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Abstract

In this paper, a class of Nicholson-type delay systems with impulsive effects is
considered. First, an equivalence relation between the solution (or positive periodic
solution) of a Nicholson-type delay system with impulsive effects and that of the
corresponding Nicholson-type delay system without impulsive effects is established.
Then, by applying the cone fixed point theorem, some criteria are established for the
existence and uniqueness of positive periodic solutions of the given systems. Finally,
an example and its simulation are provided to illustrate the main results. Our results
extend and improve greatly some earlier works reported in the literature.
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1 Introduction

To describe the population of the Australian sheep-blowfly and to agree with the experi-
mental data obtained in [1], Gurney et al. [2] proposed the following Nicholson blowflies
model:

N'(t) = =8N(t) + PN(t — t)e" N, (1.1)

where N(¢) is the size of the population at time ¢, P is the maximum per capita daily egg
production, % is the size at which the population reproduces at its maximum rate, § is
the per capita daily adult death rate, and t is the generation time. Nicholson’s blowflies
model and many generalized Nicholson’s blowflies models have attracted more attention
because of their extensively realistic significance; see [3—9]. Recently, in order to describe
the models of marine protected areas and B-cell chronic lymphocytic leukemia dynamics,
which are examples of Nicholson-type delay differential systems, Berezansky et al. [10],
Wang et al. [11], and Liu [12] studied the following Nicholson-type delay systems:

Ni(8) = —ar ()N (£) + BL(E)N(2) + Z;:l i (ONL (£ — 1 (£)) ey ON =)

N3 (8) = —a (N3 (8) + Bo(OON1(2) + D7, Coj(OON (8 = Tj(2))e 7 N0, 12

where (1), B;(t), c;(£), (1), T;(t) € C(R,(0,00)),i =1,2,j=1,2,...,m. For constant coeffi-
cients and delays, Berezansky et al. [10] presented several results for the permanence and
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globally asymptotic stability of system (1.2). Supposing that «;(¢), Bi(£), c;(£), y;(t), and
7;;(t) are almost periodic functions, Wang et al. [11] obtained some criteria to ensure that
the solutions of system (1.2) converge locally exponentially to a positive almost periodic
solution. Furthermore, Liu [12] established some criteria for the existence and uniqueness
of a positive periodic solution of system (1.2) by applying the method of the Lyapunov
function.

However, species living in certain medium might undergo abrupt change of state at cer-
tain moments, and this occurs due to some seasonal effects such as weather change, food
supply, and mating habits. That is to say, besides delays, impulsive effects likewise exist
widely in many evolution processes. In the last two decades, the theory of impulsive dif-
ferential equations has been extensively investigated due to its widespread applications
[13-16].

Therefore, it is more realistic to investigate Nicholson-type delay systems with impul-
sive effects. However, to the best of our knowledge, few authors [17] have considered the
conditions for existence and uniqueness of positive periodic solution for system (1.2) with
impulsive effects. Thus, techniques and methods on the existence and uniqueness of a
positive periodic solution for system (1.2) with impulsive effects should be developed and
explored.

In this paper, we consider the following class of Nicholson-type delay systems with im-
pulsive effects:

y1(8) = —ar ()y1(2) + Br(B)ya(t) + Z;Zl cy(Oy1(t - le(t))ef’“/(t)yl(Fq’m),

Y5 (2) = —aa(D)ya () + B2 ()N (2) + Z;Zl 2 ()ya(t - sz(t))e_yz"(tm(t_rz"(t)),
t>t>0,t#t,

yi(t,:) =1+ bk)yi(tk); t>ty,t=ti=12,k=12,...,

1.3)

where ;(2), Bi(£), ¢;(2), v;i(2), T;;(¢) € C([0,00),(0,00)), i = 1,2, j = 1,2,...,m. Dyi(te) =
¥i(£) — yi(t;) are the impulses at moments f.
In Equation (1.3), we shall use the following hypotheses:

(Hy) O<to<ti<ty<---,t,i=1,2,... are fixed impulsive points with limy_, o, tx = 00;

(H2) {bx} is a real sequence, and by > -1,k =1,2,...;

(H3) «i(t), Bi(t), ci(t), vy(t), Ty(¢), and [ ]y, ., (1 + by) are periodic functions with common
periodw>0,i=1,2,j=1,2,...,m k=1,2,....

