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A set of easily verifiable sufficient conditions are derived to guarantee the existence and the global stability of positive periodic
solutions for two-species competitive systems with multiple delays and impulses, by applying some new analysis techniques. This
improves and extends a series of the well-known sufficiency theorems in the literature about the problems mentioned previously.

1. Introduction

Throughout this paper, we make the following notation and
assumptions:
let w > 0 be a constant and

C, = {x | x € C(R,R), x(t + w) = x(t)}, with the
norm being defined by |x[, = max,¢[g,;|x(#)[;

Cfu = {x | x € C'(R,R), x(t + w) = x(t)}, with the
norm being defined by [l x| = max,¢ (g, {lxlo, lx"[o}s

PC = {x | x : R - R lim,_,x(s) = x(t), if
t#ty, lim, - x(t) = x(t),lim, _, .. x(£) exists, k €
Z';

PC' ={x|x:R — R', x" € PC};

PC, = {x | x € PC,x(t + w) = x(t)}, with the norm
being defined by |x|, = max;q ) |x(®)l;

pci) = {x | x € PC", x(t + w) = x(t)}, with the norm
being defined by [|x[| = max,¢ (g ,;{lxlo, Ix"lo}s

then those spaces are all Banach spaces. We also denote that

Y= min f (1),

te[0,w]

— 1@
F=2 ] ro
fM = max f (), @

te[0,w]

for any f € PC,,.

In this paper, we investigate the existence, uniqueness,
and global stability of the positive periodic solution for two
corresponding periodic Lotka-Volterra competitive systems
involving multiple delays and impulses:

X)) = x, (0) |y (1) —ay (6) x, (£)

+ ) by () x, (E-7, (1))
i=1

_Z aj () x, (t - 5]' (t)) ,
=1
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x5y (£) = x5 () | 1, () — ay (£) %, (£)
+ Z sz (t) x, (t -1 (t))
j=1

N oW x, (t—0, () |, t#b,
i=1

Axp (t) = x, (") — %, (t) = Oy, (1),

=12, k=12,..., t=t,
)
xy (1) =x, (1) | ry (1) —ay (1) x, (1)
= by (1) x, (t-7,(1)
i=1
_Z Gj (t) x, (t - 5]' (t))jl ,
j=1
x5y (£) = x, () | 1, () — ay (£) x, (£) (3)

- Z sz' (t) x, (t -1 (f))
=1

N o ®x (t-o; ()|, t#t,
i=1

Axp (t) = x, (") = %, (1) = Oy, (1),

l:1,2, k:1,2,..., t:tk’

with initial conditions

x (&) = ¢ (§),
E € [_T) 0] >

x ) =¢©,
¢l (0) >0, (4)
¢ €C([-1,0),R")[C ([-7,0),R"), [=1,2

where a,(t), a,(t), by; (1), sz(t), clj(t), and ¢, (t) are all in
PC,. Also T,(t), §;(t), nj(t), and o;(t) are all in PC(IU with
T(t) > 0,6;(t) > 0, n;t) > 0, 0,(t) > 0, ¢ € [0,w], T =
max{r;(t), 8,(t), 7;(), o;(1)}, T/(t) < 1, 6;.(t) <1, n;(t) <
1, 0,.'(t) <1@=1L2,...,nj=1,2,...,m).Furthermore, the
intrinsic growth rates r,(t), r,(¢) € PC,, are with f:) r(t)dt >
0, (I = 1,2). For the ecological justification of (2) and (3) and
similar types refer to [1-10].

In [1], Freedman and Wu proposed the following periodic
single-species population growth models with periodic delay:

YO =y®[r®-a®)y®+b@®yt-r@)]. ©)
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They had assumed that the net birth r(f), the self-
inhibition rate a(t), and the delay 7(¢f) are continuously
differentiable w-periodic functions, and r(t) > 0, a(t) > 0,
b(t) > 0, and 7(t) > 0 for t € R. The positive feedback
term b(t)y(t — 7(f)) in the average growth rate of species
has a positive time delay (the sign of the time delay term is
positive), which is a delay due to gestation (see [1, 2]). They
had established sufficient conditions which guarantee that
system (5) has a positive periodic solution which is globally
asymptotically stable.

In [3], Fan and Wang investigated the following periodic
single-species population growth models with periodic delay:

YO =y®r®-a®)y®)-b@®yt-1t@®)]. (6)

They had assumed that the net birth r(f), the self-
inhibition rate a(t), and the delay 7(¢) are continuously
differentiable w-periodic functions, and r(t) > 0, a(t) > 0,
b(t) > 0, and 7(t) > 0 fort € R. The negative feedback
term —b(t) y(t — 7(t)) in the average growth rate of species
has a negative time delay (the sign of the time delay term
is negative), which can be regarded as the deleterious effect
of time delay on a species growth rate (see [4-6]). They
had derived sufficient conditions for the existence and global
attractivity of positive periodic solutions of system (6). But
the discussion of global attractivity is only confined to the
special case when the periodic delay is constant.

Alvarez and Lazer [7] and Ahmad [8] have studied the
following two-species competitive system without delay:

YL =y () [ry () —a, (8) y, () =, (t) y, ()],

Yo () =y, (8) [ry (1) —a, (1) 3, (8) — ¢, () 3, (B)].

7)

They had derived sufficient conditions for the existence
and global attractivity of positive periodic solutions of system
(7) by using differential inequalities and topological degree,
respectively. In fact, in many practical situations the time
delay occurs so often. A more realistic model should include
some of the past states of the system. Therefore, in [10], Liu
et al. considered two corresponding periodic Lotka-Volterra
competitive systems involving multiple delays:

PAGESNO) [rl ) -a, )y, O+ ) by () y, (-7, (1))

i=1

=

=Y a; 02 (t-p; (t))] ,

%m=h0{00%%abﬂﬂ+z%ﬂﬂn@—mw)

j=1

‘Z & (1) 1 (t = 0; (t)):| ,

i=1

(8)
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n®)=a )y - b ®)y (t-7,1)

i=1

_Z 1 )y, (t —Pj (t))] )
=

Y () =y, (t)

¥, (£) = y, () [rz ) —a, (®) y, ()= Y by; (O y, (t =1, (1))

j=1

—Z & () y (-0 (t)):| ,
=1
)

where by;(t), b;(t) € C(R,[0,+00)), a,(t), ay(t), ¢;(t),
oi(t) € C(R[0,+00)), 7;(f), p;(t), n;(t), and o;(t) €
CI(R, [0,400)) i = L,2,...,mj = 1,2,...,m) are w-
periodic functions. Here, the intrinsic growth rates r,(¢) €
C(R, R) are w-periodic functions with L;U r®dt > 0 (k =
1,2). They had derived the same criteria for the existence and
globally asymptotic stability of positive periodic solutions
of the above two competitive systems by using Gaines and
Mawhin’s continuation theorem of coincidence degree theory
and by means of a suitable Lyapunov functional.

However, the ecological system is often deeply perturbed
by human exploitation activities such as planting, harvesting,
and so on, which makes it unsuitable to be considered
continually. For having a more accurate description of such
a system, we need to consider the impulsive differential
equations. The theory of impulsive differential equations not
only is richer than the corresponding theory of differential
equations without impulses, but also represents a more natu-
ral framework for mathematical modeling of many real world
phenomena [11-13]. Recently, some impulsive equations have
been recently introduced in population dynamics in relation
to population ecology [14-26] and chemotherapeutic treat-
ment [27, 28]. However, to the best of the authors’ knowledge,
to this day, few scholars have done works on the existence,
uniqueness, and global stability of positive periodic solution
of (2) and (4). One could easily see that systems (5)-(9) are
all special cases of systems (2) and (3). Therefore, we propose
and study the systems (2) and (3) in this paper.

For the sake of generality and convenience, we always
make the following fundamental assumptions.

(Hl) al(t)) a’z(t)’ b]i(t)3 sz(t), C]]'(t)7 sz(t)) rl (t)a and
r,(t) areallin PC; 7,(t), Sj(t), 1;(t), and 0;(f) areallin
PC, with 7;(t) > 0, 8;(t) > 0, 1;(t) > 0, 0;(t) > 0, t €
[0$ w]a T = maX{Ti(t)) 8](t)1 ﬂ](t)) Ol(t)}) Ti’(t) < la
! ! ! . .

8j(t) < 1,11].(1‘) <lLando;(t) <1(i=12,....,mj=
L,2,...,m).

(H,) [tilken satisfles 0 < t; < t, < ++- <t < -+,
lim, _, t, = +00, O (i = 1,2) are constants, and
there exists a positive integer g > 0 such that #;, =
t + @, 6)c.q) = O Without loss of generality, we can
assume thatt, # 0 and [0, w]N{t;} = t;,t5,...,t,,,and
then g = m.

(H;) {0y} is a real sequence such that 8, + 1 > 0,
[To<t,<(1 + 6y, I = 1,2 is an w-periodic function.

