ub(bK + 0n)
didy ~ r!K(bK —a)’
then (1.1) admits a unique positive steady state (4., rvy/(L, Vy).

e If bK < a, then the steady state (0, rK /u, K) is globally asymptotically stable. This
implies that the problem (1.1) has no positive steady state.
We next study the Rosenzweig-MacArthur predator—prey system with indirect prey-taxis,
ie.,

x(W) = xo, h(w) =a, g()=v/(L+v), fv)=qv (1—%),

where the constants xg, @, L, n, K > 0and L > K.Notethatg’(v) = L/(L+v)2, g(K) =
K/(L + K) and

f()

so(v)=%=n(L+v)(l—v/K), ¢(0)=gL >0, ¢'(v) =n(1 - L/K —2v/K) <O0.
Then,
ki = inf g'(2) = = = f @I = Loy
1—26[0 §@= T 2— ln Iwzl n(K )

where m = max{||vo|ls, K}. Itis easy to see that (AS) is satisfied and if bK /(L + K) > a,
then

bgL[(b —a)K —alL] ralL alL
Kb —a)? ’;L(b—a)’b—a)
Thanks to Theorems 1.2 and 1.3, we have
e IfbK/(L+K) >a,L > K and
Lg _ 164 (L — K)(b — a)?
didy  r2(L+m)?[(b —a)K —alL]’
then (1.1) admits a unique positive steady state (i, rv/®L, Vy).

e If bK/(L + K) < a, then the steady state (0, rK/u, K) is globally asymptotically
stable. This shows that the problem (1.1) has no positive steady state.

(s, TVR/ L, Vy) = (
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