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We consider an impulsive periodic generalized Gause-type predator-prey model with nonmonotonic numerical responses. Using
the continuation theorem of coincidence degree theory, we present an easily verifiable sufficient condition on the existence of
multiple periodic solutions. As corollaries, some applications are listed. In particular, our results extend and improve some known

criteria.

1. Introduction

One of the powerful and effective methods on the existence
of periodic solutions to periodic systems is the continuation
method, which gives easily verifiable sufficient conditions.
See Gaines and Mawhin [1] for detailed description of this
method. In [2], Chen studied the following periodic predator-
prey system with a Holling type IV functional response:

x (1) = x (b) [r(t) —a()x(t-1@)

_ b®)x(t-0 (1) ]
(2@)/m)+x(@t)+n]|’

y’(t)=y(t>[—d(t)

. ct)x(t-o,(@)) ]
(2 (t-0,®)))/m)+x(t—0, @) +n]’
1

where r, d, 1, 0,, 0, € C(R,R) and a, b, ¢ € C(R,R") are
w-periodic functions with Iow r(t)dt > 0 and _[(;U dt)dt > 0,

and m, n are positive constants. The results on the existence of
multiple periodic solutions have been obtained by employing
the continuation method. There are some works following
this direction. See, for example, [3-6].

To generalize Chen’s results, Ding and Jiang [4] consid-
ered the following periodic Gause-type predator-prey system
with time delays:

() =x@) ftx(t-1()
—gtx(®)y(t-o,(t), )
Y () =y®[-d®)+h(t,x(t-0,®)))],

where 71, 0}, 0,, and d are continuous w-periodic functions
with _[: d(t)dt > 0. They also afforded verifiable criteria for
the existence of multiple positive periodic solutions for the
system (2) when the numerical response function / is nonm-
onotonic. Their results improve and supplement those in [2].

As we know, in population dynamics, many evolution-
ary processes experience short-time rapid change after undr-
going relatively long smooth variation. For example, the harv-
esting and stocking occur at fixed time, and some species usu-
ally immigrate at the same time every year. Incorporating
these phenomena gives us impulsive differential equations.
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For theory of impulsive differential equations, we refer to [7-
16].

Based on the previous ideas, in [17], Wang, Dai, and Chen
considered the following impulse predator-prey system with
a Holling type IV functional response:

x'(t) = x (1) [r(t) —a®)x(t-T1(t)

_ b®x(t-0, (1)
(2@ /m) +x@t)+n]’

y’(t)=y(t>[—d<t)

. ct)x(t-0,()) ]
(e (t =0y (1)) /m) +x(t =0y (1) + 1]
t# b

Ax(t)=x(t") - x(t) = cyx(t),
Ay =y () -y (®) =cuy(®),

t=tg,
3)

where the assumptions on , d, 7, 0}, 0, a, b, ¢, m, n are the
same as (1), Cji € (-1,00) (j = 1,2,k € N = {1,2,...}),
{t}ren s a strictly increasing sequence with ¢, > 0, and
lim, _, , t, = oo. Further, there exist a ¢ € N such that
Citkeqy = €k (J = 1, 2)and ty,; = t; + w for k € N. By
employing the continuation theorem, they presented suffi-
cient conditions on the existence of two positive periodic
solutions to system (3).

In this paper, we will consider the following Gause-type
predator-prey systems with impulse and time delays:

X)) =x@®) ftxEt-70))-gtx®) y(t-0,1),

Y ) =y@)[-d(t) +h(t,x(t-0,(1))], t#t,
Ax(t)=x(t") - x(t) = cx (1),
Ay =yt )=y =cyy®), t=t,
(4)

where the assumptions on d, 7, 0y, 0;, Cj, and f; are the
same as (3). x and y are the prey and the predator population
size, respectively. The function f is the growth rate of the
prey in the absence of the predator and d is the death rate
of the predator. The function g, called functional response
of predator to prey, describes the change in the rate of
exploitation of prey by a predator as a result of a change in
the prey density. The function h, called numerical response
of predator to prey, describes the change in reproduction rate
with change in the prey density.
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In general, the response function is monotone (see [18—
20]). However, there is nonmonotonic response occurrence;
see Kuang and Beretta [21]. The so-called Monod-Haldane
function in (5)

h(u) = cu

(u? + mu+n)’ ()
has been proposed and used to model; see [22]. Sokol and
Howell [23] proposed a simplified Monod-Haldane function
of the form in (6)

cu

f0= oy ®)