Definition 1. A function x; : R — (0,+00),] = 1,2 is
said to be a positive solution of (2) and (3), if the following
conditions are satisfied:

(a) x;(t) is absolutely continuous on each (t;, t;);

(b) for each k € Z,, x;(t;) and x;(t;) exist, and x;(t;) =
x(£)s

(c) x;(t) satisfies the first equation of (2) and (3) for
almost everywhere (for short a.e.) in [0, co] \ {f;} and
satisfies x;(t;) = (1 + Op)x(ty) fort = tj, k € Z, =
{1,2,...}.

Under the above hypotheses (H,)-(H;), we consider the

following nonimpulsive delay differential equation:

Y=y, ()| (6) = AL () y, ()

+3 By () yy (t -7, (1))
i=1

=) Cii (1) 3, (t-6; <t>)},

j=1
(10)
¥y (1) = 2, (1) [ 15 (6) = Ay (£) 35 (8)
+ z sz t) ¥, (t -1 (f))
j=1
_Z Cyi (t) 1 (t — 0 (t))] >
i=1
i) =y () |1 ()= AL (1) y, ()
- Z By (t-7,()
i=1
_Z Cy; (8) y, (£ -9, (t)):| ,
= an

¥y () =2, (1) [ 1y (8) = Ay (£) 3, ()
=Y By (1) y, (=1, (1))
j=1

2 Cin(t-0;0) |,
i=1



with the initial conditions

)= &)), & e[-1,0],
T = max {Ti t),6;(t),n; (), 0 (t)} , (12)
¢, (0) >0, ¢, € C([-7,0],R,),
where
Ap(t) =a(t) H (1+6y),
O<ty<t
By; (t) = by; (1) 1_[ (1+6),
0<t) <t-T;(t)
Byy(t)=by;(t) [] (1+6y),
0<ty<t—n;(t) (13)
Ci=c;®) [ (1+6y),
0<ty<t—p;()
Cy (£) = ¢ (1) H (1+64),
0<t)<t—0o;(t)
I=1,2% i=1.2..,m j=12,...,m

The following lemmas will be used in the proofs of our
results. The proof of Lemma 2 is similar to that of Theorem 1
in [25].

Lemma 2. Suppose that (H,)-(H;) hold; then
@ if y(t) = (yl(t),yz(t))T is a solution of (10)-(12) on

[-7,+00), then x)(t) = [[oe;, (1 + Oy) y () (1 = 1,2)
is a solution of (2)-(4) on [T, +00);

(2) if x(t) = (xl(t),xz(t))T is a solution of (2)-(4) on
[-7,+00), then y(t) = []oer (1 + Op) ' x,(1) (I =

1,2) is a solution of (10)-(12) on [T, +00).
Proof. (1) Itis easy to see that x; () = [ o, (1 +6) (1) (I =

1,2) is absolutely continuous on every interval (f;,f;,,],
t#t,k=1,2,...,and

X\ () = x; (1) | ry (8) = ay () x; ()

+ by (1) x, (t -7, (1))
i=1

=Y ;) x, (t- 8 )
j=1
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=TT +6p) v~ T (1+64) 3 @)

0<t<t 0<ty<t

x|r®-a @ [T Q+64)n®

O<ty<t

+ Zbli (t) l_[
i=1

0<t) <t-T;(t)

(1+6y) 3, (-7, (1))

(1+0y)

- chj () 1—[
=1

0<ty<t—p;(t)

xyz(t—(sj(t)):|

= H (1 +91k)()/{ )=y (t))

0<ty<t

X [7’1 ) —-A )y () - ZBli OFAGEEAG)

i=1

=Y Cy (1) y, (t - p; (t))] = 0.
j=1

(14)
On the other hand, forany t = ¢, k = 1,2,...,
x (t) = lim+ H (1+05) 7 ()
P2t o<t <t
= H (1+6u) 7 (t)» (15)
0<t;<t)
xp (t) = H (1+01) 31 (1)
0<t;<ty
thus
Axy (1) = (1+6y) 71 () (16)

which implies that x,(¢) is a solution of (2); similarly, we
can prove that x,(¢) is also a solution of (3). Therefore, x;(t),
I = 1,2 are solutions of (2)-(4) on [-7,+00). Similarly, if
y(t) = (yl(t),yz(t))T is a solution of (10)-(12) on [-T, +00),
we can prove that x;(t) (I = 1,2) are solutions of (2)-(4) on
[-T, +00).

(2) Since x,(t) = H0<tk<t(1 + 0y (1 = 1,2) is
absolutely continuous on every interval (¢, t ], t #t;, k =
1,2,...,and in view of (15), it follows that forany k = 1,2,.. .,

yi(t) = H (1+ 611«)71951 (t)

0<t;<ty

= H (1+ 61k)_1x1 (t) = y1 ()

0<t;<ty
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H (1+ elk)_lxl (t)

0<t;<ty,

H (1+ elk)_lxl (t) = n (t),

O<tj§t,:

N (t;) =

17)

which implies that y, (f) is continuous on [-7, +00). It is easy
to prove that y,(¢) is absolutely continuous on [-T,+00).
Similarly, we can prove that y,(t) is absolutely continuous
on [-7,+00). Similar to the proof of (1), we can check that
y,(t) = H0<tk<t(1 + 01k)_1x,(t) (I = 1,2) are solutions of (10)-

(12) on [-7,+00). If x(t) = (xl(t),xz(t))T is a solution of
(2)-(4) on [T, +00) by the same method, we can prove that
y(t) = H0<tk<t(l +0)) " x,(t) (I = 1,2) are solutions of (10)-
(12) on [T, +00). The proof of Lemma 2 is completed. O

From Lemma 2, if we want to discuss the existence and
global asymptotic stability of positive periodic solutions of
systems (2)-(4), we only discuss the existence of the existence
and global asymptotic stability of positive periodic solutions
of systems (10)-(12).

The organization of this paper is as follows. In Section 2,
we introduce several useful definitions and lemmas. In
Section 3, first, we study the existence of at least one periodic
solution of systems (2)-(4) by using continuation theorem
proposed by Gaines and Mawhin (see [9]). Second, we
investigate the global asymptotic stability of positive peri-
odic solutions of the above systems by using the method
of Lyapunov functional. As applications in Section 4, we
study some particular cases of systems (2)-(4) which have
been investigated extensively in the references mentioned
previously.

2. Preliminaries

In this section, we will introduce some concepts and some
important lemmas which are useful for the next section.

Let X, Z be two real Banach spaces,let L : DomL ¢ X —
Z be a linear mapping, and let N : X — Z be a continuous
mapping. The mapping L will be called a Fredholm mapping
of index zero if dimKerL = condimImL < +co and Im L is
closed in Z. If L is a Fredholm mapping of index zero and
there exist continuous projectors P : X — XandQ:Z —
Z such that ImP = KerL, KerQ = ImL = Im(I — Q), it
follows that L| o rakerp : (I — P)X — Im L is invertible; we
denote the inverse of that map by K. If Q is an open bounded

subset of X, the mapping N will be called L-compact on Q if
QN(Q) is bounded and KP(I —QN:Q - Xis compact.
Since Im Q is isomorphic to Ker L, there exist isomorphisms
J : ImQ — KerL. Let PC, denote the space of w-periodic
functions ¥ : ] — R which are continuous for t # ¢, are
continuous from the left for ¢ € R, and have discontinuities
of the first kind at point ¢ = t,. We also denote that PC. =
{¥ePC,:V¥ ePC,l

Definition 3 (see [11]). The set F € PC, is said to be
quasiequicontinuous in [0, w] if for any € > 0 there exists

8 > Osuch thatifx € F,k € N, t,,t, € (t_1, 1) N [0, w],
and |t; — t,| < &, then [x(¢,) — x(t,)| < e.

Definition 4. Let x*(t) = (x; (£), x5 )" bea strictly positive
periodic solution of (2)-(4). One says that x"(¢) is globally
attractive if any other solution x(t) = (x,(¢), xz(t))T of (2)-
(4) has the property lim, _, . |x} (t) — x;(t)| = 0,i = 1,2.

Lemma 5. The region Ri = {(x1,x,) : x,(0) > 0,x,(0) > 0}
is the positive invariable region of the systems (2)-(4).

