Hindawi Publishing Corporation
Discrete Dynamics in Nature and Society
Volume 2015, Article ID 138984, 12 pages
http://dx.doi.org/10.1155/2015/138984

Research Article

Hindawi

Existence of Positive Periodic Solutions for
a Predator-Prey System of Holling Type IV Function Response
with Mutual Interference and Impulsive Effects

Haidong Liu and Fanwei Meng

School of Mathematical Sciences, Qufu Normal University, Qufu 273165, China

Correspondence should be addressed to Haidong Liu; tomlhd983@163.com

Received 19 August 2014; Revised 17 January 2015; Accepted 18 January 2015

Academic Editor: Xue Z. He

Copyright © 2015 H. Liu and F. Meng. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We investigate the existence of periodic solutions for a predator-prey system with Holling function response and mutual
interference. Our model is more general than others since it has both Holling type IV function and impulsive effects. With some
new analytical tricks and the continuation theorem in coincidence degree theory proposed by Gaines and Mawhin, we obtain a
set of sufficient conditions on the existence of positive periodic solutions for such a system. In addition, in the remark, we point
out some minor errors which appeared in the proof of theorems in some published papers with relevant predator-prey models. An

example is given to illustrate our results.

1. Introduction

In recent years, many authors [1-7] have extensively con-
sidered different types of predator-prey system. One of the
typical systems is the following system:

% (1) = xg (x) -y (x) y",

¢))
&) =y(-d+ky ) y"" -q(»)),

which was introduced by Hassell in 1975 (see [8] for more
details). The character of (1) is that it has the mutual
interference constant m (0 < m < 1). When Hassell studied
the capturing behavior between the hosts (some bees) and
parasite (a kind of butterfly), he noted that the hosts had
the tendency to leave each other when they met, which
interfered the hosts capturing effects. He also found that the
mutual interference would be stronger while the populations
of the parasite became larger and therefore he introduced the
concept of mutual interference constant m. From then on,
many authors began to study some kinds of predator-prey
systems with mutual interference; see [9-12] for more details.
Recently, Wang and Zhu [13] investigated a Volterra model

with mutual interference and a Holling II type functional
response
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And Wang et al. [14] discussed a Volterra model with mutual
interference and a Holling III type functional response:
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is the Holling III type predation function. We can easily
get p(x) > 0 for x > 0 which shows that the predation



rate increases with the increasing prey population density.
But some experiments and observations indicate that the
nonmonotonic response occurs at a level: when the nutrient
concentration reaches a high level, an inhibitory effect on the
specific growth rate may occur. That means that the predation
function p(x) may not always increase. To describe such
inhibitory effect, Andrews in 1968 (see [15] for more details)
suggested another type of Holling function called Holling
type IV function

mx

p(x)= (5)

o? + wx + Px?

On the other hand, because of many natural and man-
made factors, such as fire, drought, flooding, hunting, and
harvesting, the intrinsic discipline of biological species usu-
ally undergoes some discrete changes of relatively short
duration at some fixed times. More appropriate mathemat-
ical models for those situations are probably systems with
impulsive effects. In recent years, many researchers have
investigated several kinds of impulsive differential equations
(see [16-27] and the references therein).

In this paper, we consider the following predator-prey
system of Holling type IV function response with mutual
interference and impulsive effects:

x(t) =x(t) (r, (t) = b, () x (1))

B o () x(¢)
a? + wx () + Bx* (1)

y®) =y® (-r, () -b, (1) y (1)

Yy (),

. o () x (£) "), (6)
a? + wx (t) + Px? (1)
t#t, k=12,
Ax(t) =x(t) - x(te) =dpx(ty), k=12,...,
Ay(te) =y (t) -y () =duy (te), k=12...,

where x(t) denotes the density of the prey population and y(t)
denotes the density of the predator population; r,(¢) is the
growth rate of the prey in the absence of predator; r,(¢) is the
death rate of predator in the absence of prey; b, (¢) is the decay
rate of the prey in the competition among the preys; b,(t)
is the decay rate of the predator in the competition among
the predators; ¢, (t) is the predation rate of predator, and ¢, (¢)
is the coeflicient of transformation from preys to predators;
dyx(t;) and d,; y(t;.) represent the populations x(¢) and y(t)
at t; regular harvest pulse.

