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Abstract

By applying the comparison theorem, Lyapunov functional, and almost periodic
functional hull theory of the impulsive differential equations, this paper gives some
new sufficient conditions for the uniform persistence, global asymptotical stability,
and almost periodic solution to a nonautonomous Lotka-Volterra predator-prey
dispersal system with impulsive effects. The main results of this paper extend some
corresponding results obtained in recent years. The method used in this paper
provides a possible method to study the uniform persistence, global asymptotical
stability, and almost periodic solution of the models with impulsive perturbations in
biological populations.
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1 Introduction

Because of the ecological effects of human activities and industry, more and more habitats
are broken into patches and some of them are polluted. Negative feedback crowding or the
effect of the past life history of the species on its present birth rate are common examples
illustrating the biological meaning of time delays and justifying their use in these systems.
Recently, diffusions have been introduced into Lotka-Volterra type systems. The effect of
an environment change in the growth and diffusion of a species in a heterogeneous habitat
is a subject of considerable interest in the ecological literature [1-7].

As was pointed out by Berryman [8], the dynamic relationship between predators and
their prey has long been and will continue to be one of the dominant themes in both ecol-
ogy and mathematical ecology due to its universal existence and importance. In recent
years, the predator-prey system has been extensively studied by many scholars, many ex-
cellent results were obtained concerned with the persistent property and positive periodic
solution of the system; see [9-15] and the references cited therein.

Considering the effect of almost periodically varying environment is an important se-
lective forces on systems in a fluctuating environment, Meng and Chen [16] studied
the case of combined effects: dispersion, time delays, almost periodicity of the environ-
ment. Namely, they investigated the following general nonautonomous Lotka-Volterra
©2014 Xu and Wu; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribu-

tion License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.


http://www.advancesindifferenceequations.com/content/2014/1/264
mailto:mathwqwu@163.com
http://creativecommons.org/licenses/by/2.0

Xu and Wu Advances in Difference Equations 2014, 2014:264
http://www.advancesindifferenceequations.com/content/2014/1/264

type predator-prey dispersal system:

x1(2) = 21 (@) [r1(8) — a1 (H)xa (2) - bl(t)xl(t -n(t)
f o K1 (8, 8)x1 (8 + 5) ds — 1+oz t)x1 ol + Y iy D (8)[x:(2) — x1(2)],
%:(2) = xi(£)[r3(£) — ai()xi(£) — bi(£)xi(t — w(2))
- fo ki(t,8)x;(¢ + s)ds] + Z}” VDii(@)[xi(8) —x: ()], i=2,3,...,m,
30 = 3O =11 (®) + L2529, 1 (O(O) = b~ Tt ()
- f_aml ka1 (L, 8)y(t + 5) ds].

(11)

By using the comparison theorem and functional hull theory of almost periodic system,
the authors [16] obtained some sufficient conditions for the uniform persistence, global
asymptotical stability, and almost periodic solution to system (1.1).

However, the ecological system is often deeply perturbed by human exploitation activ-
ities such as planting and harvesting and so on, which makes it unsuitable to be consid-
ered continually. To obtain a more accurate description of such systems, we need to con-
sider impulsive differential equations. In recent years, the impulsive differential equations
have been intensively investigated (see [17-29] for more details). To the best of the au-
thors’ knowledge, in the literature, there are few papers concerning the permanence, global
asymptotical stability, and almost periodic solution to the Lotka-Volterra type predator-
prey dispersal system with impulsive effects. Therefore, we consider the following Lotka-

Volterra type predator-prey dispersal system with impulsive effects:

x1(2) = x1(O)[r1(£) — a1 (E)x1 () - bl(t)xl(t -n(t)
f ki(t,8)x1(t +s) ds — m + 2 o Da(®)[xi(t) — 21 (2)],

xi(t) = xz(t)[n(t) a;(t)xi(t) — bi()x:(t — :(2))

— [° kit )il +5)ds] + Y D®)i(e) - ()], i=2,3,...,m,
50) = YD) + L — 4, (Y() = b ()Yt — Ty (£))

=[S, kna(t,s)y(E+s)ds],  tH b
ij(tk) = hjkx/(tk), j= 1, 2,...,1’1,
Ay(tk) = hn+1,ky(tk): keZ,

where x; and y are population density of prey species x and predator species y in patch
1, and x; is density of prey species x in patch i; predator species y is confined to patch 1,
while the prey species x can disperse among n patches; D;;(¢) is the dispersion rate of the
species from patch j to patch i, the terms b;(¢)x; (¢ — 7;(¢)) (i = 1,2,..., 1), b1 &)yt — 1,41(8)),
f_oai ki(t,8)x;(t+s)ds(i=1,2,...,n)and f_ogm ku+1(t, s)y(t +s) ds represent the negative feed-
back crowding and the effect of all the past life history of the species on its present birth
rate, respectively; Ax;(fx) = x;(£5) — x:(£;), x;(t}) and x;(¢;) represent the right and the left
limit of x;(tx), x:(t;) = %:(t), k € Z, i = 1,2,...,n. Related to a continuous function f, we
use the following notations: f = infcg f(s), f* = sup,.g ().
In system (1.2), we always assume that foralli=1,2,...,n+1,j=1,2,...,n

(H1) ri(2), ai(t), bi(t), c(t), f(£), a(t) and Dy(£) (Dy(t) = 0) are nonnegative and continuous
almost periodic functions for all £ € R, and a + b > 0.

(Hz) ki(2,s) are defined on R x (—00,0] and nonnegative and continuous almost periodic
functions with respect to ¢ € R and integrable with respect to s on (oo, 0] such that
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ff)ai k;(t,s) ds is continuous and bounded with respect to t € R, 0 < ff)ai(—s)k}‘(s) ds <
+00.

(Hs) t;(¢) is continuous and differentiable bounded almost periodic functions on R, and
inf;cr{l - 7;(¢)} > 0.

(Hs4) The sequences {/;} are almost periodic and /A > —1.