Proof. By the definition of x;(t) (I = 1,2) we have x;(0) > 0.
In view of having

0

X, (1) = x, (0) exp “ [rl © - a, ) x, )

+3 by () x, (§-1,(8))

i=1

_Z Gj (&) x, (5—5]' (f))] df} ,
=i
te o],

%, (1) = x, (t) exp HO [rl &) —ay (€)%, (©)
+2 b x E-1@)

_i ;j(§) x, (E - 9; (f))] df} ,
i1

t € (tiotinl

x () = (1+0y)x () >0, keN;

0

t
% (t) = x, (0) exp “ [rz ) - a, () x, ©)
+ 3 by () x, (E-1;(9)
j=1

_Z 6 (§) x, (f —0; (f)):| d&]’ s

i=1

te[0,t,],
X, () = x, (tk) exp {L I:rz &) —a, (&) x, (§)
+ 3 by () x, (E-1;(9)
j=1

Y @i ®x (- (E))] d€} ,

i=1
t € (bt ]



% (1) = (146,) %, (1) >0, keN,

(18)

%, (1) = x, (0) exp “0 [rl &) —ay (©) %, (©)

-2 b @x (E-7®)

=Y a; @) x, (E-9; (&))] ds} ,
j=1
telor],

t
x, (1) =x (tk) exp ‘|L |:7’1 &) —a, (&) x,(§)

- i by; (&) x, (E -7 (E))

_Z Gj (&) x, (f —5j (f))] dﬁ} ,
=1

t € (toten ]

50 (1) = (1+0,) %, (5) > 0, ke Ns

t
% (t) = x, (0) exp “0 [rz ) - ay(©) 2, ©)
- Z by; (§) x, (E — 1 (f))
ot

_Z 6 (&) x; (f —0; (E)):| df]’ >

i=1

te[0,t],

X, (1) = x, (tk) exp ‘|J [72 (&) —a, (&) x, (§)

0

- Z sz &) x, (E -1 (f))
=1

- 6 ®x (-0 (E))] df} ,
i=1

t € (totenr]
X, () = (1+0y)x,(t;) >0, keN.
(19)

Then the solution of (2)-(4) is positive. The proof of Lemma 5
is completed. O
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Lemma 6 (see [19, 29]). Suppose that o € Ci, and o' (t) < 1,
t € [0, w]. Then the function t — o(t) has a unique inverse u(t)
satisfying p € C(R, R) with p(a + w) = u(a) + w Va € R, and
ifge PCw,‘r'(t) <1,t € [0,w], then g(u(t)) € PC,,.

Proof. Since o'(t) < 1,t € [0,w], and t — o(t) is continuous
on R, it follows that ¢ — o(t) has a unique inverse function
u(t) € C(R,R) on R. Hence, it suffices to show that p(a +
w) = u(a) + w,Va € R. For any a € R, by the condition
o'(t) < 1, one can find that t — o(t) = a exists as a unique
solution ¢, and t — o(t) = a + w exists as a unique solution
t;; that is, t, — o(t,) = aand ¢, — o(t;) = a + w; that is,
ula) =ty = o(ty) + aand u(a + w) = t,.
As

atw+o(ty)-ola+w+o(ty))
=at+w+o(ty)-o(a+o(ty)) (20)
=at+w+o(ty) —o(ty) =a+w,

it follows that t; = a + w + o(t,). Since p(a + w) = t,, we have
pla+w) =t, =a+w+o(ty) and u(a+w) =t; = u(a) +w. We
can easily obtain that if g € PC,, 7'(t) < 1,t € [0, w], then
glu(t + w)) = g(u(t) + w) = g(u(t)), t € R, where u(t) is the
unique inverse function of t — 7(t), which together with y €
C(R, R) implies that g(u(t)) € PC,,. The proof of Lemma 6 is
completed. O

Lemma 7 (see [9]). Let X and Z be two Banach spaces, and
let L: DomL c X — Z be a Fredholm operator with index

zero. Q C X is an open bounded set, and let N : QO — Z be
L-compact on Q. Suppose that
(a) Lx # ANx for each A € (0,1) and x € 0Q N Dom L;
(b) QNx #0 for each x € 0Q N ker L;
(c) deg{JQN,Q nKerL,0}#0.

Then, equation Lx = Nx has at least one solution lying in
DomLn Q.

Lemma 8 (see [11]). The set F ¢ PC,, is relatively compact if
only if
(1) F is bounded, that is, | x| < M, for each x, and some
M > 0;
(2) F is quasiequicontinuous in [0, w].

Lemma 9 (see [30]). Assume that f(t), g(t) are continuous
nonnegative functions defined on the interval (e, 3]; then there

exists & € o, f] such that [° f()g(t)dt = £&) [F g(t)d.

Lemma 10 (see [20, 31]). Suppose that ¢(t) is a differently
continuous w-periodic function on R with (w > 0); then, for
anyt” € R, the following inequality holds:

max c1>(t)s|q>(t*)|+1Hw|q>’(t)|dt]. (21)
2 1Jo

te[t* £ +w]
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Lemma 11 (see Barbalat’s Lemma [32]). Let f(t) be a nonneg-
ative function defined on [0, +00) such that f(t) is integrable
and uniformly continuous on [0, +00); thenlim, _, . f(t) =0

In the following section, we only discuss the existence and
global asymptotic stability of positive periodic solutions of
systems (10)-(12).

3. Existence and Global Asymptotic Stability

Since Ti’(t) <1, 6;.(t) <1, q;.(t) <1, 01.'(1.‘) < 1,t € [0,w], by
Lemma 6, we see that all t — 7;(¢) have their inverse functions.
Throughout the following part, we set «;(t), B;(t), yj(t), and
vj(t) to represent the inverse function of t — 7;(t), t —o;(t), t -
8j(t), and t—nj(t),respectively. Obviously, «;(t), fB;(), w(t),
V j(t) € PC;. We also denote that

By (o (1)

F = s
1 ® Z1 -1 (0 (1))

A -

2.
A, (t)_i By; (v (1)
A

F,(t) = ,
2 :l—wmv»
11 (“ (t))
. ( ()) (22)
m v (F
FE@)=A,t)+ Y —I "
e +;«wﬂwm)
< Cij (‘MJ (t))
G, (t) =
1 ;16%%m>
Cy (B (1))

@m:;%dmmf

Theorem 12. In addition to (H,)-(H;), assume that one of the
following conditions hold:

(Hy) 7 EM < 7,GY, 7 EM < 7GY;
n
T (f) - Al (t) eul(t) _ zBli (t) eul(t—-ri(t))
Nu = i= 1
5) (f) - A2 (t) euz ZBZJ (t) euz(t 1;(t
and define

1 w
Lu=u'; Pu:—J u(t)dt, uelX;
w
Lo (27)
Qz:—J z(t)dt, ze€eZ.
w Jo

gL M L M
(Hs) 7 F[~ > 1,Gy, i, F;7 > 7 Gy

Then systems (3) and (4) have at least one positive w-
periodic solution, where F|'(t), F,;(t), G,(t), and G,(t) are
defined in (22).

Proof. Since the solutions of systems (11) and (12) remain
positive for t > 0, we carry out the change of variable u;(t) =
In y;(t) (i = 1,2); then (11) can be transformed to

n
u () =r () - A, )" =Y B, (1)t

i=1

m

_ Z C,i () eu2(t76j(t))
J >
=1
(23)
m
uy (1) = 1, (1) = A, (1) €2V = Y B, (1) e
j=1

n
_ Z Cy; (1) eul(t—di(t))
; .

i=1

It is easy to see that if system (23) has one w-periodic
solution (u] (), 13 (1))", then (y; (), y; (1) = (1, )"
is a positive w-periodic solution of system (10); that is to
say, (xf(t%x;(f))T = (H0<tk<t(l + elk)eur(t)’noqkq(l +
sz)e”; )T is a positive w-periodic solution of system (2).
Therefore, it suffices to prove that system (23) has a w-
periodic solution. In order to use Lemma 7 to (23), we take

X=2={u®) = (m ©m0) 4@

(24)
e C(RRY) 1w (t+w) =u;(t),1=1,2}
and define
2
lull = sup |u )],
i=1 t€[0,w] (25)

u(t) = (u, (), u, (1) € X (or 2).

Then X and Z are Banach spaces when they are endowed with
thenorm | - ||. Let N : X — Z with

m
_ ZCU (t) euz(H;j(t))

Zcz (t) e o) - [fz ()

i=1

f (t)] for any u € X, (26)

It is not difficult to show that
KerL:{ueXIu:heRz},

" (28)
ImL = {zeZlJ- z(s)ds=0},

0



and dimKerL = 2 = codimImL. So, Im Lis closedin Z,and L
is a Fredholm mapping of index zero. It is trivial to show that
P, Q are continuous projectors such that
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Furthermore, the generalized inverse (to L) Kp : ImL —
Ker P N Dom L exists and is given by

t 1 (@ t
Kpz = L z(s)ds - 5 L L z(s)dsdt. (30)

ImP =KerlL, KerQ=ImL=Im(I -Q). (29) Thus, foru € X
1 _ wo _ o) _ w8, | 4
o) t)-A, (e YB(t)e Y Gy (1) et t
i=1 =1
QNu = ' : (31)
ijo [,2 (0 - A, 00 = Y B, ()1~ Y, 1) eulu—a,-(r))} dt
j=1 i=1
t 1 w rt t 1 w
[ noa\ (L[] n@aa) ((E-D)]nox
Kp(I-Q)Nu= . o - JR : (32)
d —J J dE dt (=-3) J d
| rwae) \ | | rea o-5)] red
Clearly, QN and Kp(I — Q)N are continuous. By applying w m o
Ascoli-Arzela theorem, one can easily show that QN (Q), J;) r(t) = A, (f) e - Z B,; () et
Kp(I-Q)N(Q) are relatively compact for any open bounded =1
set O ¢ X. Moreover, QN(Q) is obviously bounded. Thus, N n
is L-compact on Q for any open bounded set Q ¢ X. Now, we —Z Cy; (1) et t=oi®) :| dt = 0.
reach the position to search for an appropriate open bounded i=1
set Q) ¢ X for the application of Lemma 7. Corresponding to (34)
the operating equation Lu = ANu, A € (0, 1), we have
Hence, we have
i N we N  (t-5,(0)
M; (t) = [7’1 (f) _ A] (t) eul(t) _ Z Bli (t) em(t—‘l’i(t)) JO Al (t)e +Zl: Bli (t)e K
i=1 =
m m
_Z Clj (t) euz(t—ﬁj(t)) , +z Clj (t) euz(tféj(t)) dt = 7w,
j=1 j=1
(33) (35)

ub (£) = A |:r2 () - Ay (1) ¥ =Y By () e
j=1

n
)

i=1

Since u(t) = (u, (1), uz(t))T is a w-periodic function, we need
only to prove the result in the interval [0, w]. Integrating (33)
over the interval [0, w] leads to the following:

i=1

JO |:1’1 (t)— A, (t) eul(f) _ Z By (t) eul(t—fi(t))

m
_Z Cl] (t) eHZ(t_aj(t))] dt = 0>

Jj=1

m
A, (t) RIONN Z sz ®) et t1;(0)
j=1

[

i=1

n
+Z Cy (t) eul(t_g"(t))] dt = ry.

