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Abstract. The principle aim of this paper is to explore the existence of
periodic solution of a predator-prey model with functional response and
impulsive perturbations. Sufficient and realistic conditions are obtained
by using Mawhin’s continuation theorem of the coincidence degree. Fur-
ther, some numerical simulations show that our model can occur in many
forms of complexities including periodic oscillation and chaotic strange
attractor.
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1 Introduction

In this paper, we will consider the following T-periodic Holling-type functional
response predator-prey system [1I2/3/4] with diffusion and impulsive effects:

() = 21 () (b1(t) — di (D21.(5) — ar By (1) N e,

D (1) (t) — 2 (1)), Vit
i (t) = wa(t) (ba(t) — da(D)a(1)) + Da(t)(aa (t) — ma(t))., (17 P
50 = p(O(bs(t) — ds((t) + axDp(®) S0, (1)

z1(ty) = (1+ han)za(tn),
$2(t+) ( —‘rhgn)l‘g(tn), t:tn7TLGZ+.

y(t+) (14 gn)y(t 1)

where z1(t) and y(t) are the densities of prey species and predator species in
patch I at time ¢, x2(t) is the density of prey species in patch II, prey species
x1(t), x2(t) can diffuse between two patches while the predator species y(t) is
confined to patch I. a1 (¢) is the maximum of prey that can be eaten by a predator
per unit of time, az(t) a conversion efficiency, b;(¢) (¢ = 1,2, 3) intrinsic growth
rate, d;(t) (i = 1,2, 3) the rate of intra-specific competition, D;(t) (i = 1,2) the
dispersal rate of prey species, and h;, and g, represent the annual birth pulse
of population z;(t), y(¢t) at t, (i =1,2), n € ZT. In this paper, we will assume
that the following conditions are fulfilled:
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(A1) a;(t), D;(t), bi(t), di(t) (i =1,2,3) and «(t), N(t) are continuous positive
T-periodic functions;

(A2) hip, hon, gn are constants and there exists a positive integer q such that
hl(n+q) = hl'm h2(n+q) = h2n7 9n+q = Gn; tn+q =t, +T.

With model (I) we can take into account the possible exterior effects under which
the population densities change very rapidly. For instance, impulsive reduction of
the population density of a given species is possible after its partial destruction
by catching, a natural constraint in this caseis 14+hy, > 0, 1+hs, >0, 1+g, >
0, neZt.

2 Notations and Preliminaries

Let J C R, denote by PC(J, R) the set of functions ¢ : J — R, which are piece-
wise continuous in [0, 7], have points of discontinuity ¢, € [0,T], where they
are continuous from the left. Let PC'(J, R) denote the set of functions t with
derivative ¥(t) € PC(J, R). Throughout this paper we deal with the Banach
space of T-periodic functions

PCr = {1y € PC([0,T], R)|4(0) = ¢(T)}
with the supremum norm:
[l por = sup{[¥(t)] : £ € [0, T1}
and
PCr = {¢ € PCY([0,T], R)[$(0) = ¥(T)}
with the supremum norm:

1ol pey, = max{l[d | pog 141 ey }-

we will also consider the product space PCr x PCp which is also a Banach space
with the norm

(1, ¥2)llpe = Y1l pe + (2]l po-

Moreover, for any y € Cp or y € PCr, define average value of y as follows:

1 (T
Y= T/o y(t)dt

and the minimum, maximum of y respectively are:

L . M
= t = t).
Yy tg[l()lg]y( ) Y tgl[%y( )
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Give «a,3 € PCp, 8 > 0, we consider the following Logistic equation with
impulsive effects.

w(t) = a(t)w(t) — Bt)w?(t),  t#tn,ne Zt, @)
w(tt) = (1+ cp)w(tn), t=ty,neZt.

where ¢, (n € Z7T) is constant, there exists an integer ¢ > 0 such that ¢, = ¢y,
tntq = tn + T, and assume that 1+ ¢, >0 (n € ZT).