(Hs) The set of sequences {l';(}, ti = tgyj — ty, k € Z, j € Z is uniformly almost periodic and
0 :=infrez t; > 0.

The main purpose of this paper is to establish some new sufficient conditions which
guarantee the uniform persistence, global asymptotical stability, and almost periodic so-
lution of system (1.2) by using the comparison theorem, the Lyapunov functional, and
almost periodic functional hull theory of the impulsive differential equations [17, 18] (see
Theorem 3.1, Theorem 4.1, and Theorem 5.1 in Sections 3-5).

The organization of this paper is as follows. In Section 2, we give some basic defini-
tions and necessary lemmas which will be used in later sections. In Section 3, by using
the comparison theorem of the impulsive differential equations, we give the permanence
of system (1.2). In Section 4, we study the global asymptotical stability of system (1.2) by
constructing a suitable Lyapunov functional. In Section 5, some new sufficient conditions
are obtained for the existence, uniqueness, and global asymptotical stability of the positive

almost periodic solution of system (1.2).

2 Preliminaries
Now, let us state the following definitions and lemmas, which will be useful in proving our
main result.

Let R” be the n-dimensional Euclidean space with norm x| = > 1, |x]. By I, I =
{{te} € R : tg < tge1,k € Z,1imy_, 1o tx = 200}, we denote the set of all sequences that
are unbounded and strictly increasing with distance ,o({t,g)}, {t,((z)}). Let QC R, Q #0,
T :=sup,pitit) :i=1,2,...,1}, & € R, introduce the following notations:

PC(&) is the space of all functions ¢ : [§p — 7,&] — 2 having points of discontinuity at
1, o, - .. € [Eo — T, &p] of the first kind and being left continuous at these points.

For ] C R, PC(J,R) is the space of all piecewise continuous functions from J to R with
points of discontinuity of the first kind #, at which it is left continuous.

Let ¢;, ¢ € PC(0). Denote by x;(t) = x:(£; 0, ¢;), y(t) = y(t;0,9), x;,y € 2, i=1,2,...,n the
solution of system (1.2) satisfying the initial conditions

0 <x,(5;0,¢;) = ¢i(s) < +o0, se[-1,0], x/(0 +0;0,¢,) = ¢;(0) > 0;

0 <y(5;0,9) = ¢(s) < +00, s€[-1,0], (0 +0;0,¢) = ¢(0) > 0.

Remark 2.1 The problems of existence, uniqueness, and continuity of the solutions of
impulsive differential equations have been investigated by many authors. Efficient suffi-
cient conditions which guarantee the existence of the solutions of such systems are given
in [17, 18].

Since the solution of system (1.2) is a piecewise continuous function with points of dis-
continuity of the first kind #, k € Z we adopt the following definitions for almost period-
icity.
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Let T,P € I, s(TUP) : I — I be a map such that the set s(7"U P) forms a strictly increasing
sequence and if DC R and € >0, 0.(D) = {t + € : £ € D}, F.(D) = [ {0(D) : € > 0}.

By ¢ = (¢(t), T) we denote the element from the space PC x [, and for every sequence of
real numbers {«,} we let 6,,¢ denote the sets {¢(t — ), T — ot} C PC x [, where T —a,, =
-, keZ,n=1,2,...}.

Definition 2.1 ([18]) The set of sequences {4}, tf( =ty — b, kK € Z, j € Z, {tx} € 1 is said
to be uniformly almost periodic if for arbitrary € > O there exists a relatively dense set of

€-almost periods common for any sequences.

Definition 2.2 ([18]) The function ¢ € PC(R,R) is said to be almost periodic, if the fol-
lowing hold:
(1) The set of sequences {tf(}, ti =tiyj — b, k € Z, j € Z, {tx} € L is uniformly almost
periodic.
(2) For any € > 0 there exists a real number § > 0 such that if the points ¢’ and ¢” belong
to one and the same interval of continuity of ¢(¢) and satisfy the inequality
|t —t"] < 8, then |p(t') — ()] < €.
(3) For any € > 0 there exists a relatively dense set T such that if n € T, then
lo(t +n) — p(t)| < € for all £ € R satisfying the condition |t — #| > €, k € Z.
The elements of T are called e-almost periods.

Lemma 2.1 ([18]) The set of sequences {ti}, ti =tiyj— ti, kK € Z, j € Z, {t} € L is uniformly
almost periodic if and only if from each infinite sequence of shifts {ty —a,}, k € Z,n=1,2,...,
o, € R, we can choose a subsequence which is convergent in 1.

Definition 2.3 ([18]) The sequence ¢, ¢, = (¢,(£), T);) € PC x I is uniformly convergent
to ¢, ¢ = (p(t), T) € PC x L if and only if for any € > 0 there exists ny > 0 such that

P(T,T)<e,  |lout)— )| <€
hold uniformly for n > ng and £ € R\ Fc(s(T,, U T)).

Definition 2.4 ([18]) The function ¢ € PC is said to be an almost periodic piecewise con-
tinuous function with points of discontinuity of the first kind from the set T if for every
sequence of real numbers {«,,} there exists a subsequence {c,} such that §,,¢ is compact
in PC x IL.

Lemma 2.2 ([18]) Let {tx} € 1. Then there exists a positive integer A such that on each
interval of length 1, we have no more than A elements of the sequence {t}, i.e.,

i(s,t) <A({t—s)+A,
where i(s, t) is the number of the points ty in the interval (s, t).

Lemma 2.3 Let {t;} € 1. Then
t—s
j yt > — _ly
i(s,t) > 7

where i(s, t) is the number of the points ty in the interval (s, t).
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Proof The proof of this lemma is easy and we omit it. This completes the proof. O

3 Uniform persistence
In this section, we establish a uniform persistence result for system (1.2).

Lemma 3.1 ([17]) Assume that x € PC(R) with points of discontinuity at t = ty and is left
continuous at t = ty for k € Z*, and

x(t) <f(t,x(0), tFte

(3.1)
x(ty) < I(x(t), k€ 27,

where f € C(R x R,R), Iy € C(R,R) and Ii(x) is nondecreasing in x for k € 7.*. Let u*(t) be
the maximal solution of the scalar impulsive differential equation

u(t) :f(t’ Lt(t)), t #tk,
u(ty) = (u(tx)) =0, keZ, (3.2)
u(ty) = uo

existing on [ty, 00). Then x(t]) < uo implies x(t) < u*(t) for t > t,.