Here and in the sequel, we assume that a product equals unit if the number of factors is
equal to zero.

Lett = max{ri]f}, tl;f =MaXo<<o T(£),i=1,2,j=1,2,...,m.If y;(¢) is defined on [£, — 7, 0]
with #,0 € R, then we define y, € C([-7,0],R) as y; = (y},y?) where y.(0) = y:(¢ + 6) for
0 e[-1,0]and i=1,2.

Due to the biological interpretation of system (1.3), only positive solutions are meaning-
ful and admissible. Thus, we shall only consider the admissible initial conditions:

YViey () = @i(s), s €[-7,0], (1.4)

where ¢;(s) € C([-7,0], (0, 00)). We write y(¢) = y,(¢y, ¢) for a solution of the initial value
problems (1.3) and (1.4).
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The remaining parts of this paper is organized as follows. In Section 2, we introduce
some notation, definitions, and lemmas. In Section 3, we first establish the equivalence
between the solution (or positive periodic solution) of a Nicholson-type delay system with
impulses and that of the corresponding Nicholson-type delay system without impulses.
Then, we give some criteria ensuring the existence and uniqueness of positive periodic
solutions of Nicholson-type delay systems with and without impulses. In Section 4, an
example and its simulation are provided to illustrate our results obtained in the previous
sections. Finally, some conclusions are drawn in Section 5.

2 Preliminaries
For convenience, in the following discussion, we always use the notation

¢ = ming), ¢ = max ()

0<t<w
where g is a continuous w-periodic function defined on R.

Definition 2.1 A function y(t) = (y,(£), y2(£))” defined on [ty — T, 00) is said to be a solution
of Equation (1.3) with initial condition (1.4) if
(i) ¥(¢) is absolutely continuous on the intervals (fo, 1] and (¢, txal, k=1,2,...;
(ii) forall &, k=1,2,..., y(t;) and y(#;) exist, and y(;) = y(tx);
(iii) y(2) satisfies the differential equation of (1.3) in [ty, 00)\{#} and the impulsive
conditions forall t =, k=1,2,...;
(iv) i, (8) = @i(s), s € [-7,0].

Under hypotheses (H;)-(Hs), we consider the following Nicholson-type delay systems
without impulsive effects:

x1() = —on (D)1 (2) + Br(E)x2(2) + Z;lelj(t)xl(t - le(t))efql"(t)xl(tfrl"(t)),
x5 (t) = =02 ()22 (8) + Po(E)x1(£) + 377 pay()a (£ — Tyy()) e~ 1O 0), (2.1)
t>1t >0,

with initial conditions
xizo (S) = go,'(S) forse [_T¢ 0]:(/) € C([_T7 0]1 (07 OO)), (22)
where

pii(t) = 1_[ (1 +be)ci(t) and g;(t) = 1_[ (1 + br)yy(2),

t—r,j(t)stkd 0<tk<t—r,'/(t)

i=1,2,j=12,...,m.

By a solution x(¢) of Equation (2.1) with initial condition (2.2) we mean an absolutely
continuous function x(£) = (x;(¢),%2(¢))T defined on [y, 00) satisfying Equation (2.1) for
t > ty and initial condition (2.2) on [-7,0].

Similarly to the method of [18], we have the following:

Lemma 2.1 Assume that (H;)-(H3) hold. Then
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(i) if x(t) = (x1(£), %2 ()T is a solution (or positive w-periodic solution) of Equation (2.1)
with initial condition (2.2), then y(t) = (l_[0<tk<t(1 + br)x1(t), H0<tk<t(1 + b ()T is a so-
lution (or positive w-periodic solution) of Equation (1.3) with initial condition (1.4) on
[-7,00);

(i) if y(&) = (), y2(O)T is a solution (or positive w-periodic solution) of Equation (1.3)
with initial condition (1.4), then x(t) = ([ Ty, (1 + b))y (2), [Tocy @ + b)) isa
solution (or positive w-periodic solution) of Equation (2.1) with initial condition (2.2) on
[-1,00).