Lemma 1. System (3) admits a unique positive solution if and only if & +
P In(14¢,) > 0.

Let 0},5 denote the unique positive periodic solution to ([2)). Dividing 0'[@7 5=
abdig.p — /6’0[2a 4 by 0,5 and integrating over intervals (0, 7], we have

a+ Zln +cpn) = /ﬁe[aﬁdt B01a,3)-

n=1

To shorten notation, we rewrite 0, := 04 g)-
We denote by @44 (t,t0,wo) the unique solution of Cauchy problem

W(t) = a(tlw(t) — B (E), = to(t #tn),
w(th) = (1 + cp)w(ty), t=tn, (3)
w(ty) = wo.

Lemma 2. Give o, 8 € PCr, with 8 > 0, for any wg > 0 we have
(@ (¢, to, wo) — baf =0

provided that &+ 7 >0 _ In(1+¢,) >0 and1+c, >0 forne Z+.

Lemma 3. Given a positive xg € R, consider two functions a,b €
PC((to,00), R) with b > 0, suppose that z(t) € PCk such that

B(t) > ax(t) —ba®(t),  t>to(t #tn),
(t:’;) > ( + Cn)x(tn)7 t=1tn, (4)
z(ty) = o

Then x(t) > P (t, g, 20) for all t > to. Similarly x(t) < Dla,b) (t, g, 20) for
all t > to if all the sign of inequalities in ([J) are converse.

In order to obtain the existence of positive T-periodic solution to system (), we
must use the following lemma, named as the continuation theorem of coincidence
degree theory [5].

Let X, Z be normed vector spaces, L : DomL C X — Z be a linear mapping,
N : X — Z be a continuous mapping. If dimKerL = comdimImL < 400 and
ImL is closed in Z, then the mapping L will be called a Fredholm mapping of



64 W. Zhang, Z. Gui, and K. Wang

index zero. If L is a Fredholm mapping of index zero, there exist continuous
projects P: X — X and @ : Z — Z such that ImP = KerL, ImL = Ker@ =
Im(1 — Q). It follows that L|pomz A Kerp : (I = P)X — ImL has an inverse which
is denoted by Kp. If {2 is an open bounded subset of X, the mapping N will
be called L-compact on {2 provided that QN (£2) is bounded and K,(I — Q)N
2 — X is compact. Since Im(@) is isomorphic to KerL there exists an isomorphism
F :Im@ — KerlL.

Lemma 4. Let L be a Fredholim mapping of index zero and N be L-compact
on §2. Suppose that

(a) For each A € (0,1), every solution x of Lx = ANz such that x ¢ 0§2;
(b) QNz # 0 for each x € KerL(042;
(c) deg {FQN, 2 KerL,0} # 0.

Then the equation Lx = Nx has at least one solution lying in DomL () {2.

3 Existence of Positive Periodic Solution

In this section, we study the existence of positive periodic solution to ().
Theorem 1. If system () satisfies

1.0+ 530 In(1+my) >0, b3+T 7 In(1+gn) >0,
2. bi(t)>D()(z—1 2), by — Do + . Z L In(1 + hay) > 0.

here b = max{b¥ b3}, m,, = max{1 + hy,, 1+ ha,}, d = min{dF, d}}.
Then system () has at least one T-periodic positive solution.

Proof. Let z1(t) = e, a5(t) = () y(t) = 3 then system () is refor-
mulated as

U (t) = bi(t) — Di(t) — di(t)e" ™ — alz\gzl)l_s(_ﬁ:(s:) + Dy (t)er2®m®),

U (t) = ba(t) — Da(t) — da(t)e ua(t) 4 D2(t)eu1(t)—u2(t)’ it
a3 (t) = ba(t) — da(t)e">™ a?\%?ﬁﬁf;f;), .
wr(t}) = w1 (tn) + In(1 4 hin),

) i )

us(th) = us(tn) In(1 + gn)

If system (B has a T-periodic solution (u1(t),ua(t), u3(t))T, then

(eul(t)v eu2(t)7 eu3(t))T = (xik (t)7 .%‘; (t)7 Y (t))

is a positive T-periodic solution to system (). So, in the following,we discuss
the existence of T-periodic solution to system ().