By use of the continuation theorem in coincidence degree
theory and some new analytical tricks, we have derived
sufficient conditions for the existence of positive periodic
solutions of the general system (6). In proving the theorem,
we have avoided the errors that exist in the existing articles.
We also provide an example to illustrate our theorem.
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2. Preliminaries

Definition 1. A function z(t) = (x(t),y(l‘))T € R? is said to be
a T-periodic solution of system (6), if it satisfies the following
conditions:

(i) z(t) is a piecewise continuous map with first-class
discontinuity points in {t;} N [0, T], and each discon-
tinuity point is continuous on the left,

(ii) z(¢) satisfies system (6) in the interval [0, T,

(iii) z(t) satisfies z(t + T) = z(t), t € [0, 0).

Throughout this paper, the following assumptions hold.

[A{] 7 (), by (), (1), by(2), ¢ (t), and c,(t) are all contin-
uous positive periodic functions with a common
period T > 0.

[A,] 0 <t < -+- <t <ty < --- and lim _, ty =
+oo, tp # T (k = 1,2,...), a, w, B are positive
constants, 1 € (0,1), and there exists a positive
integer g, such that t,, = f; + T, djp,q) = di €
(1,01 G = L,2), [0,T] n{t,} = {ty,tp...1,} for
k=1,2,...

Let X and Y be two Banach spaces, L : DomL c X — Y
is alinear map, and N : X — Y is a continuous map. If dim
KerL =codimImL < +co and ImL C Y are closed, then
we call operator L a Fredholm operator with index zero [28].
If L is a Fredholm operator with index zero and there exist
continuous projects P : X — XandQ :Y — Y such that
ImP=KerL, ImL=KerQ =Im(I - Q), then Ly, rnkerp :
(I-P)X — Im Lhasan inverse function, which we setas K o
Assume ) ¢ X isany openbounded set,if QN (Q) isbounded
and K,(I-Q)N (Q) c Xis relatively compact, then we say N

is L-compact on Q. Since Im Q is isomorphic to Ker L, there
exists isomorphism J : InQ — Ker L. Now we come to the
continuation theorem [28, page 40].

Lemma 2 (see [28], Continuation Theorem). Let X and Y be
both Banach spaces, let L : DomL ¢ X — Y be a Fredholm
operator with index zero, let QO C X be an open bounded set,

andlet N : Q — Y be L-compact on Q. If all the following
conditions hold:

[C,] Lx # ANx for each A € (0,1), x € 0Q N Dom L,
[C,] for each x € Q2 N Ker L, QNx # 0,

[C5] deg{JQN,QnKerL,0} # 0,

then the equation Lx = Nx has at least one solution on Q N
Dom L.
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For the convenience, we denote
PC(R,R) ={y : R = Ry is continuous at
C# (8] () exis,
W) = (), k=12,
C(R,R):={y:R — R | is continuous at

t+to w(t)),w(ty)exist, k=1,2,...},

JT Fdn,  ff= minf(),

0 te[0,T]

-

f=

M= max f(t).

t€[0,T]
(7)
3. Existence of Positive Periodic Solutions

Theorem 3. Besides (A,) and (A,), if there hold the following
conditions:

- 1¢ 9
71 > max {-i;m (1+dy), —k; In(1+ dlk)} . (8)
then system (6) has at least one positive T-periodic solution.

Proof. Suppose (x(t), y(t)) € R” is an arbitrary positive
solution of system (6).

Let x(t) = “®, y(t) = e"® it follows from (6) that we
have

u(t) =r, () - b () e"®

B ¢ (1) my(e)
(xz + we”(t) + ﬁezu(t)

>

V(1) = =r, (1) = b, (1) "

) e (m=1)u(t) ©)
o? + wet®) + L) ’
t#t, k=12,
Au(ty)=In(1+dy), k=12,...,
Av(ty) =In(1+dy), k=1,2,....

It is easy to see that if system (9) has one T-
periodic solution (u*(t),v*(t))", then (x*(t),y*(t‘))T =
(exp[u* ()], exp[v*(£)])" is a positive T-periodic solution
of (6). Therefore, we need only to prove that (9) has one
T-periodic solution.