Remark 3.1 If the inequalities (3.1) in Lemma 3.1 is reversed and u,(t) is the minimal
solution of system (3.2) existing on [ty, 00), then x(¢}) > u implies x(¢) > u..(¢) for t > ¢,.

Lemma 3.2 Assume that ad > &', b > 0, hy > -1, and x(t) > 0 is a solution of the following
impulsive logistic equation:

x(t) = x(t)[a - bx(0)], tFt4,

(3.3)
Ax(t) = x(ty), keZ,

then

g o — &l
limtiligox(t) < %,

where &' := Ininficy ﬁ

Proof Letu = }C, then system (3.3) changes to

d
: % =—au(t)+b, t#l,

u(ty) = ﬁ;’;lz, keZ.

Similar to the proof in [18], we can obtain from Lemma 2.3

u(t) = W(t,0)u(0) + b/t W (t,s)ds
0

_ 1 —at ! 1 —a(t—s)
= 1_[ 1_'_hke u(0)+b/0 1_[ 1+hke ds

tr€[0,t] trelst]

1 g1 iro1 &
[1 7 } e u(0) + b/ [1 y? :| e 9 g
k 0 k
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I
= e 5 e @y (0) - , (3.4)
a p— E_
g
where
e~ at=s), ol <S<t<iy
W(t,s) =
() { [T €™ tna <5 Sty <<t <.
Then
gl !
_ e (af —
lim sup x(¢£) =lim sup [u(t)] 15 g
t—+00 t—+00 be
This completes the proof. d

Lemma 3.3 Assume that a > §*A, b > 0, hy > -1 and x(t) > 0 is a solution of the following
impulsive logistic equation:

x(t) = x(t)a - bx(t)], ¢t

(3.5)
Ax(ty) = ix(ty), ke Z,
then
. a—-E'A
hmt_l)rlgox(t) > A

where A is defined as that in Lemma 2.2, §* := Insup;, ﬁ

Proof Let u = 1, then system (3.5) changes to

: WO - _au()+b, 7k,

t;
W) =1, kel

Similar to the proof as that in (3.4), we can obtain from Lemma 2.2
t
u(t) = W(t,0)u(0) + b/ W (t,s)ds
0

1 t 1
< | | —at 0 b | | —a(t—s) d
- ]1+hke w0) + /0 1+hke $

trel0,t trelst]

1 At+A t 1 A(t—-s)+A
e “u(0)+b / e 9 g
1+ hy o L1+

t
< A @ A, 0) 4 bf A laE A=) g
0

IA

bef A1 — e (874
a—-&"A

L (1) S

’
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which implies that

. . 1 a-§"A
lim tir}rgox(t) =1lim t_1)11foo[u(t)] > oA
This completes the proof. d

Lemma 3.4 Assume that ab > &' and for x(t) > 0, we have

x(t) < x(t)[a — box(t) — bix(t — (£)], t#tk

(3.6)
Ax(ty) < ix(t), ke,

where
a>0, bog,b1 >0, bo + b, > 0.
Then there exists a positive constant M such that

(a0 — £
lim sup x(f) < w =M,
t—>+00 Bo

where B = by +infyer b1 [ [ c(sr(n9 (1 + ) leat®,

t)t

Proof From system (3.6), we have

x(t) <ax(t), t#t,
Ax(tk) < hkx(tk), keZ,

is equivalent to

(3.7)

dx()e 1 <0, t#t,
Ax(ty) < lix(ty), keZ*.

For some ¢ € [0, +00) and t # , k € Z", consider interval [t — t(¢), £). Assume that #; < £; <
-+ < t; are the impulse points in [t — 7(£), t). Integrating the first inequality of system (3.7)
from ¢ — 7(¢) to £ leads to

x(t)e ™ < x(t—())e W),
Integrating the first inequality of system (3.7) from £; to £, leads to
x(ty)e™ <x(f)e™™ < (1 + h)a(t)e™™ < (1 + hy)x(t - T(t))e—a(t—r(t)).

Repeating the above process, integrating the first inequality of system (3.7) from ¢ to ¢
leads to

x(t)e™ < x(tj”)e_“t/ < (L +h)x(t)ei < 1_[ (A + hy)as(t - t(t))e‘“(t_f(”).
teelt—t(),0)
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Then

x(t-t@)= [] @+ho e Ox). (3.8)

trelt-t(t)t)

Substituting (3.8) into system (3.7) leads to

®(t) <x(t)[a—-Bx(t)], tF#t,
Ax(te) < lx(ty), kelZ.

Consider the auxiliary system

z(t) = z(t)[a - Bz(t)], t#t,
z(t) = (L+ h)z(te), keZ, (3.9)
z(0*) = x(0%).

By Lemma 3.1, x(¢) < z(¢), where z(t) is the solution of system (3.9). By Lemma 3.2, we
have from (3.9)

gl o — &l
lim sup x(£) <lim sup z(¢) < M.
t—+00 t—+00 B6
This completes the proof. d

Lemma 3.5 Assume that a > §“A, for x(t) > 0 and limsup,_, , ., x(t) < M, we have

x(t) = x(t)[a — box(t) — bix(t — (1))], t# 1,
Ax(t) = hix(ti),

(3.10)
where
a>K+E&%A, bo, b1 >0, b:=by+b >0, keZ.