In order to use Lemma 2.4, we set u = (uy1(t),ua(t), uz(t))?. Define

= {z € PC(R,R*) :2(t+T)==a(t)}, Z = X x R*, then it is standard
to show both X and Z are Banach space when they are endowed with the
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norms ||z, = sup |z(t)] and |[(z, e1, ¢z, e5)l = (|22 + lea]” + |eal” + [es[*)1/2.
€[0,w

Let DomL C X = {xEC’l [O,w;tl,...,tm]‘x(O):x(w)}, L: DomL — Z,

Lu = (,Au(t1),...,4uty)); N : X — Z, N:DomL — Z, Nu =

(', Au(ty), ...,Au(tq)) It is easy to prove that L is a Fredholm mapping of
index zero.
Consider the operator equation

Lu=ANu, Xe(0,1). (6)
Integrating (Gl over the interval [0, 7], we obtain

Bl _ fOT [dl(t) wy (t) + a1 (t)a(t)e"3® _ Dl(t)eu2(t)—u1(t)]dt,

N(t)+e*1(®)
fo [do(t)e®2(®) — Dy(t)eur M —u2®)]dt, (7)
a a(t)e®1(®
Bg=fo [ds(£)e®) — 2000 ldt,

here B; = b,T — D;T + Y% _ In(1+ hyy ) (i = 1,2),
=bs+ > _ In(1+ gy).
From (@) and (7), we have

T q

/ iy ()] dt<2(b1 — DT + |3 (1 + Ay (8)
0 n=1
T o q

| liaOlde<2(s — D)7+ |3 (1 + s )
0 n=1
T B q

/ it (£)|dt<2b3T + | > In(1+ gy,))| - (10)
0 n=1

Since u;(t) € PCr, there exist &,n; € [0,T](i = 1,2, 3) such that
u; (&) = min wu(t), wi(n;) = max u;(t). (11)

t€[0,7) t€[0,7]
Let v(t) = max{uy(¢), u2(t)}, then v(t) € PCr, moreover

1. if uq(t) > ua(t) but 41(t) > 4a(t), then v(t) = ui(t) and uq(t) < A(b1(t) —
dy (e ®) < ABY — dben®),

2. if wa(t) > ui(t) but 4z(t) > w1(t), then v(t) = ua(t) and ug(t) < A(ba2(t) —
do(t)e?2®) < \(bY — dbev2).

Denote b = max{b}, b3}, d = min{d¥, d%}, m, = max{hi,, ha,}, then

{Dﬂ;(t) <Ab—de’®), t #t,,

Av(t) < ANn(1+mn), t = t,. (12)

Integrating (I2)) over [0,T], we have

q T
=Y In(l+m,) <bT - d/ e'W,
0

n=1
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therefore,
q
T bT + > In(1+my,)
/ ewil&) gt < n=t (i=1,2),
0 d
SO
q
bT 4+ > In(1 4 my,)
u;(&) < In "ZldT (i=1,2),
then

Z In(1 4 hin)

n=1

() <uil&) + / s ()|t +

bT + Z In(1+my,)

q

Z (L + hin)

From ([{l) and (III), we have

T T
/ do(t)e2m2) dt > / do(t)e2Mdt > B,
0

0

T T
/ ds(t)e () dt > / ds(t)e**Mdt > Bs.
0

0
that is
B, Bs
m{ -2 ]
(772) =z (d2T> 5 U3(773) Z n (dgT)
Then
q
uz(t)> uz(n2) — [y |uz(t)dt —| > In(1 + hay)
n=1 q
>n (dBT) — by — Do)T — 2| 32 In(1 + hap)| = M,
n=1
q
us(t)> us(n) — [y las(t)|dt — | 32 (1 + hg,)
n=1
_ q
> In |:d—B‘}i| — 2(b3 — Dg)T -2 Z hl(l + h3n) = M4.
3 n=1