Proof (i) If x(£) = (x1(£),%2(¢))T is a solution (or positive w-periodic solution) of Equation

(2.1) on [£y, 00), then it is easy to see that y(¢) is absolutely continuous on all intervals (¢, #]
and (¢, tk1], K =1,2,...,and for any ¢ # &,

Y1 () + ar ()1 (t) — Br(2)ya(t) - Z (O (¢ — Ty (8)) e 7y Oy

j=1
= [T @+ 0% +n@) [T @+ bm() - @) T] @+ bideate)
O<tg<t O<ty<t O<ty<t

m
— X 1+b —T1:
=S ai)y [ @+bom(t-mnin)e” O Hostp <tz 1rbika = (0)
j=1

O<ty<t-11j(¢)

= [Ta+e0 [xi(t) + 0 (£)x1(£) = Bu(£)x2(2)

O<ty<t

m
— X 1 b T
- § :Cli(t) 1_[ 1+ bk)_lxl(t— tlj(t))e 7O Toayc-nj0bon e Tl’(t))i|
1

t-11;(t) <ty<t
j k

= [Ja+a0 [xi(t) +an ()1 (8) — Bu()x2(2)

O<tg<t

m
- Zplj(t)xl (t - ‘Elj(t))e_qlf(t)xl (t_rlf(t)):|

j=1

=0. (2.3)

Similarly, we have

Vo(£) + aa()y2(2) — B2 )y (t) — Z Coj(£)ya (£ — T (2) ) e 752U 0) = g, (2.4)
=1

On the other hand, for every t = t, k = 1,2,..., and # situated in [0, c0),

()= lim [Ta+pu@ = TT Q+bmited, =12,

k . .
0<t]<t 0<t1 <tx

and

yit) = T @+mitt), i=12.

O<tj<ty
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Thus, forevery t =t, k=1,2,...,

yi(8) = A+ b)yite), i=1,2. (2.5)

Therefore, we arrive at the conclusion that y(£) is the solution (or positive w-periodic
solution) of Equation (1.3) with initial condition (1.4). In fact, if x(¢) is the solution (or
positive w-periodic solution) of Equation (2.1) with initial condition (2.2), then y;(¢) =
[Toctee + b)x:(8) = x,(£) = @i(¢) on [-7,0], i =1,2.

(i) Since y(£) = (y1(2),y2(£))T is a solution (or positive w-periodic solution) of Equation
(1.3) with initial condition (1.4), it follows that y(z) is absolutely continuous on all intervals
(to, t1] and (¢, tes1l, kK =1,2,.... Therefore, x;(¢) = ]_[qu(t(l + br)1yi(t) is absolutely con-
tinuous on all intervals (o, 1] and (¢, txl, K = 1,2,.... Moreover, it follows that, for any
t=t,k=12,...,

xi(tf) = lim [T@+8) "y

“h 0<t/-<t
= [T @+5)i(t) = ] @+8)pilte) = it (2.6)
O<tj=<ty O<tj<ty

and

x() = lim T @+5) ()

k 0<t/-<t
= [T a+5)"i(te) = ] Q+)yilte) =xilt),  i=1,2, (2.7)
O<tj<ty O<tj<ty

which implies that x(¢) is continuous and easy to prove absolutely continuous on [0, 00).
Now, similarly to the proof in case (i), we can easily check that x(¢) = ]_[qud(l + br)y(e)
is a solution (or positive w-periodic solution) of Equation (2.1) with initial condition (2.2)
on [-1,00].

From the above analysis we know that the conclusion of Lemma 2.1 is true. This com-

pletes the proof. d

Lemma 2.2 Suppose that
(Hy) 222 o1,
172

Then every solution x(t) of Equation (2.1) with (2.2) and every solution y(t) of Equation
(1.3) with (1.4) are positive and bounded on [ty, 00).

Proof Clearly, by Lemma 2.1, we only need to prove that every solution x(¢) of Equation
(2.1) with (2.2) is positive and bounded on [ty, 00). In order to show that, we only need to
see Lemma 2.3 in [11].