Then there exists a positive constant N such that

o a—E4A
hmt_l)lﬁox(t) > W =

’

where

D:=by +supb; 1_[ A + hy) e la-bMIz @),

S

Proof According to the assumption, for Ve; > 0, there exists 77 > 0 such that
x(t) <M+¢ fort>T.
From system (3.10), we have

#(£) > [a—b(M + €)]x(t) := Leyx(8),  t#tk,t > Th,
Ax(te) = x(ty) +dy, keZ,
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is equivalent to

dlx@etall >0, t#t,t> T,

(3.11)
Ax(ty) = hix(te) + di, ke Z.
Similar to the arguments in (3.8), we obtain
x(t-t@) =[] Q+m)etarOx(). (3.12)

trelt-(),0)

Let

De=bo+suphy  [] (14 hyp) e et

LR et ()0)

Substituting (3.12) into system (3.10) leads to

%(t) = x(t)[a — D x(t)], t#t,t =T,
Ax(ty) = ix(ty), keZ.

Consider the auxiliary system
z(t) =z(t)la - Dez(0)], t#bot=T,
2(tf) = L+ h)z(te), ke Z, (3.13)

2AT}) = 2(T7).

By Remark 3.1, x(¢) > z(t), where z(¢) is the solution of system (3.13). By Lemma 3.3, we

have from (3.13)

. . a—E"A

> -2 5

hmtil}};ox(t) > lim tinio z(t) > DA "

This completes the proof. g
Let
r* = max r¥, a':= min al, hi = max hy, keZ,
1<i<n 1<i<n 1<i=n
g':=Ininf —— g :=Ininf

kez 1+ hY’ keZ 1+ Mypri

Proposition 3.1 Every solution x(t) = (x1(£), %2(t), ..., %,(2), y(®))T of system (1.2) satisfies

g! “g _ I
lim sup x;(¢) < M; := M,
t—00 a'd

’

El U 1

en1(ritg — &, 1)

lim sup y(¢) < M1 := Ty mld
t—00 Bn+19

if the following condition holds:
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n+l’

(He) 0 > &L, 0> €L ,j=1,2,...,n,
) J

ol : ! 1 - T @) . fUM
where By, := a,,,, + infier b),,, Htke[t—rm(t),t)(l + My ) Lo ) ry =

Proof Define V(t) = max{x,(t),x2(¢),...,%,(¢)} for £ > 0. Forany t° > 0 and £* # &, k € Z,
there must exist i € {1,2,...,n} and § > t° small enough such that V(%) = x;(t°) and x;(s) <
x:(s) for Vs € [t°,8), j #1i, i,j € {1,2,...,n}. Calculating the upper right derivative of V()

from the positive solution for system (1.2), we have
DV(E) = 3(t%) < (i) [t~ al ()] < V() [ - V()]

By the arbitrariness of £, we have
DV < V[ -d'VE)] Yt#tkel. (3.14)

Observe that x;(¢f) = (1 + hy)x;(t) and 1 + hy > 0, k € Z. For arbitrary impulse point f,
there exists iy € {1,2,..., n} such that V/(¢x) = max{x; (tx), x2 (&), . .., % ()} = %, (), that is,

V(t7) = ip (&) = A+ high)xiy (8) < (L+ HE) V&), ke Z. (3.15)
By Lemma 3.4, we obtain from (3.14)-(3.15)

lim sup x;(¢) <limsup V(¢) <M;, i=12,...,n.

t—00 t—>00

For any positive constant €; > 0, there exists 7, > 0 such that
x;(t) <M;+ey fort>T,i=12,...,n
In view of system (1.2), it follows that

0 < yOLLERE —al y(0) = by - T )], £7 81,

1+al (M +ey

Ay(tk) = hVHl,ky(tk)’ k € Z’

which implies from Lemma 3.4 that

lim sup y(¢) < M,,,;.

t—00

This completes the proof. d

Define
1 ,
&' :=Insup——, i=12,...,mn+1

kez 1+ hix

Proposition 3.2 Assume that the following condition (H;) holds:

n 0
p1i= r{ - ZD;‘I — / k' (s)dsM; — ¢* M1 = E['A,
i=2 a1

Page 10 of 23
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n 0
pi;:rf—ZD;;—/ K“(s)dsM; > EFA,  i=2,...,n,
j=1 i

lel 0
Pni1 = n+1 L — 1+ OtuNl o n+1(s) dSMnH = ‘i:n+1

then every solution x(t) = (x1(t), x2(£), ..., x,(2), y())T of system (1.2) satisfies

u

i —EMA

lim inf x;(t) > N;:= M)
t—+00 Qieéi A

A
lim inf y(t) > er+1 M
t=too Qn+1e§"+1A

where

Q;:=a’ +supb! 1_[ (1 + hy) te i@+ bOMiln@) i 9 41,
LR eltmr(0)0)

Proof For Ves > 0, there exists T3 > 0 such that

x;(t) < M; + €3, y(t) <My +es fort>T3,i=1,2,...,n

From system (1.2), for ¢ > T3, we have

&1(0) = 2 ()[r} = Y0, DY — atiwi (8) — by (£ — 11 ()
-/° o k”(S) dS(M1 +€) = My + €)],
() = xi()[r} — YL, Dl — atxi(t) — byt — wi(2))
- f—ai ki (s) ds(M, +e)], i=2,3,...,mtFt,

Axi(ty) = hyxi(ty), ke Z.

By Lemma 3.5 and the arbitrariness of €3, we have

lim inf x;({) >N;, i=12,...,n

t—+00

Then for Ve4 > 0, there exists T, > 0 such that
x1(8) = N1 — €4, y(t) <My + e fort> Ty

From system (1.2), for ¢t > T4, we have

() = y(e)[- r,m + % — a1 y(0) = byt = T ()

- f Ontl n+1 (M}’H-l + 64)]7 t #tki
Ay(ti) = hn+1,ky(tk): keZ.

By Lemma 3.5 and the arbitrariness of €4, we have
lim inf y(t) > Nyy1.
—+00

This completes the proof.
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Remark 3.2 When /iy (i=1,2,...,n+1,k € Z) =0 in system (1.2), then Propositions 3.1
and 3.2 improve the corresponding results in [16]. So Propositions 3.1 and 3.2 extend and
improve the corresponding results in [16].