(13)
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So we have
T M
ta(t)eM _ e
Bs 2 ds(t)e" (&) — a2 dt = daTes(&) T
3—/0 [d3(t)e N(t) + eM ] 31'e Nty s e )T
that is
as(t)a(t)eM1
u (f ) <In Bng( 3V(t)-&-eMl )T
e CZST ’
Then
q
us(t)< ua(s) + fy [as(t)ldt + | 3 (1 +gn)
n=1
Bs+ ag(t)a(t)eM1 T ) .
<In 3 ( Ng(i;);eMl > + 23T + 2|5 In(1 + g,)
n=1
pr— M5.
Similarly,
B3> foT[dg(t)eMs — az(t)o;sft()te)ul<m>]dt7
that is
dzeMsT — B
ui(m) >1n [ 3¢ o 3|
()T
then

q
Z 11’1(1 + hln)
n=1
> In {53{4531—33} —2(by — D1)T —2
(%)

wr(8)> wr () — Ji) i (£)|dt —

Zq: 11’1(1 + hln)

n=1

= M.

Thus, we have

sup |uq(t)] < max{|Mi],|Ms|} = N,

t€[0,T]

sup |uz(t)] < max{|Mz|,|Ms|} = Na,
t€[0,T]

sup |uq(t)] < max{|My|,|Ms|} = Ns.
t€[0,T]

Obviously, there exists a constant Ny > 0 such that max{|uy|, |uz|, |us|} < Ny.
Take r > N1+ No+ N3+ Ny, 2 = {z € X|||z||c <}, then N is L-compact on {2.
So, for V u = (uy,uz,u3)’ € 02 KerL, we have QNu # 0. Let J : ImQ — =,
(d,0,...,0) — d. Then when u € 2 KerL, in view of the assumptions in
Mawhin’s continuation theorem, one obtains, deg{ FQN, 2\ KerL,0} # 0. By
now we have proved that (2 satisfies all the requirements in Mawhin’s continua-
tion theorem. Hence, (&) has at least one T-periodic solution in DomL N 2. O
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4 Some Simulations

In this section, we shall discuss an example to illustrate main results. For system
@), we take: t, = nw, b1(t) = 1+ 0.2sin(¢), d1(t) = 0.8 + 0.2sin(t), a1(t) =
1+ 0.8cos(t), a(t) = 1+ 0.2sin(t), N(t) = 2 +sin(t), D1(t) = 0.2 4 0.1sin(t),
ba(t) = 1 4 0.1cos(t), d2(t) = 0.9+ 0.1cos(t), Da2(t) = 1 + 0.2sin(t), bs(t) =
1+40.2cos(t), d3(t) = 0.8+ 0.2 cos(t), az(t) = 14 0.6 sin(t), h1p = 0.2, hay, = 0.2,
gn = 0.2. Obviously, all conditions of Theorem 1 are satisfied.

If w = m/2, then system (Il) under the above conditions has a unique 27-
periodic solution (In Fig.1-Fig.4, we take [x1(0),z2(0),y(0)]7 = [0.5,0.6,1]T).
We find the occurrence of sudden changes in the figures of the time-series and
phase portrait. The influence of pulse is obvious.

If w = 2, then (A2) is not satisfied. Periodic oscillation of system (l) under
the above conditions will be destroyed by impulsive effect. Numeric results (see
Fig.5) show that system () under the above conditions has Gui chaotic strange
attractor [6].

Fig. 1. Time-series of z1(t) evolved in system () with w = 7/2

x2(t) 07

Fig. 2. Time-series of z2(t) evolved in system () with w = 7/2
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15

YO 1g

Fig. 3. Time-series of y(t) evolved in system (Il) with w = 7/2

v

Fig. 4. Phase portrait of 2m-periodic solution of system () with w = 7/2

v
13

Fig. 5. Phase portrait of chaotic strange attractor of system ([l with w = 2
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