Throughout this paper, we assume the following:

(H,) f(t,u), g(t,u), and h(t,u) are continuous functions
and w-periodic with respect to t; 0f /0u, dg/ou, and
0h/ou are also continuous functions;

(H,) there exists a positive constant « such that _[ (;U f(t,u)d
t > 0 for u € (0,x); there also exists a continuous
w-periodic function r(t) such that j(;v r(t)dt > 0 and
f(t,u) <r(t)fort € R,u > 0;

(H;) g(t,0) = 0, g(t,u) > O fort € R, u > 0; there exists
a positive constant y such that g(t,u) < pyufort € R,
u > 0;

(Hy) h(t,0) = 0,lim,, _, o, h(t, u) = 0; there exists a positive
constant p such that (u — p)(0h/ou) < 0 fort €
R,u#p;

(Hy) [, dt)dt = ¥7_ In(1 + cy) < sup,, [ h(t,u)dt;
(Hy) inf e [ f(tu)dt+ ¥ In(1+ ) > 0.

Remark 1. The assumption (H,) demonstrates that numerical
response function h is non-monotonic. The function in
(5) and the function f in (6) both satisfy the condition
(Hy).

The main purpose of the present paper is, by using the
coincidence theory developed by Gaines and Mawhin [1],
to establish the sufficient conditions for the existence of
multiple positive periodic solutions of system (4) when his a
nonmonotonic numerical response function. As corollaries,
some applications are listed. In particular, our results extend
and improve some known criteria.

2. Preliminaries

The method to be used in this paper involves the applications
of the continuation theorem of coincidence degree. For the
readers’ convenience, we introduce a few concepts and results
about the coincidence degree as follows.

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 < +oo and Im L is
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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 Ll ragerp @ (I — P)X — ImL 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 K,(I - Q)N : O — X
is compact. Since ImQ is isomorphic to Ker L, there exist
isomorphisms J : InQ — Ker L. Let PC,, denote the space
of w-periodic periodic functions ¥ : J — R which are
continuous for ¢ # t;, are continuous from the left for t € R,
and have discontinuities of the first kind at point t = ¢,. We
also denote PC! = {¥ € PC,, : ¥' € PC,}.

Lemma 2 (see continuation theorem [1]). Let X and Z be two
Banach spaces and let L : DomL ¢ X — Z be a Fredholm
operator with index zero. Q C X is an open bounded set, and
let N: Q — Z be L-compact on Q. Suppose that

(@) x of Lx =
0Q () Dom L;

ANx for such A € (0,1), and x ¢

(b) QNx # 0 for each x € 0Q N ker L;

(c) deg{JQN,Q nKerL,0} #0.

Then, the equation Lx = Nx has at least one solution lying in
Dom L N Q.

Lemma 3 (see [12,17]). Suppose thaty € PC(L, [0,w] N {t;} =
titys...sty. Then

sup v (s) — inf y(s)

s€[0,0] se[0,w]
\ )
1 o
< elds+ Y v el |
0 k=1

we= (

It is not difficult to show that

h(t, e ) —d ()

KerL={xeX|x=<peR2},

© q

ImL = {z= ((p,cl,...,cq) eZ| J @ (s)ds + chzo},
0 k=1

(13)

For convenience, we make change of variables x(t) =
exp{x,(t)}, y(t) = exp{x,(t)}, and the system (4) is reformu-
lated as

xll (t) _ f (t, exl(t—‘r(t))) -9 (t, exl(t)) exz(t—al(t))—xl(t))

x; t)=h (t, ex1(t—dz(t))) —d(t), t+t,
(8)
Axy (t) =In(1+¢y),

Ax,( ) =In(1+cy), t=t.