Note that u(t) = (u;(t),u,(t)) € X, and then there exists
{1, & € [0,w] (I=1,2) such that

U (El) = sup y; ), I=12.

4 (G) = tei[%{u]u’ ®, (0.0]
! te[0,w

(36)

Since Ti’(t) < 1,wecanlets =t — 7,(t), that is, t = o;(s) (i =
1,2,...,n); then

r B, () e 10 g I“’”"(“’) By (4, (5)
1

AT () g, (37)
0 = 1=1/ (0 (s))
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According to Lemma 7, we know that ((By;(«;(s)))/(1 -
7/ (0(s)))e" ) € C,. Thus,

J'wiT"(w) By; (a; (5)) . © By (o (s)) EACER

1 (s) —
IR R ACAO) ’ L -7/ (0 (5))
(38)

By (37) and (38), we have

er Bl' (t) em(t—T,-(t))dt _ J’w Bli (Oci (5))
0

“1(5)
0 Tod () (S))e ds.  (39)

Similarly, we obtain

@ @ Cyj (1)
J Cyj (t)euz(t_‘sj(t))dtzj' B AN R ,(‘u] ) e ds
0 0 1-8(u;(9))

>

w w B,. .
[ Byersoma [ 0O oy o
0 o 1—n; (vj (s))

¢ w00 1. (¢ Cau(Bi(9)
.[0 Ca(t)e d = Jo 1- Ui, (ﬂl (S))e

It follows from (35), (39), and (40) that we get

“ C Blz ((X (S)) uy (s)
) (AI(S) P e (s>)>

=1

) gs.

$ Sulls) e”Z(S)]d m

s =T,
= 1= 5} (Hj (5)) (an
w m  B.. .
J <A2 (s) + Z ZJ—(VJ (S)) > e
0 EREACIO)
i (/31 Q) e s):| ds = rw.
=1 z )
Thus, from (41) we get
Jw F; (s) e 9ds + Jw G, (s)e“ds = Fw,
0 0
(42)

w w
J E} (s)eds + J G, (s)e9ds = Fw,
0 0

where F['(s), F, (s), G,(s), and G,(s) are defined by (22). On
the other hand, by Lemma 7, we can see that ;(w) = «;(0)+w,
so we can derive

Jw By; (a; (s)) d
0

a@) By, () (1 -7/ (o (1))
1—-1/ (a; (s)) L a

;(0) 1- Ti ((xi (t)) (43)

= J By; (t)dt = Bj,w.
0

Thus, from (43) we get

- Blz (X (S))
A, (S)+zz —1 @ (S))]ds

0
R C21 (ﬁl (S) o
= ——ds=) Cuw
L Z 1-0/ (B:(5) Z e
(44)
On one hand, by (42), we have
G]f JO e9ds < JO G, (s)e““ds < Fw,
. Y (45)
GIZ“ Jo e9ds < Jo G, (s) e s < 7w,
which implies that
[ o < T2
0 - Gh ’
(46)

On the other hand, by (42), the integral mean value theorem
that there are A;, A,, p;, and p, € [0, w] such that

w

Fr (AI)L s +G, (pl)J ¢ ds = 7,

(47)

9ds = 7.

F ()| e s Gy (p) | e
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By (H,), we have G'GY > F;™F;™, which, together with
(47), lead to

Jw () g 7,wG, (p) - 7 wF; (,)

Abstract and Applied Analysis

From the first equation of (32), we get

jw |u1 (t)| dt
0

() - A, (1)e?

©ds

0 ‘ ) Gy (p1) Gy (py) - Ff (AI)FZ* (A2)

- L  — *M
r,wGy — 1wk,

By y Iy A — = Flw,
Gjleéw_FlLFzL

(48)
rwG, (p,) - rwF; (M)

"Gy ()G, (p) - Ff (M) E; ()

—_— L — * M
riwG,; —rywF,

- MM *Lp*L
G1 Gz _F1 Fz

=Lw.

Again, by (H,), one can deduce that the following inequali-

ties:

Ko _ rwGl - M
2> 2L 12 _Tp>0
GL T GMGY - FLE;L T T
(49)
- L  — *M
no riwG, — 1wk, Tw> 0
GL = GMGM —FrLppl T2 :

It follows from (46), (48), and (49) that

rlw

w
Lw < J s < L5
2 0 GL

o _ (50)
o< J e Ods < 2=
0

which together with (36) yield

1"2 < euz (Cz)) euz (&)

(51)

l"l < eul((l) eul(‘fl) < E

which implies that

InT, <u, (&), U (§) <In a’
1
(52)

InTy <u, (&), up () <ln :ZL
G;

where R, =

:AJ
0

m
$ o) a

j=1

< L |r, (1) at

w
+J
0

n
A, () eu1(t) + Z B, (t) eul(t*Ti(t))

i=1

+Z Cy; (1) e ]dt

j=1
:J |ry (1)] dt
0

gt

A (S) eul(s)_l_i Blz O(C(x(s()s))) u, (s)
i=1

+§: le (#J (S)) uz(s) ds
=1 —5} (.”j (5))

= J |"1 (t)| dt
0
+ Jw A (s)+i Bl () (24 ) el
0 ! = 1-1/ (o (s)

) NG
j=1 1_6; (."‘] (S))

= Jw |ry ()] dt
0
J [F ()€Y 1+ G, (s) ™" ]ds

w w
<Rw+FEM I ¢9ds + G J. e29ds,
0 0

MW

2 L
GZ

n
_ Z By, (1) 8”1(t—Ti(t))
i
i=1

(53)

(1/w) fow I, (£)ldt, F; (s), G,(s) are defined by
(22). By (46) and (53), we obtain

* M Zw -
J |uy (1)] dt < Riw + F, o +G! & =A,.  (54)
Similarly, by the second equation of (32), we get
I [} ()] dt < Ry + F™ Cl;‘” +GM2Y A, (55)
1
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where R_2 = (1/w) Iow [r,(B)ldt, F; (s), G,(s) are defined by
(22). From (52), (54), and (55) and Lemma 10, it follows that
for t € [0, w] that

1 (9, 751
u; (t) <L£1 (Cl EJ‘O 'I/ll (t)'dtShlG_%-'—zAl)
(¢ T
u, () <uy (§) + t3 L 'uz (t)'dt < ln T+ Az,
G (56)
uy (1) >u, (&) - % J |ui (t)' dt >InT, - lAl,
0 2
1 (%, 1
u, (t) > u, (&) - 3 J |u2 (t)' dt >InTl, - ZA,.
0 2
Let
R, zmax{ ln% + %AI ,llnI‘1 - %Al },
’ (57)
~ ALl 1
R, = max lnG_f + EAZ ,l nl, - EAZ .
It follows from (56)—(57) that
sup |u; ()] <Ry,
te[0,w] (58)

sup |u, (t)| < R,.
te[0,w]

Clearly, I}, A}, R, (I = 1,2) areindependent of A, respectively.
Note that [ F(t)dt < FMw, [ G/(t)dt < Gjw (I = 1,2).
From (44), we have

15
i=1 j=1
(59)
n
¥ * M L — P
A2+ZBZJ—F2 <EM  G<G=YC,
j=1 i=1
which deduces that
(A +ZBII> =nF <7 FEM < 7Gh
i=1
— 1 —
<G, =7 Cy
i=1
(60)

m
E<M+Z&J=E@SE@M<Kf
j=1

m
<G =7 Cip
j=1

1

which implies that

n n
T (Al + ZBli) < Ezczﬁ
=1 i=1

m
§<A2 + sz> <) G

j=1
Hence

o n . o m - m - n o
(Al + ZBH> <A2 + Zsz> <YC;)Cy  (62)
i=1 j=1 =1

j=1

(61)

ingE

From (61) and (62), it is easy to show that the system of
algebraic equations

n m
i (e i) Seee o
i=1 j=1
(63)

m n
- <A2 + Zsz> e — Z;Czl»e'“ =0
=

Jj=1

has a unique solution (u;,u;) € R%. In view of (58), we can
take sufficiently large R such that R > R, + R,, R > |u]| + |1
and define Q = {u(t) = (ul(t),uz(t))T € X : |lull < R}, and
it is clear that Q) satisfies condition (a) of Lemma 7. Letting
u € 9Q N Ker L = 9Q N R?, then u is a constant vector in R
with |lu|| = R. Then

n m
- (A_1 + ZBT,) et — ZC_Ue”
QNu = " " #0;
7 - <A_2 + ZB_21> e’ — Z(?_Zie”1
i=1