Remark 3.3 In view of Propositions 3.1 and 3.2, the distance 6 between impulse points,
the values of impulse coefficients 4 (i = 1,2,...,n + 1, k € Z) and the number A of the
impulse points in each interval of length 1 have negative effect on the uniform persistence

of system (1.2).
By Propositions 3.1 and 3.2, we have:
Theorem 3.1 Assume that (Hy)-(Hy) hold, then system (1.2) is uniformly persistent.

Remark 3.4 Theorem 3.1 gives the sufficient conditions for the uniform persistence of
system (1.2). Therefore, Theorem 3.1 provides a possible method to study the perma-
nence of the models with almost periodic impulsive perturbations in biological popula-
tions.

4 Global asymptotical stability
The main result of this section concerns the global asymptotical stability of positive solu-
tion of system (1.2).

Theorem 4.1 Assume that (Hy)-(Hy) hold. Suppose further that
(Hg) there exist positive constants \; such that

. Mbi (87 (2)) 0
Zg}g[klﬂl(t) — T{Sfl(t)) — )\1 [ kl(t -, S) ds

01

a(t)c(t)MnJrl 2 )‘lel(t) )‘-n+lf(t)
T ra@ONT 121: N1 +a(t)N1i| 70

ki(t —s,s)ds

0

Aibi(571(2)) /0
Ai

22%[““1“” BETREON

L D(E)  Apaf(0)
_]Zl N, 1+a(t)N1i| >0,
)"n+1bn+1(8;41.1(t))
1- i’n+1 (8;}.1“))

0 c(t)
a Kyt (—5,5)ds — — |,
1/ 1 =5) 1+a(t)Nl]>

inf |:)\n+1ﬂn+1 () -
teR

where 8171 is an inverse function of 1, i =2,...,m,j=1,2,...,n+ 1.

Then system (1.2) is globally asymptotically stable.

Proof Suppose that X(2) = (x1(2), ..., x,(2), (&))" and X*(¢) = (x5 (2), ..., x%(2),y*(¢))" areany
two solutions of system (1.2).
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By Theorem 3.1 and (Hg), for €5 > 0 small enough, there exist 75 > 0 and ® > 0 such that

0<N;—e5 <x(t) <M; + €5, 0<Ny—€ <y(t) <M, +e fort>Ts,

. Mby (87 (2)) 0
tlgﬂg |:)\.1ﬂ1(t) - T(Sfl(t)) - )\.1 /:GI /(1(t -S, S) ds

_ (X(t)C(t)(M,H,l + 65) _ Xn: )‘lel(t) _ )\n+lf(t) - ®
[1+a(@Ni-€&)* = Ni—e  [1+a()N-€)]

1nf|:ka(t) T TL(3 l(t)) / ki(t —s,s)ds

)\Du n+1f(t)
Z N-e 1+a(t><Nl—es>]}®

. )\n+1bn+1(3_11(t)) /0
f )"n+ n+ ) — —n+ - )\n+ kn+ - ) d
}QR[ 1841 (2) 1= % (6.1, (2) ) 1(t—s,8)ds

c(t)
T T a@m - 65>]] >

On+l

where i=2,3,...,n

Construct a Lyapunov functional as follows:
V(t) = Vi(t) + Va(t) + V3(2), Vi=Ts,

where

= Z)»Alnx,-(t) - lnxf(t)’ + )»,Hl‘lny(t) —Iny*(#)|,

Va0 = Z / “’ffa D)0 &

t n+ bn+ 8n+ S
+/ 1 1( 1() | (S) y (S)|dS
t=Tp41(t) 1

- Tn+1(8n+1(
Va(t) = Z/\ /

—o;

/t k(I - s,s)|xi(l) - x}k(l)| dlds

t
Ao / [ ks = 5,9)|y(D) - y* ()| i ds.
-0yl Y E+S

For t # t, k € Z, calculating the upper right derivative of V;(¢) along the solution of
system (1.2), it follows that

N - xi(t) X7 () »
D*Vi(¢) = Z)\i[xi(t) - x?(t)j| sgn(x;(¢) — 7 (2))

i=1

y) 5@ )
"ﬂ[y(_t) B y*(t)] sgn(y(8) - 5" (¢)

<> Ai[—ai(t)|xi(t) =7 (O] + bi(0) |t - 1i(0)) — &7 (£ — 7(0)) |

i=1
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0
+ / k;i(t,s)

+ A1 sgn xl(t) X (t) ZDﬂ( )

i(t +5) —x}k(t+s)}ds:|

[ ()7 (£) — 21 (£) (2)]

x1()x5 ()

[ () (2) — x: ()} (2)]

+ 22: Aisgn(xi(t) - x7 (1)) ;Dji(t) 0D

c(t)y(t) c(t)y*(t)
1+a(@)x () 1+ a(@)xf(t)

+ A1sgn(x1(2) —x (t))|:

f@)x1(t) S (@)1 (2) ‘
M1 a@m)  1+a@)x@)

= An1@n1(2) |y(t) -y (t)| + Au1bpa () |y(t — Tn+l (t))

0
+ / kst (6,8)[y(¢ +9) — (¢t +.5)|ds
<- Z Nt (0)|xi(E) — x5 (0)] + Z Aibi(t)|xi (¢ — Ti(2))
i=1 i=1

(t+s) —x;‘(t+s)| ds

+i)&i
Z“D’l“ w(l) =% (0)] + ZZ)‘D i) -

j=1 =2 j=1

" Ol(t)C(t)(M,Hl + 65 ‘
1+ a(t)(N; - €5)]?