To apply Lemma 2, we take

X={z®)=@®),v®)" lu@) e PCRR),
(10)
v(t) € PC(R,R), z(t +T) =z (1)}

with the norm

lz®lx = | ®,ve)T|, = sup [u(O] + sup v (D),
te[0, €[0,

(11)

t

and let
X={z®=w@®,ve) lu®) eCRR),
v(t) e C(R,R), z(t+T)=z(t) for (12)
t#t, k=1,2,..}
with the norm

Iz ®)lg = | @ v @)

= sup | ()| + sup v ()],
t€[0,TI\{ty b yrenty} t€[0,TI\{ty b yrnty}
- 1
Y=XxR*xR*x---xR*= X xR¥
(13)

be equipped with the norm

q
lolly = llzlg+ Y vl for ¢ =(2,7y,...,7,) €Y, (14)
i=1

where | - |, denotes the Euclidean norm of R%. Then (X, || - | x)
and (Y, | - [ly) are both Banach spaces.

Let

DomL={z(t) e X |fort #1, z(t) e X} c X, (15)

and define operators L and N as follows, respectively:

e -1(28)

C((u(t), fort+t, Au(t;)\]?
_<<i/(t), fort#tk>’{<Av(tk)>}k_l)’

N (z (1))

)

_ u(t) _ € (t) mv(t)
rl (t) bl (t) e (XZ + we”(t) + ﬁez"(t)
= t >
(%) (t) eu( ) (m—=1)v(t)

_ _ v(t)
1"2 (t) bZ (t) € + 0(2 + weu(t) + ﬁez"(’)

(16)
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then t k=q .1, T q
J v(t)dt+ZJ v(t)dt+J p(t)dt+ ) e =0,
KerL = RZ, k=2 ty =1
. (u(t)
if (v(t)) € DomL,

me= 10 =((5)1()f) o (50)- 1))

T
T q
Jf(t)dtJrZak:O Ju(t dt+Zak T
€Y | T ,{<0>}k , where
=1
J' g(t)dt+Zek— Jov(t)dt+Zek
k=1
is closed in Y, and <<u (t)> , {(ak>}q ) €Y.
V(t) €k k=1
dim Ker L =2 = codim ImL. (18) (21)

It follows that L is a Fredholm mapping of index zero, and it
is easy to know that P and Q are both continuous projectors

From L is a Fredholm operator with index zero, we get that L
such that

has a unique inverse. We define K, : InL — Ker PNDom L
as the generalized inverse to L, that is,

s (O]

ImP = KerL, ImL=KerQ=Im(I-Q), (19)

where P and Q are defined by

. J u(t)dt+Zak

t) T ot
p(”( ) == K (20)
v(it)) T ’ Ju(s)ds+ a ——J Ju(s)dsdt— a
J v(t)dt+Zek B 0;<tk Tlo kz:lk
0 k=1 - T
J v(s)ds+ Z e — —J J v(s)dsdt - Zek
where {(¢)}]_, are arbitrary constant vector groups, if olgee Lo ps}
(“(t)) € X\ DomL,and {(¢)}}_, satisfy (22)
t T q
J u(t)dt + Z J u(t)dt + J u(t)dt + Zak =0, Then by simply calculating we obtain
k=2 Ttk-1 t k=1
u(t)
av(3i5)
1 (T u(t) q (1) mv(t) 1 ¢

) ?JO (1’1 () = b (t) e — o+ we® 1 B K >dt + —Z In(1+dy) 0) .

) L o) a®e” i BRSNS
?JO (—r2 (5= by (0" + ——2 ek dt + —kzlln (1+dy)
u(f)
KP (I _Q)N<V(t)>
f <r (9) = by (5) e - G () emv@) ds Y In(1+dy)
o\’ ! a? + wet) + Pe?Hls) oGt 1k

= t u(s) q
J (—rz (s) = by (s)e" + (e e("’_l)v(s)) ds+ Y In(1+dy)
0

“2 + weu(s) + ﬁezu(s) 0<t <t
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1 (7Tt b ) q (s) EA q | p
fjOJ'O 1= e - o2 + wets) +/3e2u(s)e * t+k§1 n(1+dy)
_ Ler v(s) 6 (s) et (m-1)v(s) g
?Jo Jo (—r2 () =B ()e™ + o + e 1+ ﬁezms)e dsdt + k; In (1 +dy)
L u(s) (s mv(s)
| (ne-teew- a8 S )dsds
Lr 0 o
v(s) G (m=1)v(s)
?J'OJ'O (—1’2 ©) =by ()™ + o? + wels) + ﬁeZ”(S) € dsds
q
Y in(1+dy,)
_ i k;l
T
D In(1+dy)
k=1
L u(s) ¢ (s) mv(s)
. 772,[0 Jojo <r1 ()= by ()€™ - o + we'® +ﬁ62u(s)e >d5d5dt
(s)
i Tjt JT -1, (s) = b, () ev(s) + ) (s) e e(m—l)v(s) s ds dt
T2JoJoJo 2 2 o? + wels) + ‘BeZM(s)
q
. In(1+dy)
L =
2 9
Z In (1 +dy)
k=1
[ (n -t e - e s 3 In(1+dy)
= o\ 1 o +we) + et 0<te<t *
B t u(s) q
- -b V) 4 Q()e (m=1v() ) g5 + In(1+d
JO ( & ) 2 (e o? + wets) + ﬁezu(s) € S 0%:0 1‘1( Zk)
L u(s) ¢ (s) mv(s) a
?JO J'o (7‘1 (S)_bl ()™ ~ o2 + wet®) +ﬁ32u(s)e )det+ Zln(l +d1k)