=1
(64)

that is, condition (b) of Lemma 7 holds. In order to verify
condition (c) in the Lemma 7, by (62) and the formula for
Brouwer degree, a straightforward calculation shows that

deg {JQNu, Ker L N 0Q), 0}

m - n o o n o
= sign <chj2cz,. - <A1 + ZBI,)
j=1 =1 i=1

X (A_2+ ny))e‘“f*@} #0.
=

By now we have proved that all the requirements in Lemma 7
hold. Hence system (32) has at least one w-periodic solution,

say (uf,u})". Setting y;(t) = e, yy(t) = ¢® then
(@), y; (t))" has at least one positive w-periodic solution
of systems (11) and (12). Furthermore, setting x;(t) =

H0<tk<t(1 + elk)yf(t)’ x; (t) = H0<tk<t(1 + ezk)y;(t)’ then
(o7 (£), x5 ()T has at least one positive w-periodic solution

(65)
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of systems (3) and (4). If (H;) holds, similarly, we can prove
that systems (2) and (4) have at least one positive w-periodic
solution. The proof of Theorem 12 is complete. O

We now proceed to the discussion on the uniqueness
and global stability of the w-periodic solution x*(¢) in
Theorem 12. It is immediate that if x*(¢) is globally asymp-
totically stable, then x*(¢) is unique in fact.

Theorem 13. In addition to (H,)-(H;), assume further that
(Hy) FF'EE > GMGY.

Then systems (3) and (4) have a unique positive w-
periodic solution x*(t) = (xf(t),x;(t))T which is globally
asymptotically stable.

Proof. Letting x"(t) = (xj (), x;(t))T be a positive w-
periodic solution of (3) and (4), then y* (¢) = (y; (t), v, )T,
(/) = H0<tk<t(1 + le)flxl*(t)) (I = 1,2) is the positive
w-periodic solution of system (11) and (12), and let y,(t) =
(3 (®), yz(t))T be any positive solution of system (11) with the
initial conditions (12). It follows from Theorem 12 that there
exist positive constants T, 7, R, such that, for all t > T,

n<y ®)<R, I=12. (66)

By the assumptions of Theorem 12, we can obtain F;“F;* >
GMGY!, and then there exist constants &, > 0, &, > 0; we can
choose a positive constant ¢ such that

Fra, -GYa, = ¢, Era, -GMa, = e (67)

In the following, we always assume that «; and «, satisfy (67).
We define

Vi (1) = o |Iny, (£) = Iny; ()]
(68)
+oy|lny, (£) = Iny, (t)].

Calculating the upper right derivative of V; (t) along solutions
of (11), it follows that

D'V, (t)

2 . .
= ocl<yl_(t)_yl (t)
= )

Vi (t y* (t) ) sgn ()’l (t) - yl* (t))
1

<sgn(y, () -y )y

Abstract and Applied Analysis
X { —A (O (n )=y ©)
- ZBU O E-50) -y (t-10))
i=1

000 (-6,0) - i (e, <t>>>}

j=1

+sgn(y, (1) -y, () o,

X ‘{ —A, () (3 () = y; (1)

= 2By @ (0 (t =, ) = 35 (£ -1, 0))

Jj=1

_ZCZi ) (3 (t=0; (1) = yy (=0 (t)))]’

i=1

<~ AL (D) |y (©) -y )]

+ Y By (1) [y, (t=7,(1) - y1 (¢ -7, (1))
i=1

+2.4C; 0]y, (t-8;) - 55 (£ -8, )]
j:l

—pA, (1) |)’2 (OES™ (t)l + Z“zBZj (t)
=1

x|y, (t=n;®) = y5 (= 1; ®))|

+ 2 0,C5 (1) [y, (t—0; (1) = 1 (t =0, (1))

i=1
(69)

We also define

_ L ‘ By; (o (§)) #
V, (t) = z=zl o Lw) m Ly () = y) (§)| dE

+ i o J: _le (["J' (E))

) -y, ©]dE
oy 1- 5; (Mj (E)) |72 ¥ ©)

j=1
& B(n@®) :
i AV ALY - d
Y e oy O el

y Cai (B, ®) )
2 1o (B (E) 1 - dé.
21 * Jt—ﬂ,-(t) 1-a! (B (9) Iy1 (&) - yy (§)]dE

l (70)

+
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Calculating the upper right derivative of V, (t) along solutions
of (11), it follows that

11 ((X (t)

D'V, (1) = Zl ~ (o ()

|J’1 (OES™ (t)l

n

Ph

i= 1

( -7 (1))
|)’1 (t-1,1) -y (t-T (f))|

i 1 Cl](."l]( ))

S0 ()
21

x |y2 t=8;(t) -y, (t-9; (t))|

) Iy, ) = y; ()]

e (1-50)

i (( ())) |y, (6) = y5 (®)]

m (t) ,
‘Z By (1) T (1-7;)
x|y, (t=n;®) = y5 (£-n; @)

c CZl ﬂz (t))
LT o (B 1)
. - Gyt
x|y () = yy (0)] - Z‘xz 1 _20(/ ()t)
i1 i

X (1 - Gil (t)) Iy (t=0; () = yy (t=0; (1)
(71)

where

e[ U ®- i @1+ 1@ -5 @D

13

i C1] (I/‘]( ))

S8 (1)

— A, () [y, () = y; ()]

|y2 () - yz* (t)|

Z &, 2](( )) Ly, (1) = y5 (@)

i (£)

Z 21 (ﬁl

i B t
oA () - Z %17 '11 soga( ()t)))

& G(BW)
2T o1 (5, ©)

]Im) yr ()]

Cyj (1 ®)

1-5) (1 )

— | A, (t) - Zocl
=1

2] (V (t))

_Z ( ¢ )):l |J/2 t) -y, (t)l

< (aF = 0,Gy") |31 () = v} (8)]
— (‘XZFZ —(XlGl )lyz (t) _)’2* (t)|

= (|9 (O =y O+ |3 ) =y, ©)]).
(73)

So by (73), we have

(74)

V)<V (0)<+oo, t=0,

V (0) = a; |In y, (0) —1n y; (0)| + e, |In v, (0) — In y; (0)]

We define a Lyapunov functional V (¢) as follows:

V)=V, )+ V, (). (72)

Calculating the upper right derivative of V (¢) along solutions
of (11), it follows that

D'V (t) = —aA, (t) |y, (t) = y; ()]

"B (o
Z llsog(()t)) Iy (®) = i @)

=1

N 0 Blz ( (6)
*;%L@ﬁTQQWﬁ>MM&

Sl

= o0 1287 (u;9)
+J.; % j—pj(O) 1-p] (v, ®)
x|y, (&) = y; (§)] d§

S0 Cy; (B; (§))
) J—a,‘<o> 1-0] (B (&)

Iy, (&) - y5 (8)| dE

.

Iy €) - yr ()| dE,
(75)
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which implies that

v (0)
-

[ ®=r @+ 1@ -y @) e < 2. a6

By (76), it is obvious that |y, (t) — y; ()| + |y, (t) — y; (1) is
bounded.
On the other hand, we know that

a, |1n ¥ () —Inyf (t)| +a, |ln ¥, (t) —Iny; (t)|

(77)
<V(@)<V(0) <400, t=0,
which implies that
" V(0
|ln)’1 () —Iny, (t)l = oc( )’
, (1 | (78)
" 0
|1n ¥, () —Iny, (t)| < ,
253
which, together with (66), yield
rle_v(o)/“1 <y @) < Rlev(o)/"‘1 < 400,
(79)

rze_V(O)/"‘2 <y, ()< Rzev(o)/"‘2 < +00.

From (66) and (79), it follows that y,(¢) (I = 1,2) is bounded
for t > 0. Hence, y,(t) — y;(t), y,(t) — y;(t), and their
derivatives remain bounded on [0, +0c0). So |y, (t) — y; ()],
[,(t) = y, ()| are uniformly continuous on [0, +00). By
Lemma 11, we have

Jm 1 ) =7 )

= tEIPoo H (1+6,)" |x; (s) = x,(s)| | =0, (80)
0<ty<t
I=1,2.
Therefore
tETw |x;(s) = x/ (s)] =0, I=1,2. (81)

By Theorems 7.4 and 8.2 in [30], we know that the periodic
positive solution x*(t) = (x7 (£), x5 )7 is uniformly asymp-
totically stable. The proof of Theorem 13 is completed. O

Theorem 14. In addition to (H,)-(H,;), assume that one of the
following conditions holds:

i=1
Nu =

Jj=1

n m
r ()= A, ()P + Y By, (1) e T N ¢ (p) e )
j=1

m n =
r (t) _ A2 (t) euz(t) + ZBZJ (t) euz(t—m‘(t)) _ ZCZi (t) el‘q(t—ﬁi(t))

Abstract and Applied Analysis

M —pL —pM _ —L
(Hy) mF,” <1,G,, nF" <nrGp;

(Hg) 7iFy > 7,GY, 7Fy > G

Then systems (2) and (4) have at least one positive w-
periodic solution, where F,(t), F,(t), G,(t), and G,(t) are
defined in (22).