+ )\n+lf(t)
[1+a@) (N - €5)]

= An1@n1(2) |y(t) -y (t)| + Au1bpa () |y(t — Tn+l (t))

c(t)

t) X1 (t)|

EAGEEAG]

0
+Mu/' K1 (8, 8)|y(E + 8) = y* (£ +5)| ds
—On+l

Here we use the following inequality which has been proved in [16]:

[ ()7 (2) = ()6 (£)]
x(£)x7 ()

sgn(x;(2) — %7 (2)) Z Dj(t)

j=1 j=1
Moreover, we obtain
n -1 -1
)\ibi(si (t)) )\n+1bn+1(8n+1(t))

|xi(e) — %7 (0)] + ()

D*Vy(2) = LZ 1 - %,(8,1(2))

—~ 1 5(57(0)

- Z)\ibi(t)|xi(t -7(t)) -« (£ - ()|

i=1

- )\n+1bn+l t ‘J/(t - Tn+l(t)) _y* (t - Tn+l(t)) )

0
D*V5(t) = ZA/ it — ss‘xl x;‘(t)‘ds

T

[1+a(t)(N1 — €5)]

-y (t - Tn+1(t)) |

—x(e-n0)|

x5 (8)]

|y(8) -

-y (t - Tn+1(t)) |

Dj;
=y M’_(” 50 - 7).

-y ()]

(4.1)
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0
e f knsa (£ - 5,9)|y(0) — 5*(8)| ds

Tn+l

n 0
_Z)\if ki(t,s)|xi(t+s)—xj‘(t+s)|ds
i=1 —%i

0
At / kst (65)[y(¢ + ) = *(¢ +5)|ds

On+l

From (4.1)-(4.3), one has

Mbi(87

W / kl(t S,S) ds

D'V(t) < - |:)»16l1(t)

e - &)

(4.3)

_ a(O)e(t) (M1 + €5) iwﬂm_ 0 }W 20|

e Ni-es  [1+a(®)N -

b F) 1 0
_Z|: iai(t) — & ((8 1(2))) )‘i/ ki(t —s,s)ds

o

1;Dy;(t) Anatf (£) o
_Z N, -5 [1+oc(t)(N1_€5)]i|ixt(t) X; (t)|

)\n+lbn+l( 1(t)) /0
- )‘n n t) - —n+ - )‘«n kn t—s, d
|: +18,41(2) 1- Tn+1(5,,+1(t)) +1 o +1( S 3) S

B c(t)
[1+a(t)(N; —es5)]

<o Yo -st0] b -0

i=1

} ly(®) - ()]

For t = ty, k € Z, we have

V(&) = Vi(g) + V() + Va (&)

= Zki|lnxi(t,j) —Inaf (£8)| + A |Iny(£]) = Iny* (&) | + Valt) + V(&)

(L + hg)xi(t) + dix
(L + hyg)x (t) + dik

Zx

(1 + hn+1,k)y(tk) + dn+1,k
1+ hn+1,k)y*(tk) + dn+1,k
= Vi(te) + Va(te) + V()

+ A |In + Vo(te) + Va(ty)

= V(t).

Therefore, V is nonincreasing. Integrating (4.4) from T5 to ¢ leads to

@/t |:Z‘x,-(s) —x;‘(s)’ + ’y(s) —y*(s)’:| ds < V(Ts) < +o0, Vt=>Ts,
s i1

(4.4)
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that is,

n

/T |:Z|xi(s) ~x7 ()] + |y(s) —y*(s)|] ds < +00,

i=1

which implies that

lim |xi(s) —xj‘(s)| =0, lim !y(s) —y*(s)| =0, i=12,...,n
§—+00 $—>+00
Thus, system (1.2) is globally asymptotically stable. This completes the proof. O

Remark 4.1 Theorem 4.1 gives a sufficient condition for the global asymptotical stabil-
ity of system (1.2). Therefore, Theorem 4.1 extends the corresponding result in [16] and
provides a possible method to study the global asymptotical stability of the models with

impulsive perturbations in biological populations.

5 Almost periodic solution

In this section, we investigate the existence and uniqueness of a globally asymptotically
stable positive almost periodic solution of system (1.2) by using almost periodic functional
hull theory of impulsive differential equations.

Let {s,} be any integer valued sequence such that s, — oo as n — oo. Taking a sub-
sequence if necessary, we have r;(t + s,) — 17 (), a;i(t + s,) = ai(t), bi(t + 5,) = b} (¢),
c(t+5,) = (), f(t +5,) = f7(0), a(t +5,) = a*(£), Dy(t +5,,) — D;;(t), 7i(t +5,) = T(8),
ki(t + s,) > ki(t,s),asn— oo fort € R, s € (-00,0],i=1,2,...,n+1,j=1,2,...,n. From
Lemma 2.1 it follows that the set of sequences {tx —s,}, k € Z is convergent to the sequence
{t}} uniformly with respect to k € Z as n — oo.

By {k;} we denote the sequence of integers such that the subsequence {¢, } is conver-
gent to the sequence {£;} uniformly with respect to k € Z as i — 0.

From the almost periodicity of {/;}, it follows that there exists a subsequence of the se-
quence {k,,} such that the sequences {hikni } are convergent uniformly to the limits denoted
by i, i=1,2,...,n+1.

Then we get hull equations of system (1.2) as follows:

x(8) = xl(t)[rf(t) a; (t)x (1) — b*(t)xl(t (1))
— [5, Kt st +5)ds — S0 + S, DS (O xi() - m(8)],

xi(8) = x,(O) [} (8) — af (O)xi(t) — b (t)xi(t — 775(2))

[0 K6t + ) ds] + 3 DOl (0) ~ @), i=2,3,...m,
¥(8) = y(®) [~ ’n+1(’f)+1+a x);“() —a  (O)y() - b, @)yt -5, ()

=[O kit s)y(E+s)dsl, t#E,
Ax(6) = (), j=12,...,m,
Ay(&) =0 0(8), kL.

By the almost periodic theory, we can conclude that if system (1.2) satisfies (H;)-(Hg), then
the hull equations (5.1) of system (1.2) also satisfy (H;)-(Hs).
By Lemma 4.15 in [18], we can easily obtain the lemma as follows.