Furthermore, from the proof of Lemma 2.3 in [11] we also obtain the following conclu-

sions: Under the condition (Hy), for every solution x(¢) = (x1(¢), %2(¢))T of Equation (2.1)
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with (2.2), when ¢ > &,

++\ 1
max xi(s) < (1 - %>

to<s<t (Xl (12

x [wl(O) +Zaf”—;_e ¥ §<¢2(o>+zaf’;{ )} 2h (2.8)

j=1 ~111j 1

and

++\ —1
max x(s) < (1 - %)

to<s<t o Oy

x |:<P2(0) + Z# b (‘PI(O) Z il )j| 2 by. (2.9)

— O i
j=1 242j¢ o g€ 0

Lemma 2.3 (Cone fixed point theorem [19]) Suppose that 21, Q2 are open bounded sub-
sets in Banach space X, and 0 € @, C Q. LetPbeaconein X,and T : PN (2 \ Q1) — P
be a completely continuous operator. If

(i) 1 Tx|l < ||x|| for x € PN 32y and || Tx|| > ||x|| for x € PN 3y, or

(i) |Tx|| < ||x|| for x € PN 3y and || Tx|| > ||x|| for x € PN 9L,
then the operator T has at least one fixed point in PN (Q2:\ ).

3 Existence and uniqueness of positive periodic solution
For ease of exposition, throughout this paper, we adopt the following notation:

x(0) = (w8, %), i=1,2.

[%lo0 = max |x;(2)
0<t<w

We denote by X the set of all continuously w-periodic functions x(¢) defined on R, i.e.,
X = {x(0)|x(t) = (%1(8), %2(8))T € C(R, R?), x(t + w) = x(¢)}, and denote

llx]l = max{|xl|oo: |x2|oo}'
Then, X endowed with the norm ||x| is a Banach space. Let P be the cone of X defined by

P ={x(t) € X|x(t) > 0,t € [ty, to + w]}.
Define the operator T by

(@) = :: GilbINAORO) + hapyOnls - ms)e WIS ) g
Ga(t,8)[Ba(s)x1(s) + Z/=1P2,(S)x2(s — Ty;(s))e” a2j(s)e (5= (s ]ds
where
eli W du ol aaw)du
Gi(t,s) = Ga(t,s) = €t t+ ol

eféooq(u)du_ll ejévozz(u)du _1’

It is easy to check that Equation (2.1) has positive w-periodic solution if and only if the
operator T has a fixed point in P° = {x(t) € X|x(t) > 0, € [y, tp + ®]}. In addition, we have
a;(u)du )
0<Ni2 ol = Gilt,0) < Gil6,9) < Gt £ + ) = 500 2 My, i=1,2.
e

a;(u)du fwil

Lemma 3.1 Assume that (H;)-(Hg) hold. Then T : P — P is completely continuous.
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Proof First, we prove T : P — P. From (H3) we know that o;(t), i = 1,2, are continuous

w-periodic functions. Further, we find
Gi(t+w,s+w) = Gi(t,s), seltt+w]. (3.2)

In view of (Hs), (3.1), (3.2), and the definition of P, for any x € P and ¢ € R, we have

t+2w

(Ton(t + ) = /

t+w

Gi(t+w,9) [ﬁl ($)22(s) + ) pj(s)acs (s — 7yj(s)) e W16~ “”} ds

Jj=1

= / " Gi(t + w,u + w) |:/31(u + w)xs (U + w)

m
+ Y pijlu+ o) (u+ 0 - 1y + ))e WO ey re) :| du
j=1

= / Gi(t, u) [ﬁl(u)xz(u) + Y prjlwyn (u - nj(u))e'ql’(”)"‘(”‘”"(””] du

j=1
= (Tx)(2).

Similarly, we have
(Tx)2 (£ + w) = (Tx)2(2).

In addition, it is clear that Tx € C(R, R?) and (Tx)(¢) > O for any x € P, t € R. Hence, Tx € P
foranyx e P. Thus, T: P — P.