Proof. Since the solutions of systems (10) and (12) remain
positive for ¢ > 0, we carry out the change of variable u;(t) =
In y,(t) (i = 1,2), and then (10) can be transformed to

n
w ) =r ) -A 0"+ B (t)en
i=1

m
_ Z Cl . (t) e“z(t_sj(t))’
=1
(82)

m
uy(H) =1, () - A, (1) D+ By, (1) e
j=1

n
_ Z CZ' (t) e“l(t*(/'i(f))
; .

i=1

It is easy to see that if system (82) has one w-periodic solution
Wi (), w;@®)", then (y7 (1), ;)" = (4@, e is a
positive w-periodic solution of systems (10) and (12); that is
to say, (xf(t),xi(t))T = (H0<tk<t(1 + 0 )e (t)’H0<tk<t(1 +
sz)e"; )T is a positive w-periodic solution of systems (2) and
(4). Therefore, it suffices to prove that system (82) has a w-
periodic solution. In order to use Lemma 6 for (81), we take

X=2Z={u@)=(u,®),u, )" |4t e C(RR)

(83)
sy (t+w) =u (t),1=1,2}
and define
2
lul = ) sup |u;(t)],
51 telowl (84)

u(t) = (u, (), u, (1) € X (or 2).

Then X and Z are Banach spaces when they are endowed with
thenorm | - ||. Let N : X — Z with

% (t)] for any u € X,

i=1
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and define and dimKerL = 2 = codimImL. So, Im L is closed in Z,
© and L is a Fredholm mapping of index zero. It is trivial to
Lu=u'; Pu= 1 J u(t)dt, ueX; show that P, Q are continuous projectors such that ImP =
w Jo (86) KerL, KerQ = ImL = Im(I - Q). Furthermore, the
1 (@ generalized inverse (to L) Kp : Imn L — Ker PNDom L exists
Qz = “ L z(H)dt, zeZ and is given by
It is not difficult to show that
2 t 1 w t
KerL:{ueXlu:hER} , KpZ=JZ(S)dS——J Jz(s)dsdt. (88)
0 w Jo Jo
(87)
ImL = {zeZI J z(s)ds:O]»,
0 Thus, foru € X

1 w n m
;JO |:”1 (t) _ 141 (t) eul(t) + ZBli (t) eu1(t—Ti(t)) _ ZCIJ (t) euz(t_‘sj(t))] dt

i=1 =1

QNu = R
1 (e m n
_ t _A t u(t) + B, . (t uz(t_ﬂj(t)) _ C (t u, (t=0;(t)) dt
i [q() 000+ Y5y 0 IHGE )
t 1 w t t 1 w
a©de\ ([ [a®da) [((Z-3)[ a©an
Kp(I-Q)Nu=| -9 - Frb? - ;@ 3040
d —J J agar |\ (+- —)J d
| m@a ) \ ]| p@a c-3)] m@a
Clearly, QN and Kp(I — Q)N are continuous. By applying © v o (0
Ascoli-Arzela theorem, one can easily show that QN(Q), L ) -A (e + Z By (t)er
Kp(I-Q)N(Q) are relatively compact for any open bounded =
set O ¢ X. Moreover, QN(Q) is obviously bounded. Thus, N m 0 (0-5.()
is L-compact on Q for any open bounded set Q ¢ X. Now, we —Z Cpj)e"" dt =0,
reach the position to search for an appropriate open bounded j=1
set Q) ¢ X for the application of Lemma 6. Corresponding to w m
the operating equation Lu = ANu, A € (0, 1), we have L r, (t) — A, (1) e2® + Z B,; (t) (1)
=1
n
n =3 Cy (1) e“l“""“”] dt = 0.
uy (t) = A I:rl ) -A, 0D+ By (t)en O =
i=1 91)
< s, Hence, we h
_z C,; (® hlt 5](t))] ) ence, we have
j=1 w n
J A, (0O =Y By, (1))
m 0 =
uy (1) = A [rz () - Ay (1) D+ Y B, (1) e 1
j=1 m
; +Y Cpy (0 | dt = 7o,
_Z C,; (t) eul(t_ai(t))] ) j=1
i=1 0 m
U, (t) 1, (t-n;(£))
(90) J, [0 -3 By
n
Since u(t) = (u, (t), uz(t))T is a w-periodic function, we need +Z Cy; (1) eul(ta"(t))] dt = rw.
only to prove the result in the interval [0, w]. Integrating (90) i=1
over the interval [0, w] leads to the following: (92)



16

Noting that u(t) = (u; (), u,(t)) € X, then there exists {}, §; €
[0,w] (I = 1,2) such that

u (§) = tei[%f,,]”‘l ), w(§)= sup u(t),

te[0,w]

I=1,2. (93)

Since Ti'(t) < 1,wecanlets = t — 7,(¢), that is, t = ;(s),
i=1,2,...,n, and then

J ’ By (t) e gy = Jw-mw) Builei @) e
1
0

ul(s)ds
0 1-7 (0 (s))

(94)

According to Lemma 6, we know that ((By;(«;(s)))/(1 -
7/ (e(s)))e" ) € C,. Thus,

w-T1;(w) B.. ) 0
J Meul(s)ds = J
o 1-7/ (g (s)) 0
By (37) and (38), we have
[ Buwea [ Bules )
' o -7/ (o (s))

By; (“i (5))

u, (s)
ds.
1-1/ (o (s)) e

(95)

9ds.  (96)

Similarly, we obtain

w w C,. - (s)
J Cy;(®) 20 gy = J NI ,(‘MJ ) e ds
0 0 1- 6j (ptj (s))

w B w B,. (v. (S))
) ) 2(t ﬂj(l‘))d — 2j\"J
L BZ] (e t L —1 - n} (vj (5))

¢ wtt-oe) 1. (¢ Cai(Bi (9))
Jy cutieneitan | -0 (B, 5)

It follows from (92), (96), and (97) that we get

C Bll (“ (S) u, (s)
Jo <A() Z1 cx(s)))e

1=

>

euZ(s)dS, (97)

ul(s)ds.

m o C (.
" 1j ([/ll (S)) 29 | ds = i,
ERELATHO)
(98)
w m  Bo.(y.
| <A2 (=) —H s ;) >e"2(s)
0 al- ;1} (vj (s))
T w} doone
Thus from (98) we get
J: Fy (s) e 9ds + Lw G, (s) e9ds = 7w,
(99)

w w
J F, (s)e“ds + J G, (s)e"ds = Fw.
0 0

Abstract and Applied Analysis

where F, (s), F,(s), G,(s), and G,(s) are defined by (22). On
the other hand, by Lemma 6, we can see that «;(w) = «;(0)+w,
so we can derive

Jw By; (e () ds = Ja(w By (1) (1-1/ (o (t))
o 1-1/(a(s)) (0) 1-1/ (a; (1))

(100)
= J By, (t)dt = B,w.
0

Thus, from (99) and (100), we get

Al (s) - ilBha(S)) ]

Fo= [/ Reas= [T a0-) 2o0os

. & Gyl ©)
= d =
G L G, (s)ds ,[o b 1_5;(,4].(5))
et
j=1
C iy — ¢ _ “ < CZI(ﬁI(S))
2w = jo G2 (S)dS = J;) lZ: 1—([;1(5))61

(101)
By (99), on one hand, we have
w w
Gr Jo e 9ds < L G, (s)e“Vds < Fiw,
(102)
L © u, (s) © u, (s) —
GZJ e’ dsSJ G, (s)e"Vds < 1w,
0 0
which implies that
w
“z(S)dS < rlw
.[0 GL ’
(103)