Lemma 5.1 Ifeach hull equation of system (1.2) has a unique strictly positive solution, then
system (1.2) has a unique strictly positive almost periodic solution.

Page 16 of 23


http://www.advancesindifferenceequations.com/content/2014/1/264

Xu and Wu Advances in Difference Equations 2014, 2014:264 Page 17 of 23
http://www.advancesindifferenceequations.com/content/2014/1/264

By using Lemma 5.1, we obtain the following result.

Lemma 5.2 If system (1.2) satisfies (Hy)-(Hg), then system (1.2) admits a unique strictly
positive almost periodic solution.

Proof By Lemma 5.1, in order to prove the existence of a unique strictly positive almost
periodic solution of system (1.2), we only need to prove that each hull equation of system
(1.2) has a unique strictly positive solution.

Firstly, we prove the existence of a strictly positive solution of any hull equations (5.1).
According to the almost periodic hull theory of impulsive differential equations (see [9]),
there exists a time sequence {s,} with s, — 0o as n — +0o such that r;(t + s,) — r7(¢),
ai(t +s,) = ai(t), bi(t +s,) = bi (L), c(t +s,) = c*(£), f(t +54) = f*(t), a(t +5,) = *(¢),
Dy(t +s,) — D:;(t), (¢ + s,) = T(8), kit + s,) = ki(t,s), as m — oo for t € R, t # &,
keZ se(-00,0],i=12,...,nm+1,j=1,2,...,n There exists a subsequence {k,} of
{n}, k, = +00, n — +00 such that &, — &, hy, — hy, i=1,2,...,n + 1. Suppose x(t) =
(x1(2), %2(2), ..., x,(2), ()T is any positive solution of hull equations (5.1). By the proof of
Theorem 3.1, for Ve > 0, there exists T > 0 such that

Ni—e <uxi(t) <M; +e,

(5.2)
Nn+1—ff_)/(t)§My,+1+6, tzTo,i=1,2,...,I/l.
Let x,(t) =x(t +s,) forall t > —s,, + Tp, n=1,2,..., such that
1) = 1 ()1 (t + 54) — af (t + 8,)x1(t) — D} (t + s,)1(t — T (£ + 5))
[ K+ s s)m(E +5) ds — polemdO
+ Z?:z Djl(t +8,)[x:(8) — x1(2)],
xt(t) = xl(t)[r;k(t + Sn) - ﬂ;k(t + Sn)xi(t) — b:k(t + Sn)xi(t _ Ti*(t + Sn))
- f,ooi K (& + 8, 8)2;(£ + 5) ds]
Y DSt +s) () - x(8)], i=2,3,...,m, (53)

) = YO=r5 1 (€ + 5,) + L0 — (¢ + 5,)y(2)

=yt +s2)y(E — 75,1 (E +50))
- f?g,m kit +sms)yt+s)dsl, t#t,

Axi(t) = (8, j=1,2,...,m,
Ay(8) =15, (&), ke

From the inequality (5.2), there exists a positive constant K which is independent of »
such that |x,| < K for all £ > —s, + Ty, n =1,2,.... Therefore, for any positive integer
r sequence {x,(f) : n > r} is uniformly bounded and equicontinuous on [-s, + Ty, 00).
According to Ascoli-Arzela theorem, one can conclude that there exists a subsequence
{sm} of {s,} such that sequence {x,,(t)} not only converges on ¢ on R, but it also con-
verges uniformly on any compact set of R as m — +00. Suppose lim,,_, ;o0 %, (£) = x*(¢) =
(x5 (8), x5(8), ..., x5 (), y() T, then we have

Ni—e <xi(t) <M; +¢,

Ny —€e<y(t) <Mya+e, teR,i=12,...,n
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From differential equations (5.3) and the arbitrariness of €, we can easily see that x*(t)
is the solution of the hull equations (5.1) and N; < x/(t) <M; forallt e R, i=1,2,.
Hence each hull equation of the almost periodic system (1.2) has at least a strictly posmve
solution.

Now we prove the uniqueness of the strictly positive solution of each hull equations
(5.1). Suppose that the hull equations (5.1) have two arbitrary strictly positive solutions

x(t) = (01(2), %2(2), - .., % (8), y(8)) T and x*(£) = (x} (£), x5 (2), ..., x%(£), y* (1)) T, which satisfy

N;—€ <x(t),x(t) <M, +¢,

Nn+1_6 Ey(t)ry*(t)anﬂ"'Ey tER,iZI,Z,...,n
Similar to Theorem 4.1, we define a Lyapunov functional
V)= V(@) + V5 (t) + V5(t), VteR,

where
Vi)=Y hi|Inai(®) = Inaf (6)] + Ao [Iny(£)
i=1

e MbES;7Ns) | i
Vi(t) = Zf st)-xi(snds

t *—1
n+1b 1(5 1( ))
+ 22t O 80 1) — y¥(s)] dis,
/t S e LR

Vi) = ZA/

t
+ Ausl / / ki U=s,s) |y(l) —y*(l)‘ dlds,
—0p4]1 Y E+S

where 8;"‘1 is an inverse function of 7%, j = 1,2,..., 7 + 1. Similar to the argument in (4.4),

t
/ ki(l-s,s) ’xi(l) - x;‘(l)’ di/ds
0; J I+

one has

n

D'V ) <-© [Z]xi(t) —xf ()] + |y

i=1

:|, vVt e R.