It is easy to see that if system (8) has one w-periodic
solution (x} (£), x5 (£))", then (x*(t), y*(£))" = (exp{x](®)},
exp{x, (t)})T is a positive w-periodic solution of system (4).
Therefore, to complete the proof, it suffices to show that
system (8) has multiple w-periodic solutions.

We take
X = {x = (x,,x,) | x, € PC,, i = 1,2},
)
Z =X xR™,
and define
2 T
Ixlx =) sup | ()], x=(x,x) €X,
i=1t€[0,0] (10)
lzllz = lxlx + Iy, z=(xy)€Z
where || - || is the Euclidean norm of R*. Then X and Z are
Banach spaces.
Let

DomL = {x = (xl,xz)T | x; € PC., i= 1,2},

L:DomLcX — Z, Lx=(x',Ax(tl),...,Ax(tq)),

(1)

and N : X — Z with

In(1+cy)

f (6T D) - g (1 @) ent-a@= ] {(111(1 +a) )}q ) (12)
k=1

and dimKer L = 2 = codimImL. So, Im L is closed in Z,
and L is a Fredholm mapping of index zero. Take

Px:lij(t)dt, x € X;
w Jo
Qz = Q((p,cl,...,cq) (14)

= ! Jw (s)ds+ic (0,0 0)
@ 04’ k:lk > (B,0,..50)4 |-



It is trivial to show that P, Q are continuous projectors
such that

ImP =KerlL, KerQ=ImL=Im(I -Q), (15)
and, hence, the generalized inverse K exists. In the follow-
ing part, we first devote ourselves to deriving the explicit
expression of K, : ImL — KerP N Dom L. Taking z =
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r jt ¢ (s)ds dt + Jw Y gt +@x(0)=0,  (13)

0o Jo 0 {57,

then

x(t) = Ltq)(s)ds+ ch— 1 Jw Jt¢(s)d5dt

>t w Jo Jo

(p:¢p5...,¢) € ImL, then exists an x € DomL ¢ X such q 4 (19)
that — ch + lZthk,
, k=1 Wi
x (t)=¢(t), t#t,
(16) that i
Ax(t)=¢, t=t, k=12,...,q at1s,
. . . t 1 w rt
Then direct integration produces Kpz = J ¢ (s)ds + ch _ 1 j J o (s)dsdt
; 0 >ty 0 Jo
x(t) = J Q(s)ds+ ch + x(0). (17) q L4 (20)
0 >t - ch + ;Zthk.
k=1 k=1
Note that x(t) € Ker P; that is, I(;U x(s)ds = 0, which, together
with (17), implies Thus, for x € X,
¢ X, (t-1(8)) X (D % (t-0,y (), (8)
— t, - t, dt
S| e ) g (e ) 1
1¢ q
QNx = += Y In(1+cy) {(8)} ,
Wio k=1
! Iw [ (6,5 _ao)]de+ L3 In (1 + )
- , _ il .
w Jo Wi
t
L [ (1,69 ) = g (1,1 @) 201 @=19) g
KP(I—Q)Nx: +Zln(1+c1k)
£,
t
J [h (u, exl(”_GZ(”))) -d (u)] du + Z In(1+¢y)
0 =
L o—) (W)Y =0 (1)), () S 2
—J J [f (u, @) — g (u, 8 )) gl ]dudtZln(l +cx) 1)
w Jo Jo k=1
1 q
- —;Zln(l+clk)tk
k=1
1

w Jo

— J.w Jt [h (u, ex‘('“%(”))) - d(u)] dudt + iln(l +oy) — li In(1+cy)f
0 k=1 Wi

(L _ l) J ! [ (16,07 — g (107 9) g0-0n ) 20]

w 2

+(£—l>iln(l+c )
B w 2/4 1k

(i - 1) Lw [h (u, exl(u*az(“))) - d(u)] du + (i - %)éln(l +oy)

w 2
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Clearly, QN and Kp(I — Q)N are continuous. By applying
Ascoli-Arzela theorem, one can easily show that QN(Q),
Kp(I-Q)N(Q) are relatively compact for any open bounded
set O ¢ X. Moreover, QN(Q) is obviously bounded. Thus, N
is L-compact on Q) for any open bounded set Q) ¢ X.