© _
() rw

J eds < E

0 2

On the other hand, by (99) the integral mean value theorem
that there is A;, A,, p;, and p, € [0, w] such that

w w
F, (1)) J e 9ds + G, (p)) I e9ds = Fw,
° ’ (104)
w w
F, (1,) J e“9ds + G, (p,) J e19ds = Fw.
0 0
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By (H;), we have GfG% > FfVIFéVI , which together with (104), From the first equation of (90), we get

lead to the following: o
L |u; (t)| dt

:AJ
0

J () g¢ = 7wG, (p,) - 7wF, ()
e s =
0 G, (p1) G, (p,) = F, (M) E, (A,)

n
ry(8) — A (1) eul(t) + Z By (t) e“l(t—‘fi(t))
i=1

ﬁ“’Gé B },—sz{VI T m
> ———— =T, (15,
GMGY - FLFL © =Y ¢y (1) e dt
o . (105) =1
J o) g = rwG, (py) — TiwF, (,) 0
: G (p) G (p2) ~Fi (1) Ex (1) < [ ol
0
EwGlf B ﬁwFéM T w n
>=—————= =T _
GMGY - FLEL © 7 + JO A ) e+ ) By (1) e
i=1
Again, by (H,), one can deduce that the following inequali- +rzn“ C,. (1) =% | gt
ties: j=1 Y
R FGk - HwFM -], nwlas
GF = GrGy _ppE 9”0
Loohr e 06 0,3 Bul@®) e
. o (106) + J A (s)e" + Z l—eul . (110)
rw 1HwGy - 1wk, 0 (“i ()
b il WAL e B PRN1)
GY — GMGM - FLFE
2 12 112 m Clj(Mj(S)) ©
+Z I—e”2 1 ds
ERERAIC)
It follows from (103), (105), and (106) that
w
= JO |ry (1)] dt
Low< Jw euz(s)ds < r_l_w "
T T Gr + Jw AL (s)+ Z Bl ) (% ) e
o - (107) o [\ A 11 ()
Lo < J e Ods < %,
0 2 " Clj (‘MJ (S)) 1, (s) d
,—e s
j=1 &’ (AM] (5))
which, together with (92) yield ©
= J |ry (1)) dt
0
T, < @), (&) o (% N JO [F7 (5)e" © 4G, (s) e"z(s’]ds
- (108) © 0
L < et @ G i3 < R_lw n FI*MJ. ©gs 4+ GIIVIJ euZ(S)dS,
3= ’ T GY 0 0
where R, = (1/w) j;’ lr, (®)ldt, F{ (s), G,(s) are defined by
which implies that (22). By (103) and (110), we obtain
J |u1 (t)|dt<R w+F*M R +Gf4¥ =A5  (111)
— G; G
InT, <u, (&), u, ({;) <Iln G—If’ Similarly, by the second equation of (90), we get
-~ (109) B
InT; < u, (&) ¢) <ln 2 0] dt < Bw + EMIL 4 GM72Y .
3SUl61)s uy (G1) oL |“2()| 2w+ 2 gL T A (112)
G; 2
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where R_2 = (1/w) fow [r,(B)ldt, F; (s), G,(s) are defined by
(22). From (109), (111), and (112) and Lemma 10, it follows that
fort € [0, w]

1 (¢ o 1
u, () <uy (§) + EJ |u; (t)|dt < lnG—z 305

(113)
1 (Y, ol
uy () <up (G1) + > L |u2 (l‘)|dt < lnG_f + 5A4,
179, 1
uy () 2 uy (&) - 5 J.o |”1 (t)| dt >InT, - EA3’
(114)
1 (¢ 1
uy () = uy (&) - > J |u; (t)|dt >Inl, - -A,.
0 2
Let
r, 1 1
R3:max{ln—2+—A ,llnF -=A ]»,
Gr 277 30,73
(115)
o1 1
R, = max lnG—If+EA4 ,Ilnl"4—§A4 )
It follows from (113)-(115) that
sup [u, ()] < Rs,
te[0,w] (116)

sup |u, (1)| < Ry
te[0,w]

Clearly, I}, A;, Ry (I = 3,4) are independent of A, respectively.
Note that j: F(t)dt < Fle, Iow G(t)dt < Gle,l =1,2. From
(44), we have

n m
A [ N
A -YB;=F <F', G/ <G =)Cy;

i=1 j=1

a7
Az—z =B <F, G2§G2=ZC21>
j=1 i=1
which deduces that
— L —
r_1<A1 _ZBli> =7k SﬂFfVI
i=1
— " —
<Gy <7”G, = Ezczﬁ
i=1
(118)

m
— 5 a5 —F _ —pM
r, <A2 - ZBZJ) =1,F, <1,F,

=

m
< ﬁGf <nG, = ﬁzclj’
j=1

Abstract and Applied Analysis

which implies that

n
ry ( - Bu) < rzzczﬁ
i=1 i=1

-

(119)

Hence

o n o o m . m - n -
(Al - ZBI,) (A2 - 232j> <YC; )Gy (120)
i=1 j=1 j=1 =1

From (119) and (120), it is easy to show that the system of
algebraic equations

n m
e (A_l— ZB_“) & - YTt =0,
i=1 j=1

(121)

m n
" <A_ZB_> -Yae <o
j=1 i=1

has a unique solution (u;,u;) € R?. In view of (116), we can
take sufficiently large R such that R > Ry + Ry, R > |uy |+ |u]|
and define Q) = {u(t) = (ul(t),uz(t))T € X : |ul < R}, and
it is clear that Q) satisfies condition (a) of Lemma 7. Letting
u € 0Q N Ker L = 9Q N R?, then u is a constant vector in R
with [|u|| = R. Then

n m

- <A1 - ZBu) e — chjeuz
i=1 =1
m n

T, - (Az - Zsz> e — Zczieul
=1 i=1

QNu =

>

(122)

#0.

That is, condition (b) of Lemma 7 holds. In order to verify
condition (c) in the Lemma 7, by (120) and the formula for
Brouwer degree, a straightforward calculation shows that

deg {JQNu, Ker L N 00, 0}

m n n
= sign { (ZC_IJZC_ZI - (A_l - ZB_l’)
1 inl i=1

(g o)
j=1

By now we have proved that all requirements in Lemma 7
hold. Hence system (82) has at least one w-periodic solution,
say (ul,ul)". Setting yi(t) = e, @) = ¢2®, then
' @),y ()T has at least one positive w-periodic solution
of systems (10) and (12). Furthermore, setting x(t) =
1_[0<tk<t(1 + elk)yf(t)’ x; ) = l_[0<tk<t(1 + ezk))’;(t)) then

(123)
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(o7 (£), x5 (#))T has at least one positive w-periodic solution
of systems (2) and (4). If (Hg) holds, similarly we can prove
that systems (2) and (4) have at least one positive w-periodic
solution. The proof of Theorem 14 is complete. O

We now proceed to the discussion on the uniqueness
and global stability of the w-periodic solution x™(¢) in
Theorem 14. It is immediate that if x*(t) is globally asymp-
totically stable, then x”(t) is unique in fact.

Theorem 15. In addition to (H,)-(H,), assume further that
(Hy) FFEE > GG

Then systems (2) and (4) have a unique positive w-
periodic solution x*(t) = (xi‘(t),x;‘(t))T which is globally
asymptotically stable.

Proof. Letting x*(f) = (x; (), x;(t))T be a positive
w-periodic solution of (2) and (4), then y*(t) =
(1 ©), y5 () (where /(1) = Tlpe (1 + 67 5 (8),
I = 1,2) is the positive w-periodic solution of systems (10)
and (12), and let y,(t) = (y,(t), »,(t))" be any positive
solution of system (10) with the initial conditions (12). It
follows from Theorem 14 that there exist positive constants
T,r, Ry, such that forallt > T
n<y <R, I=12. (124)

By the assumptions of Theorem 14, we can obtain F'Fy >
GMG)'; then there exist constants a; > 0, &y > 0; we can
choose a positive constant ¢ such that

Fla, - GYay, = ¢, Fra, -GV = ¢ (125)
In the following, we always assume that o; and «, satisty (67).
We define

Vi) =as|lny (1) - Iny @) +ay|lny, ) -Iny; (1)
(126)

Calculating the upper right derivative of V; (t) along solutions
of (10), it follows that

D'V, ()
- n@ oy .
- (yl(t) % (t))sg SZAOESNG)
n® 5 ® .
* <yz ® (t))Sgn (r () -y, ®)

<sgn(y, () - y; ()

. { CA OO O -y )

+ Y By () (5 (t=7,(0)) - y; (t -7, (1))

i=1

19
=260 (n(t-50)
=

2 (-0,0) |

+sgn (y, (t) - )’; (1)) &y

X { - A, (1) (y, (1) = y5 ()

—n;0) -y (t-n;®)))

+ Zsz () ()’2 (t
=

- ZCZi () (51 (t = 0; (1))
i=1

- (t=0; (1)) }

<—a Ay (1) [y, (6) = yy ()]

+ZocaBl, O | (t-5®)-yi (t-7®)

i=1

+ Z“3C1J (t) |y2 (t
=1

=8;0) -5 (£-8;®)]

— A, () |y, () = ¥5 O] + D ayBy; ()
1

X ')’2 (t -1 (t)) -5 (t -1 (t))'

+ Z%Cm‘ () |y (¢

i=1

-0, (1) - y; (t—0; ()|

(127)

We also define

n
V, (1) :ZO@L o
T;

1=

Bli (o (£)) .
T ey 116~ d
— 1! (o, (8)) Iy & -y (E)' ¢

R

192 €) - y; (§)|dE

J’ Clj (.“j (E))
£-5,(t) 1—8’( j(f))
sz (Vj (f))
- (v ®)

Jt 2: (:Bz (E
S ) 1- o} (B; (§))

>

2 () - y; (©)]dE

+
M=
3]

|)’1 ©) - yi (©)]dE.
(128)
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Calculating the upper right derivative of V, (t) along solutions
of (10), it follows that