Second, we show that T': P — P is completely continuous. Obviously, T': P — P is con-
tinuous. Since sup,..o ue™ = %, by (2.8) and (2.9), for any x € P and ¢ € [¢, to + w], we have

(Tx)1(2) = / Gi(t,s) |:ﬁ1(s)x2 (s) + Z pii(s)x1 (s - rlj(s))e‘hj(s)m(sr1;(s))i| ds

j=1

§M1/ |:,31(s xz(s)+Zp1, (5)221 (s — Ty5(s) ) e WO 6-nj6 :|ds
0

j=1

< le[ﬂl by 2 } B (33)
j=1 qll

and

(Tx)z(t) = / Gz(t, S) |:/32(s)x1 (S) + ZPZ/(S)XZ (S - ‘L'2j(s))eq2j(s)x2(s1:2j(s)):| ds

Jj=1

<M, f |:,32 ()1 (s) + szj(s)xz (s = Toy(s)) e 12 (7m21() :| ds
0 i

m

< Mzw[ﬁ;bl > —2} =B (3.4)

5 1>

o+
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Moreover,

|(Tx)(0)] =

Gi(t, t + w) |:;31(t + o)t +w) + Zplj(t + o)x1 (£ + o — 7t + )
j=1

x e—ql,'(tﬂo)xl(t+a)—r1/(t+¢u)):|

m

- Gi(t,t) [ﬁl(t)xz(t) Y () (t - y(8))e D "1“"1/‘(‘”}

j=1

—ay(t) / Gi(t,s) [ﬂl(S)xz(S) + ZPI](S)xl s — 7y5(s)) e WPl ”} ds

j=1

—a1 () (Ax) (2) + |:,31(t)x2(t) + Zplj(t)xl (t- le(f))e_qu(t)xl(t_q’(t)):|

j=1

2
<oi By +Biby + Z v (3.5)
j=1 ql]e

Similarly, we have

pZ]
q2}

[(Tx)y ()| < a3 Bo + B3 by + Z (3.6)

In view of (3.3)-(3.6), {Tx : x € P} is a family of uniformly bounded and equicontinuous
functions on [y, fy + w]. By the Ascoli-Arzela theorem, T : P — P is compact. Therefore,
T : P — P is completely continuous. The proof of Lemma 3.1 is complete. g

Theorem 3.1 Assume that (H,)-(Hy) hold. Then Equation (1.3) with (1.4) has at least one

positive w-periodic solution.

Proof By (3.3) and (3.4), for any x € P and ¢ > £, we have
(Tx)1(t) < By and (Tx),(t) < B,.
Therefore,
| Tx|| < max{Bi,B,} = B > 0. 3.7)

For any x € P and ¢ > ¢y, we have

t+w
(Tx)1(2) :/ Gi(t,s |: ZPII xl s — -,;1/ ))e—ql/’(s)x1(s—n/(8)):| ds
t

>N /0 |:ﬁ1(s)x2(s) + Zplj(s)xl (S - Tli(s))e q1j(s)x1 (s—7y5(s i| ds. (3.8)
j=1

Let t~ =minj 5., m{rl;, 12‘/}. There are two possible cases to consider.
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Casel. T~ > w. In view of (3.8), we have

(Tx)1(t) = Ny /w |:Zp1,(s)x1 (S - 'L'lj(s))equ(s)xl(sqj(s)):| ds
0

j-1

m
- =T A
> Niw E pypre V1 = A1 >0,
j=1

where @7 = min_;<,<o ¢1(£), 97 = max_;<s<o ¢1(t).
Case 2. T~ < w. In view of (3.8), we have

(Tx)1(t) = Ny '/I [Zplj(s)xl(s - ‘L’ll»(s))eql/‘(s)xl(sr1/(s)):| ds
0

j=1

m
- - - ae] A
> Nit E pypie V71 = A9 > 0.
j=1

Therefore,
(Tx)1(¢) > min{Ay, Ap} £ A; > 0.
Similarly, we have

(Tx)2(2) > min{Ay, Axn} = Ay >0,

Page 9 of 16

+ o+ + o+
mo_ o _ g3 N qhe .
where Ay = Now ) 7, prye "2, Ay = Not™ 3 7 prpye "4°2, @y = min_;<s<0 2(t),

j
(,0; =maxX_r<s<0 ¢2(t)'
Then, for any x € P and ¢ > to,

| x| > min{A;,A;} £ A > 0.
Let

Q= {xeX: [l%]| <A}
and

Q= {xeX: (1|l <B}.