In what follows, we shall use the notations

a= ljwa(t)dt, la]

w Jo

= 1 Jw la (t)| dt,

w Jo
o (22)
B(u) = é L b (t,u)dt,

where a(t) is a continuous w-periodic function, b(t,u) is a
continuous function, and w-periodic with respect to t.
We also set

q
D=d+|d|, R=7+]r|, C;=Zln(1+cjk)’
k=1

=12

q
pr= [In(1+ep)+[In(1+ef],
k=1

P = i [~1n (1 +cy) + o (1 + )] -
k=1

(23)
3. Existence of Multiple Positive
Periodic Solutions
By (H,) and (H,), we have
1 (¢ oh
(u—-p)H' (1) = —j (u-p) 5 () <0,
w Jo u (24)

H(0)=0,  lim H(u)=0.

Then H (u) is strictly increasing on [0, p] and strictly decreas-
ing on [p, +00). By (H,) and (Hj), if

(H,) dw - ¢, > 0,
then, the equation

Hw=d-2 (25)

S

has two distinct positive solutions, namely, u_, u,. Without
loss of generality, we suppose that u_ < u,, and then u_ <

p<u,.
Now, we are ready to state and prove our main result.

Theorem 4. In addition to the conditions (H,)-(H,), suppose
further that the following conditions hold:

(Hg) u_ef* < u,;

(H9) u+e(1/2)(Rw+Pl) <a

Then, system (4) has at least two w-periodic solutions
with strictly positive components.

Proof. By Lemma 2, we need to search for two appropriate
open bounded subsets 2; ¢ X(i = 1,2). Considering the
corresponding operator equation Lx = ANx, A € (0,1), we
have

X, () = A[f (6,50 = g (1,680 @50
x5 (0) = A[h (6D —d )], t#t,
Axy () = Aln (1 +¢y),

sz (t):Aln(l‘FCZk), t:tk.

(26)

Let x(t) = (x,(), xz(t))T € X be a w-periodic solution of
system (26) for a certain A € (0, 1), integrating both sides of
the first and second equations of (26) over the interval [0, w];
we obtain

w
J F (6T - g (1,10) OOy -
0

j h (t, ex‘(tfgz(t))) dt =dw - c,.
0
(27)

From the first equation of (27), we have

Jw [r - f (t, exl(t—r(t))) +g (t, exl(t)) exz(t—al(t))—xl(t)] dt
0

=Tw+c.
(28)

It follows from (26)-(28) that

[ @ de < Ro v,
0

(29)
L |x; (t)| dt < Dw —¢,.

Note that x(t) = (x,(¢), x,(¢t)) € X; then there exist §;,7; €
[0, w] (i = 1,2) such that

x; (n;) = sup x; (t), i=1,2.

9(6)= Jpf 5 0 w
> te(0,w

(30)

By (27), (30), and the monotonicity of h and H, we will
show that x;(§;) and x;(1;) can not simultaneously lie in
(—oo,Inu_), (Inu_,Inu,), or Inu,, +co). In fact, if x,(§;) <
x,(m) <Inu_, then

(31)



This is a contradiction. If Inu, < x;(§;) < x,(1,), then

7.2_1 J (6,60 gy

© e (32)

X 5 Q

SH(e ‘(fl)) <H(u,)=d- e

This is a contradiction. If In u_ < x;(§;) < x,(1,) < Inu,,
then

_.2_1 J (1,0 gy
w w Jo

vV

min{H (exl(E‘)) ,H(ex‘('h))} >H(u,) (33)

-2,
w

This is also a contradiction. Consequently, the distributions
of x,(§;) and x, (#,) only have the following two cases.

Case 1 (x,(§;) < Inu_ < x,(1;)). From the first equation of
(29) and Lemma 3, we have

1 1
x; () 2 %, (1) - 5 (Rw+p) 2Inu_ - 3 (Rw + py) = ay,

x; (t) <x; (&) + % (Ro+p;) <lnu_+ % (Rw + py) = .
(34)

Case 2 (x,(&;) < In u, < x,(n;)). From the first equation of
(29) and Lemma 3, we also have

1 1
X1 (t) le (}71) - E(Rw+pl) Zlnu+ - E(Ra)+pl) =as,

1 1
x; (1) <x; (&) + E(Rw+p1) <lnu, + 3 (Rw + py) = ay.