«  Byi(o (1)) .
D* Vy (¢ Z : ,( (t))| y1 () =y (t)l

" By (t) ,
_Z o . _1T]{ (t) (1 —Tj (t))
A GEAG) B (B AG)]

- Cu(w) ,
) - y: (t)
DX o I ())l)’z y; @®)]

] 1
i S0 (1-8'®)
7 1-584(6) j
x| (6= 8;0) = 53 (£ -8, 0)]
(129)

Z @ _21(( (t))) IAGESNO]

mn sz (t) ,
_jzzlocl 1 —1’]; 0 (1 —1; (t))

|y (t=n;®) =5 (t=m; )]

c C21 (ﬁl ( ) *
+ (t)
24T g (o OO

- Cyu(t) ,
- 1-o0;(t)
; 1-0/ (t) ( )
A AGIESMEAG)
We define a Lyapunov functional V (¢) as follows:
V)=V, () +V,(¢). (130)

Calculating the upper right derivative of V (¢) along solutions
of (10), it follows that

D'V (t) = —az A, (t) [y (&) = i (0]

+n “«;(t ) =y (p)
;“3 ( (t) |)’1 )’1 |

Cl](#}())
Jl 1_6,( ())

. NONAGESNG]

ly, (6) = y5 (8]

e[ U ®-yi @l 1@ - @
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i Bz]( Q)

& ( m )) |}’2 ) -y, (t)l
- C21 (/31
e

L B t
az A (L) - Z 3 § SO(C(X( ()t)))

Iyl ) -y, @)

N Cy (B (1)) .
j.ﬁm} -5 @)

1= (u; ()
_i% By; (v )

F=l ’1} (vj (t)) ] |)/2 t) -y, (t)|

— | A, () - Z‘xl
=1

< (“3F1L - “4G§/I) TGRS0
— (@ Fy = a,GY) |y, () - y5 (®)]

=—e(In ) -y @+ @ -y @)).
(131)

So by (131), we have

(132)
+V(#t)<V(0)<+0c0, t=0,

V(0)=0a4 |lny1 0) - lnyf (0)| + oy |lny2 0) - lny; (0)|

- 0 Bli(“z’(E))
' “3L<o> 1-1/ (e (8))

X |31 (&) = y1 (§)| d&
+ i o JO Gy (”j (E))

a0 1-9 (4;®)

i=1

x |3 (8) = 5 ©)|dE+ ) a,

j=1
o By(v®) .
I - d
x L)J() T enr LAl
. 0 Cyi (Bi ()
+za4jai(o> 1-0] (B (&)
x|y, (&) vy (©)] dE,

(133)
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which implies that

(134)

L (lyl GRS (E)l + |y2 & - (g)l)df < ViO).

By (134), it is obvious that |y, () — y; (O] + |y,(t) — y, )] is
bounded.
On the other hand, we know that

oy |Iny, (£) = Iny; (1) + ay [In y, (t) = In y; (1)

(135)
<V(#)<V(0) <400, t=0,
which implies that
" V(0
ny, @) -1n y; @] < -2,
(3 | (136)
" V(0
|1n ¥, (1) —Iny, (t)| < ,
xy
which, together with (123), yield
rle—V(O)/aa < 7 (f) < RleV(O)/as < +00,
(137)

re VO < (1) < RyeV 0% < 40,

From (124) and (137), it follows that y;(¢t) (I = 1,2) are
bounded for t > 0. Hence, y,(t) — y,(t), ,(t) — y; (t), and
their derivatives remain bounded on [0, +00). So |y, (t) —
y1 O, [y,(t) — y; (t)| are uniformly continuous on [0, +00).
By Lemma 11, we have

tETOO [y (s) =y )]

[T @+62)7" |5 (9) - x,(5)] | =0, (138)

0<tp<t

= lim
t — +00

1=1,2.
Therefore

tgl}rloo |x;(s) = x ()] =0, =12 (139)

By Theorems 7.4 and 8.2 in [30], we know that the periodic
positive solution x*(t) = (x} (£), x5 )7 is uniformly asymp-
totically stable. The proof of Theorem 15 is completed. O
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4. Applications

In this section, for some applications of our main results, we
will consider some special cases of systems (2) and (3), which
have been investigated extensively in [10].

Application 1. consider the following equations:

ﬂ@=h04h@—%@%@+2hﬂ”d“ﬂ@)

i=1

$ e ne-n m)] ,

=

y5 (£) = 3, (£) [rz (&)=, (£) y, (8) + ) by (8) 3, (£ =175 (1))

i1

_Z o (1) y, (t=o; (t)):| >

i=1

y;(0)>0, i=1,2,

(140)

)’{ (®) =y (9) [71 () —ay (t) y, () - Z by () y, (t = 7, (1))

i=1

_z a;j(®) y, (t ~Pj (t))] >

=

j=1

PAGESNG! [rz ®)=a, (8) y, (8) = D by (8) y, (£ =15 (1))

—Z i () y, (t =0 (t)):| >

i=1

y;(0)>0, i=1,2,

(141)

which are special cases of systems (2) and (3) without impulse,
respectively. By applying Theorems 12-15 to systems (140) and
(141), respectively, we obtain the following theorems.

Theorem 16. In addition to (H,), assume that the following
conditions hold:

— L _ —M —pL _ —~M
(Hyy) 1 Fy > 1,Gy, 1,Fy >1Gy.

Then system (140) has a unique positive w-periodic solution
x*(t) = (x7 (1), x, ()T which is globally asymptotically stable,
where F,(t), F,(t), G,(t), and G,(t) are defined in (22).

Proof. 1t is similar to the proof of Theorems 12 and 13, so we
omit the details here. O

Theorem 17. In addition to (H,), assume further that

—p#L =M — kL — M
(Hy)) rF;" >1,G), r,F,~ >7Gy.
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Then system (140) has a unique positive w-periodic solution
x*(t) = (x] (2), x; ()T which is globally asymptotically stable,
where F, (t), F; (t), G (t), and G,(t) are defined in (22).

Proof. It is similar to the proof of Theorems 14 and 15, so we
omit the details here.
We consider the following systems:

S =x0) | r©-a®x®)+ Yo 0 x(-70)
L i=1 j
(142)

X =x®)|r)—a®)x®) - Yb®)x(t-7)
L i=1 J
(143)

which are special cases of systems (140) and (141), respectively.
From Theorems 17 and 18, we have the following corollary.
O

Corollary 18. In addition to (H,), assume that the following
condition holds:

(Hiz) a®) = 3 GO/ - 1/40) > 0.

Then systems (142) and (143) have a unique positive w-
periodic solution x* (t) which is globally asymptotically stable,
where y;(t) are the inverses of functions t — 7;(t).

Proof. Tt is similar to the proof of Theorems 12 and 13, so we
omit the details here.

Application 2. Let us consider two delayed two-species com-
petitive systems:

Y () =y (O [r (©) = a, (1) y ()

+b (1) y (E =T () —¢ (1) y, (=8 (1)],
Y5 (8) = 3, (1) [ry (8) = a, (£) 3, (1)

+b, () y, (t-n®) Oy (-0 ®)],

y;(0)>0, i=1,2,

(144)
710 =y () [r (6) = ay (8) 1 (1)
“b )y (t =T () —¢ (t) y, (=3 ()],
72 () = 3, () [y (8) = a, (1) y, (2)
b )y, (t-n®) Oy t-0c®)],

y,(0)>0, i=1,2

(145)

which are special cases of systems (2) and (3) without impulse
andi = j = 1, respectively. By applying Theorems 12-15 to
systems (144) and (145), respectively, we obtain the following
theorems. O
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Theorem 19. In addition to (H,), assume that the following
conditions hold:
(Hy) RCy > 7Dy, 7,C; > ADY.
Then system (144) has a unique positive w-periodic solution

x*(t) = (x7 (1), x, ) which is globally asymptotically stable,
where C,(t), C,(t), D,(t), are D,(t) are defined as follow:

b C "
O e =}
- b, (v () RECACIO)
Cy(t)=a,(t) - m, D, (t) = T(ﬁ(t))'
(146)

And «(t), B(t), u(t), and v(t) represent the inverse function of
t—1(t), t —o(t), t — 8(t), and t — y(t), respectively.

Proof. Itis similar to the proof of Theorems 12 and 13, so we
omit the details here. O
Theorem 20. In addition to (H,), assume further that
(Hy3) RCT > 1Dy’ RC > RGY.
Then system (145) has a unique positive w-periodic solution

x*(t) = (x (1), x; ()T which is globally asymptotically stable,
where C7 (t), C;(t), D,(t), and D,(t) are defined as follow:

.o by (a (1)) S 0))
Ci(®)=a )+ @) D, () = 128 (u ()

fon b, (v(1)) G (BW)
G (t)=a,(t)+ T 00 D, ) = =o' ()
(147)

And «(t), B(t), u(t), and v(t) represent the inverse function of
t—1(t), t —o(t), t — (), and t — n(t), respectively.

Proof. 1t is similar to the proof of Theorems 14 and 15, so we
omit the details here. O
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