(3.9)

Clearly, 2, and €2, are open bounded subsets in X, and 6 € X, Q C Q. By Lemma 3.1,

T:PN (R, \ Q) — P is completely continuous.

If x € PN 02, which implies that ||x|| = B, then from (3.7) we have || Tx|| < B, and hence

| Tx|| < |lx| for x € PN 025.

If x € PN 3%y, which implies that ||x|| = A, then from (3.9) we have || Tx|| > A, and hence

I Tx|| > ||x|| for x € PN 3.

By Lemma 2.3 the operator T has at least one fixed point in PN (2 \ 1), i.e., Equation
(2.1) with (2.2) has at least one w-periodic solution. Since 6€P N (2 \ ), Equation (2.1)



Zhang et al. Advances in Difference Equations (2015) 2015:371 Page 10 of 16

with (2.2) has at least one positive w-periodic solution. Therefore, Equation (1.3) with (1.4)
has at least one positive w-periodic solution by Lemma 2.1. This completes the proof of
Theorem 3.1. O

Theorem 3.2 Let (H;)-(Ha) hold. Suppose further that the following condition holds:
(Hs) of =B =3, p;>0,i=1,2.

Then Equation (1.3) with (1.4) has a unique positive w-periodic solution.

Proof By Theorem 3.1 we know that Equation (2.1) with (2.2) has at least one positive w-
periodic solution. Thus, in order to prove Theorem 3.2, we only need to prove the unique-
ness of a positive w-periodic solution for Equation (2.1) with (2.2).

The following proof is similar to that of Theorem 3.2 in [11].

Assume that x(¢) and %(¢) are two positive w-periodic solutions of Equation (2.1). Set
zi(t) = x;(t) = %;(¢), where t € [ty — 7,00),i =1,2. Then

Z(t) = —a1(H)z1(t) + Pr(B)za(t) + Z;lelj(t) [x1(t — le(t))efql"(t)xl(tfrl"(t))
~F(t - tll,(t))e—qy(tm(t—nj(t))],

3.10
2(1) = —ax (D)2 (8) + Bo(D)21(0) + 21y poy(£) [ (£ — Ti(0))e P20 (310
- %g(t - 'Czj(t))e_qzj(t)%z(t_rzi(t))], t>1ty>0.
Set
m
Ti(u) = —(o; —u) + B} + lepi*je”fi , uel01],t = o T, i=1,2.
=
Clearly, I';(u), i = 1,2, are continuous functions on [0, 1]. From (Hs) we have
m
T(0)=—a; +Bf + Y pji<0, i=12.
j=1
Hence, we can choose two constants > 0 and 0 < A <1 such that
m
Ti() = (h—af) + Bf + Y _pje’ <-n<0, i=12. (3.11)

j=1
Consider the Lyapunov functions
Vi(0) = |z (t)|e*, Va(t) = |za(t)|e*.

Calculating the upper right derivative of V;(¢) (i = 1,2) along the solution z(t) of (3.10), we
obtain

D' (Vi(9)) < [(x —a1(8) | @] + BrO|22 O] + Y prj(e) |r (£ — 7j(0)) eV OO

Jj=1

—351 (t - Tll'(t))efqli(t);l(tfrli(t)) |:|6M for all t > ¢, (312)
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and
D*(Va(p) < |:()» —o3(t))|22(8)| + B2(D)| 2 (8)] + szj(t)|x2(t — 1y(t)) e~ Dx2(tmm )
j=1
- (t — Ty (t)) —42j (%2 (1=15(1)) |:|e“ for all £ > &. (3.13)
We claim that there is M > 0 such that
Vi) = |zi(t)| e <M forallt>to,i=1,2. (3.14)
Otherwise, one of the following cases must occur.
Case 1. There exists T} > £y such that
Vi(T1) =M and V;(t)<M forallte [ty—1,T1],i=1,2. (3.15)
Case 2. There exists T, > ty such that
Vo(Tr)=M and Vi(t)<M forallte [ty—1,T5],i=1,2. (3.16)
We will need the inequality
’xe‘x —ye’y’ <lx—y| forx,ye][0,+00). (3.17)

Indeed, by the mean value theorem we have

| ye‘y| ’ -|x—y|, where§ is between x and y.
For& >1, wehavel £ = g—sf%<1 andfor0 <& <1, wehave|—f|: < 1. Therefore,
inequality (3.17) holds.