(35)
By (Hyg), we know
o <Inu_<a, <oz <lnu, <ay. (36)
Denote that
FM = max F(u), F" = min F(u),
u€ee* ,e*] uee* ,e*]
(37)
g = min gtu).

te[0,w], uele®t e*]

By (H,), (H;), and (Hy), one can easily see that FM F™ and
g" are positive constants. Noticing that
eocl < exl(tfr(t)) < eoq, (38)

it follows from the first equation of (27), (30), and (H;) that

w
el J f(ten ) ar

w Jo
exz(ﬂz) w O\ —xi()
< J g (t, el )e e (39)
w 0
! X0 _ 4
—_— S e 2\2 —=,
w H w
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which implies, by (H),

F" +¢/w
%, () 2 In ———. (40)
U
Similarly, we also obtain
P [ )
=5 ,
exz(gz)*xl("h) w X ()
> t,e®) dt (41)
— | a(ee)
a .o gmexz(fz)—xl(m) _a
w w’
which implies
FMi¢/w FM i /w
xz(fz)glng—ml+x1 (m) <1 gml 4
(42)

It follows from the second equation of (29), (40), (42), and
Lemma 3 that

1
x, (t) = x; (1) = 5 (Dw + p,)

F" + ¢ /w
n—
U

>1 -2 (D py) = as,
(43)

x, (1) < x5 (&) + % (Rw + p,)

My ¢ /o

m

<In +oc4+%(Dw+p2) = .

In view of (43), we have
max [, (0] < max (ol foll =0 (g

Clearly, «;, oy, o5, oy, and «; are independent of A.
It is easy to show that algebraic equations

C_l + F(exl) _ G(exl)exz_xl =0,
w
c (45)
~-d+2+H(")=0
w

have two distinct solutions x, = (Inu,, In[u, (F(u,)+c /w)]-
In G(ui))T. Choose «; such that

ay = max”ln [u_ (F (u_) + %)] -InG (u.) | ,

(46)
c
lln [u+ (F(qu) + j)] -InG (u,) } .
We now define
Q= {(x ). 5,®) X
(1) € (o, 05) 5 %, ()] < oy + cxo} ,
(47)

Q= {(x ). 5,®) €X

sy (1) € (o, 04) 5 |x, ()] < oy + 040}.
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Then both Q, and Q, are bounded open subsets of X. It
follows from (36) and (46) that x, € Q; (i = 1,2),and Q; N
Q, = ¢. With the help of (34), (35), (44), and (46), it is easy
to see that Q; (i = 1,2) satisfies condition (a) in Lemma 2.
When (x,(£), x,(t))" € 0Q; N DomL = 9Q, N R* (i = 1,2),
(2, (1), xz(t))T is a constant vector in R%. Thus, we have

a +F(e")-G(e")e™™

271 0 q
e (55O

5&0>

that is, the condition (b) in Lemma 2 holds. In order to
verify the condition (c¢) in Lemma 2 and since the algebraic
equations (45) have only one root in Q; (i = 1,2), let J :
ImQ — KerlL given by (x, (0, 0,...,0)2Xq) —  x, where
x € R% in view of the assumptions in Theorem 4, it is easy
to see that

a +F( 1) - G (M) e

A +H( 1 ’ (49)
and a direct computation gives
deg {JQNx, O; N Ker L, (0,0)"}
(50)

=( )1+1#:0

By now we have proved that Q; (i = 1,2) satisfies all the
requirements of Lemma 2. Consequently, the system (8) has

at least two w-periodic solutions in DomL N Q; (i = 1,2),
x; ()

i=1,2.

that is (xf,x;) and (%1,552), respectively. Set x*(f) = e
y'(t) = €25 x() = 1Y, 7i(t) = €2Y; then (x" (), y* (1),
(x(t), )7(t)) are two positive w-periodic solutions of the
system (4). This completes the proof. O

In a weaker condition, we have the following result for the
existence of one positive periodic solution.