Summing both sides of the above inequality from ¢ to 0, we have
0 n
© / S Jils) 1 6)| + [y(s) - 7 5)| | ds < VF(0) - V(0), Ve <o,
t

i=1

Note that V* is bounded. Hence we have

0 n
/ |:Z‘xi(5) —x7(s)] + [y(s) —y*(s)’:| ds < o0,
L =1
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which implies that
Jim D _lxie) = #{6)] = lim |y) =y ) =0, i=12,...,m.
i=1

For arbitrary € > 0, there exists a positive constant L such that

max{ |xi(t) -x:(t)

y(t)—y*(t)|} <€y, Vt<-L,i=12,...,n

’

Hence, one has

n+l i€
Vi <d S Vi<l

i=1 t

n+l
Ab

Viit)y< )y tf————¢, Vt<-L,
2 ; " 1—sup,p %(t)

n+l 0
Vi) <D u / (=s)k"(s) dsey, Vi< —L,
i=1

which imply that there exists a positive constant p such that
V*(t) < peg, Vt<-L.
So

lim V*()=0.

t—>—00

Note that V*(¢) is a nonincreasing function on R, and then V*(¢) = 0. That is,
x;(8) = %1 (8), y(E)=y"(t), VteR,i=12,...,n.

Therefore, each hull equation of system (1.2) has a unique strictly positive solution.

In view of the above discussion, any hull equation of system (1.2) has a unique strictly
positive solution. By Lemma 5.1, system (1.2) has a unique strictly positive almost periodic
solution. The proof is completed. d

By Theorem 4.1 and Lemma 5.2, we obtain the following.

Theorem 5.1 Suppose that (Hy)-(Hg) hold, then system (1.2) admits a unique strictly pos-
itive almost periodic solution, which is globally asymptotically stable.

Remark 5.1 Theorem 5.1 gives sufficient condition for the global asymptotical stability of
a unique positive almost periodic solution of system (1.2). Therefore, Theorem 5.1 extends
the corresponding result in [16] and provides a possible method to study the existence,
uniqueness, and stability of positive almost periodic solution of the models with impulsive

perturbations in biological populations.
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6 An example and numerical simulations
Example 6.1 Consider the following Lotka-Volterra type predator-prey dispersal system
with impulsive effects:
&1() = 21 (£)[10 — (5 + sin(v/2)w (£) - 01w (£ — 1) — F20]
+0.3[x2(2) — 11 (2)],
%5() = x2(2)[8 + cos(v/3¢) — 4y (£) — f—OO.l xo(t + 5) ds]
+0.1cos(v/58)[x1(2) — %2(2)], (6.1)
3(8) = y(0)[-0.01] cos(v/50)| + £ — 23], ¢ 7,
Ax;(te) = =0.4x;(t), i=1,2,
Ay(ty) =-0.5y(tk), {tx:keZ} C{10k:k € Z}.

Then system (6.1) is uniformly persistent and has a unique globally asymptotically stable

almost periodic solution.

Proof Corresponding to system (1.2), we have 76 — £/ =90 - 0.5 > 0 and ry0 - £ =1.6 x
10 - 0.7 > 0. Then (He) in Proposition 3.1 holds. By calculation, we obtain M; = M, ~ 3.7,
M3 ~1.53. Further, p; =10-0.3-0.02 x 1.53 > 0.5 =&A, N; ~ 0.89,p, =7-0.1-0.1 X
0.4 >0.5=E}'A, p3 = —0.01+ 22082 > 0.7 = 1A, which imply that (H;) in Proposition 3.2
holds. Obviously, (H;)-(Hs) in Theorem 3.1 hold and system (6.1) is uniformly persistent

(see Figure 1).
Taking A; = Ay =1, A3 = 0.1, corresponding to system (1.2), we get

Mabi(87(8)) 0
12060 i1(81’1(t)) - A [ ki(t —s,5)ds

o1

tlélﬂg |:)»1“1(t) -

o (B)e(t) M1 iwﬂ(t)_ 0, }

CMre@NP L N LraN

0.02x153 03 0.2

>10-01-0- - - >
(1+0.89)2 089 1+0.89

’

25

P

0 L L L
0 10 20 30 40 50 60

time t

N

x1(t), xz(t) and y(t)

Figure 1 Uniform persistence and almost periodic oscillation of system (6.1).
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25
2
1.5 1
<
1 ]
0.5 1
0 Il Il Il Il Il Il Il
0 5 10 15 20 25 30 35 40
time t
Figure 2 Global asymptotical stability of state variable x; of system (6.1).

25
2 4
15 1
x
1F 4
05 Il Il Il Il Il Il Il
0 5 10 15 20 25 30 35 40
time t

Figure 3 Global asymptotical stability of state variable x; of system (6.1).

. Aibi(871(2)) 0 2 MDy()  Apaf(t)
;gﬂg[xiai(t) S TTR60) yy /_Q ki(t —s,s)ds — }X; N

- i 1+a()N
0.1 0.2
>7-0-01-—-—7-—>0,
089 1+0.89
. )\n+1bn+1(5;;11(t)) /0 c(?)
inf| A,.1a t)———mm— — A k t—s,8 ds— ———
te]R|: n+l n+1( ) 1- 'L.’n+1(8;h(t)) n+l o n+l( ) 1+ Ol(t)Nl
0.02
>02-0-0- >
1+0.89

Hence (Hg) in Theorem 5.1 is satisfied. By Theorem 5.1, system (6.1) has a unique glob-
ally asymptotically stable almost periodic solution (see Figures 2-4). This completes the
proof. O

7 Conclusion
By applying the comparison theorem, the Lyapunov functional, and almost periodic func-
tional hull theorem of the impulsive differential equations, this paper gives some new suf-

ficient conditions for the uniform persistence, global asymptotical stability, and almost
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time t

Figure 4 Global asymptotical stability of state variable y of system (6.1).

periodic solution to a nonautonomous dispersal competition system with impulsive ef-
fects. Theorem 3.1 and Theorem 4.1 indicate that the distance 8 between impulse points,
the values of the impulse coefficients 4 (i =1,2,...,n, k € Z), and the number A of the
impulse points in each interval of length 1 are harmful for the uniform persistence and ex-
istence of a unique globally asymptotically stable positive almost periodic solution for the
model. The main results obtained in this paper are completely new and the method used
in this paper provides a possible method to study the uniform persistence and existence
of a unique globally asymptotically stable positive almost periodic solution of the models
with impulsive perturbations in biological populations.
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