In case 1, in view of (3.12) and inequality (3.17), (3.15) implies that
0 <D*"(Vi(T1) -M) < |:()» —oy(T0)) |21 (T1)| + Bu(T1)|z2(T1)|
+ ZPI;‘(TI)’xl(Tl _ tlj(Tl))e‘Qlj(Tl)xl(Tl—le(Tl))

j=1

-% (Tl _ -[1].(Tl))e—qu(Tl)%l(Tl—le(Tl)) |:| P

_ |:(A —on(Th)) |z (T0)| + Bu(T)|22(Th) | + ;Zigﬁ

‘qll Tl)xl(Tl _ Tl;(Tl)) ~q1j(T1)x1(T1-715(T1))

— q1,'(T1)51(T1 — Tl],(Tl))e*qu(Tl)%(Trrl/(Tl)) |i| pssl
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< (A — () |za(T1) [ + Bi(Th) |22(T1) | €T

m
+ Zplj(Tl) |21 (T = 7y(T)) [T ) ey
j=1

|:(A o +,81+Zp+ ’\Tli|

j=1

Thus,

(A—oag) + 8 +X:p+ M >0,
j=1

which contradicts (3.11). Hence, (3.14) holds.
In case 2, in view of (3.13) and (3.17), (3.16) yields that

0 < D" (Va(Ty) - M) < |:()L —ay(T2))|22(T2)| + Bo(T2) |21(To)|

m
+ ZPZ}(TZ) |23 (T — Toj(T) ) e 92 (P2)32(T2=03i(T2)
j=1

-%, (T2 _ 7:21,(T2))e—q2j(T2);2(T2—TZj(T2)) [| T2

~ po(T)
= q2j(T5)

= [(k - a3(Th))|za(To)| + Bo(To) |21 (To)| +
X | qai(Ta)aa (T — Toj(To) ) e 1% T2 (Tamy(T2)

— qzj(Tz)%z(Tz — tz},(Tz))e—qz,'(Tzﬁz(Tz—rz,-(Tz)) |:| T2
< (A - aa(T2)) |22(To) [ ™2 + Bo(To) |z (To) [T

m
+ ZPZ}'(TZ) |22(T — 7o)(T)) [ T2 T2 i T2)
j=1

|:(A oy +,32+Zp+ “2:|

j=1

Thus,

(A—o; +/32+Zp+ M >0,
j=1

which contradicts (3.11). Hence, (3.14) holds. It follows that

|zi(t)| < Me™*  forall ¢ > t,i=1,2. (3.18)
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In view of (3.18) and the periodicity of z(£), we have
zi(t) =x;(t) —=%;(t) =0 forallt e[ty —1,00),i=1,2.
This completes the proof. d

Remark 3.1 In Theorems 3.1 and 3.2, the conditions that ensure the existence and unique-
ness of a positive w-periodic solution for Nicholson-type delay systems with and without
impulses are simple and easily to test, which is less conservative than the conditions re-
quired in some previous works [11, 12]. Moreover, the main results in this paper are totally
different from that of [17].

4 An example
Example 4.1 Consider the following impulsive Nicholson-type system with delays

YUO) = =0+ sin® w1 (1) + (5 + cos® )y (£) + (i + 3| sin ey (¢ - el ™))
X e—(%HSinnt\)yl(t_elwsm\)

. < 5
+ (% _ %| smnt|)y1(t— e|smnt\)e—(7+|cosntl)y1(t

Y5 () = —(9 + cos? wt)y1(£) + (5 + sin’ w£)y,(£) + (2 + 3| cos ey (£ — el 7!)  (4.1)

_el sinntl)
7

X e—(%ﬂ COSﬂt\)yl(t_e\ Sinrm)