Theorem 5. In addition to (H,)-(H,), suppose further that the
following holds:

(Hyp) u_ePRerp) o min{u,, a}.

Then, system (4) has at least one w-periodic solution with
strictly positive components.

Proof. The proof is similar to the proof of Theorem 4. Under
condition (H,,), (36) is no longer true and Q; N Q, #¢. So,
we have to make a corresponding change. By (H,,), we can
know that

o <lnu_ <a, <Ilnu,. (51)
Denote that
F'= max F(u), F'= min F (u),
u€ele* ,e*2] uele* e*2]
z (52)
g = g(tu).

te(0, w] ue[e"‘l ,e*2]

By (H,), (Hs), and (H,,), one can easily see that F'F, and
g’ are positive constants. By a similar analysis as that in
Theorem 4, when x,(f) € («, «,), we have

1
x, (t) = x, (1) = 5 (Dw + p,)

F + / 1 (53)
2ln% - E(Da)+p2) = ag,
1
X, (1) < x, (&) + 5 (Rw + p,)
(54)
F* 1
Sln+—lcl/w+oc2+ = (Dw + py) = o
g 2
Thus,
t =
e |, ()] < max {la|, et} = oy (55)

Clearly, «y, «,, and «;, are independent of A.

It is easy to show that algebraic equations (45) have
at least one solution x_ = (Inu_,In[u_(F(u_) + ¢/w)] -
InG(u_))". We now take Q = {(x,(t), x,(t))" € X : x,(t) €
(a1, ), |, ()] < oy + o} It follows from (46) and (51) that
x_ € Q. Byasimilar analysis as that in Theorem 4, it is easy to
see that () satisfies condition (a) and (b) in Lemma 2. In order
to verify the conditions (c) in Lemma 2, a direct calculation
shows that

deg {JQNx, QN KerL,(0,0)"} = 1#0. (56)

Hence, Q satisfies all the requirements in Lemma 2. Conse-
quently, the system (8) has at least one w- periodic solution

in Dom L N Q, say (x},x}). Set x*(t) = 10,y (1) = &2,
then (x*(¢), y* (t))T is one positive w-per10d1c solutlon of the
system (4). This completes the proof. O

Remark 6. When there is no impulse, that is, ¢, = 0 (i =
1,2),k=1,2,..,¢ =¢ = p, = p, = 0. The conditions (Hy)
and (H,) are automatically satisfied and (Hy), (H,), and (H,)
reduce to

(Hy) u_e® < uy;
(Hg') u+eRw/2 <«

(H{O) u R’ < min{u,, a}.
Hence, we have the following corollaries.

Corollary 7. In addition to (H,)-(Hs), suppose further that
(Hé) and (H;) hold. Then system (2) has at least two positive
periodic solutions.

Corollary 8. In addition to (H,)-(Hs), suppose further that
(H{O) holds. Then system (2) has at least one positive periodic
solution.

Remark 9. In [4], Ding and Jiang got the following results.

Theorem A. In addition to the conditions (H,)-(H,), suppose
further that the following conditions hold:



(A) u_e*Re < u,;
(A,) u, e <a.

Then, system (2) has at least two w-periodic solutions with
strictly positive components.

Theorem B. In addition to (H,)-(Hs), suppose further that
the following holds:

(A;) u_e®™ < minfu,,a}.

Then, system (2) has at least one w-periodic solution with
strictly positive components.

Obviously, the conditions (Hé), (H;), and (H{O) are weaker
than the corresponding (A,), (A,), and (As), respectively.
Hence, our results generalize and improve the corresponding
results of [4].

4. Applications

In this section, we will list some applications of the previous
results.

Application 1. Consider the system (3) which can be obtained
by letting

fex)=r®)—a®)x, gtx) = : b(t)x

x2/m)+x+n’

c(t)x

(Rl Py

(57)
in system (4). By Theorem 4, we get the following result.
Theorem 10. Suppose that the following conditions hold:

1) dw - ¢ > 0;

(2) > max{(l + 2\/’1/_”,1)(3 _ cz/w)e(l/z)(RerP‘) —
2@ - d + ) — 4mn(d - ¢, /w))fm,
(1+2vn/m)(d - ¢ /w));

(3) 2w + ¢)d - g/w) > awmE - d + ¢jw) +
\/mZ(E —d + ¢, Jw)* — 4mn(d - ¢,/ w)*]e VPRt

Then, system (3) has at least two w-periodic solutions with
strictly positive components.

Remark 11. In Theorem 3.2 of [17], Wang et al. proved that
system (3) has at least two w-periodic solutions with strictly
positive components under the conditions:

(1" dw - ¢ > 0;
2') > (1 +2y/nfm)(d - ¢,/ w)e PR,

(Rw+p,)/2

(3") 2(Fw + ¢)(d - ,/w) > aw[m(ce —d +¢/w)

+ \/mz(Ee(R“’J“PI)/2 —d + ¢ fw)’ - 4mn(d - ¢,/ w)*]
(Rw+pl)/2.

e
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Obviously, 2" implies (2). Notice that

m (Ee(R“le)/2 —d+ 2)
w

— 2 _ 2
+ \jm2<Ee(R“”"‘)/2 —d+ 2) - 4mn<d - 2)
w w
—|m (E _ (— _ g) e—(Rw+p1)/2>
w
+ <m2<E - (3 - 2) ef(RmPI)/Z)Z
w

2 1/2
_4mn<g _ 2) e—(Rw+p1>> ] SRetp)/2
w

+\/m2<2—3+ 2)2 - 4mn(3— 2)1 /PRt
w w

(58)
Thus, (3') also implies (3). Hence, Theorem 10 improves

Theorem 3.2 in [17].

Application 2. Consider the following system:

r(t)—a(t)x(t-1(t)
n+x((t—1(t))

X () =x(t)[

bMy(t-o (t))]

x2 (t) + m?
o c®)x(t -0, (1) (59)
y ) =y@® [xZ =0, ) 1P —d(t)], t#te
Ax(t)=x(t") = x(t) = cpx (t),
Ay =y() -y =cyy®, t=t,
which isz a special form of system (4) by replacing
Cr®-—a®x b«
JeN="m T e
c(t)x (60)
h (t, X) = m

The prey population follows the Smith [24] model.
By Theorem 4, we have the following result.

Theorem 12. Suppose that the following conditions hold:

1) dw - ¢ > 0;
(2)c > o /w)e
\/E2 —4m2(d - ¢,/ w)’, 2m(d - &, /w)k;

max{2m(d - (1/2)(Rw+p;)
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(3) 2(Fw + ¢)(d - ¢, /w) > Ga(E + \E — 4m2(d - ¢,/w)?)
e(1/2)(Rw+pl).

Then, system (59) has at least two w-periodic solutions with
strictly positive components.

Application 3. Consider the following system:
X =x®[r)—a®)xt-1@®)-e®O)x* (t-11))]
bx®) y(t-0, (1)

x2 (t) + m?

ct)x(t—o,()

m? +x2(t -0, (1))

>

Y () = y(t) —d@)|, t#t,

Ax(t)=x(t") = x(t) = qpx (t),

Ay®)=y(t") -y =cyy®), t=t

(61)
which is a special case of (4) by letting
ft,x)=rt)—a®)x—e(t)x’

_ b(t)x
9t:x) = m? + x2’

c(t)x (62)

>
m2+ 2

h(t,x) = .

where functions r(t), a(t), b(t), c(t), d(t), 7(t), 0, (t), 0,(t) and
constant m are defined as above, e(f) is a positive continuous
w-periodic function, and the prey population follows the
Allee effect [25] model. By Theorem 4, we have the following
result.

Theorem 13. Suppose that the following conditions hold:
1) dw - ¢ > 0;
)¢ > o/w)e
V& — 4m(d - ¢, ), 2m(d - )k
(3) 2a(d—c,/w) > (c+ \/52 — 4m2(d — ¢/ w)?)e VP ER),

Then, system (61) has at least two w-periodic solutions with
strictly positive components, where
a+\a’ +4er

o= —

2e

max{2m(d - (1/2)(Zw+py)

a’(t) +4e () r (t)
e (t) '

z(t) = (63)
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