< 5 : cos
+ (2 = Lcos e (t - eleosmtl)=Geisinathne-d ™ > g,

yl'(t]:r):(l-"bk)yi(tk)’ i=1,2,k=1,2,...,

with initial condition
yi(s) =In(3 + 1)) = ¢;(¢), te[-e0],i=12, (4.2)

where by = 25" 7% _ 1, and ty =k, k=1,2,....
Letf(t) = H0<tk<t(1 . bk) = H0<tk<t 2sin %k' Then

fE+4)= l_[ ogsin 5k _ l—[ osin 3k . l—[ osin Fk

O<tp<t+4 O<ty <4 4<tp<t+4
_ ZZLI sin Tk | 1_[ 2sin % (k—4) _ 20 . l_[ zsin Tk =f(t),
O<ty<t O<ty<t

which implies that f(¢) is a periodic function with period 4.

Since o (£) = 9 + sin? ¢, ay(t) = 9 + cos?wt, Bi(t) = 5 + cos? wt, Bo(t) = 5 + sin® ¢, we

_ _ ﬁ+ﬂ+
have oy = a3 =9, B = B; =6, and thus ai‘aj‘ = % <1.

It is obvious that

o 3 1
pu(t) = ]_[ 2““2]‘(E + Elsinntl),

t—elcosmtl <y <t

a5 1
pu(t) = H 2Sln7k<§ - 5' sinnt|>,

t—elsinTtl<gy <t

s 3 1
palt) = 1_[ 2““7k<ﬁ + 5|c0smﬁ|>,

t—elsinTtl<gy <t
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Figure 1 The dynamic behavior of the system (4.1) with the initial condition (4.2). (a) Time-series of the
y1, ¥2 of system (4.1) without impulsive effects for t € [0, 20]. (b) Phase portrait of solutions of system (4.1)
without impulsive effects for t € [3,20]. (c) Times-series of the y1, y» of impulsive system (4.1) for t € [0, 20].
(d) Phase portrait of solutions of impulsive system (4.1) for t € [5,20].

a5 1
pa(t) = 1_[ 2S'“7k<§ - Elcosnt|>,

t—elcosmtl <y <t

qu(t) = 2% % ( +|sinm,‘|),

O<tg<t— e‘ cost|

2. (5
qi2(t) = gsin 3k o |cosnt|),
O<tg<t— e‘s"””‘
.7
qa(t) = 2sin 2k<§ + |cosnt|),
O<tg<t— e‘sm"”
.5 .
g (t) = 25'“2’((5 + |sm7tt|)

O<ty<t— e|c‘“’”‘

Therefore,

2
3
—ﬂ;—zp;,=1>o, i=1,2.
j=1

It follows from Theorem 3.2 that Equation (4.1) with initial condition (4.2) has a unique

4-periodic solution. This fact is verified by the numerical simulation in Figure 1.
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Remark 4.1 System (4.1) is a simple form of impulsive Nicholson-type system with delays.
Since g7, = g3 = £ >1, g3, = g3, = 2 > 1, it is clear that the condition of Theorem 3.1 in [11]
and Theorem 2.1 in [12] are not satisfied. Therefore, all the results obtained in [11, 12] and
the references therein cannot be applicable to system (4.1). This implies that the results of
this paper are essentially new.

5 Conclusion

In this paper, a class of Nicholson-type delay systems with impulsive effects are investi-
gated. First, an equivalence relation between the solution (or positive periodic solution)
of a Nicholson-type delay system with impulses and that of the corresponding Nicholson-
type delay system without impulses is established. Then, by applying the cone fixed point
theorem, some criteria are established for the existence and uniqueness of a positive pe-
riodic solution of the given system. The fixed point theorem in cones is very popular in
investigation of positive periodic solutions to impulsive functional differential equations
[20, 21]. Our results imply that under the appropriate linear periodic impulsive pertur-
bations, the Nicholson-type delay systems with impulses preserve the original periodic
property of the Nicholson-type delay systems without impulses. Finally, an example and
its simulation are provided to illustrate the main results. It is worth noting that there are
only very few results [17] on Nicholson-type delay systems with impulses, and our results
extend and improve greatly some earlier works reported in the literature. Furthermore,
our results are important in applications of periodic oscillatory Nicholson-type delay sys-
tems with impulsive control.
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