k=1
1 (Tt (s) eu(s) - q
v(s) ) (m—=1)v(s)
fjo Jo (—r2 (s)=b,(s)e" + o7 0o 1 feB e dsdt + k_gl In(1+dy,)

T
J <r1 (s) = by (s) e G (s) e"”(s)> ds
0

a2+ we Be?u)

) T u(s)
J (_r2 (s) = by (s)e" + G (s)e (m-1)v(s)

o2 + wetl® + e ¢ ds

) ZIn(l +dy)
iln(l +dy)

(23)

By the Lebesqgue convergence theorem, QN and compact and QN(Q) is bounded for any open set
KP(I — Q)N are both continuous. From the Arzela-Ascoli

Q ¢ X.So N is L-compact on Q for any open bounded set
Theorem, we can get that KP(I - QN(Q) is relatively Q



Now we consider the operator equation Lz = ANz, A €
(0, 1), that is,
G (t) mv(t)
a? + we®) + Be?u®) ’

() = A <r1 (t) - by (t) e"? -

b (t)

%) (t) eu(t) e(m—l)v(t)
o? + wet®) + Peut) ’

= (—r2 ) -b, () e +

t+t, k=12,...,
Au(tk)=lln(1+d1k), k=1,2,...,
Av(ty) =AIn(l+dy), k=12,....
(24)

Integrating (24) over the interval [0, T'] leads to

T T
j b (t)e““’dt:j r (O dt
0 0

¢ (t)

T
_ mv(t)
J-o o? + wet®) + L) e dt

q
+ Zln(l +dy),
k=1

T T
J b, (t)e“”dt:—J r, (8) dt
0 0

o (1) e ®

T
(m=1)v(t)
* jo o? + wet®) + Pet) ¢ dt

q
+ Zln(l +dy).
k=
1 (25)

From the first equation of (25), we have
T T T
bt J 0t < J by () Ot < J r(Odt=T-F,. (26)
0 0 0
So we get

T T-7
“Ogr < —1 27

Jo ¢ bk @7
Multiplying the first equation of (24) by e*”
over [0, T], we obtain

and integrating

0< ieu(tk) [1-(1+dy)"]
k=1

T
=1 J [rl ®) e — by (t) ™ (28)

0

¢ (t) eu(t)emv(t)
o2 + wet® ¢ Be?u® ]
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From (28) and the integral mean value theorem, there exists
a{; € [0,T] such that

T
Aj [”1 ) eu(t) _ bl ) eZu(t)] dt
0

- ie”(t") [1-(1+dy)']

k=1
(29)

T /\Cl () eu(t)emv(t)
- L o? + wet®) + L)

T Aeu(t) mv(t)

a (G1) J c

0 o2 + we® + Be2u®) dt.

Similarly, multiplying the second equation of (24) by ¢"” and
integrating over [0, T'], we obtain

0< ie"tk) [1-(1+dy)"]
k=1

T
=1 J [—rz ®) e’ - b, (1) (30)
0

¢ (t) eu(t)emv(t)
o? + wet®) + L) ] b

from (30) and the integral mean value theorem, there exists a
{, € [0, T] such that

T
A J [, (€™ + b, (1)) dt
0

+ ie"“") [1 -(1+ dzk)’\]
! (1)

- T ACZ (t) eu(t)emv(t)
o o + wer® 4 Be2u®

T Aeu(t) emv(t)

=G ((2) L o + wet® + ﬁeZu(t)
From (29) and (31), we have

T
A J (1, (0 €" + b, (1)) dt
0

+ iev(“‘) [1 -(1+ de)’\]
k=1

(32)

o@) |, (" ut) 2u(t)
-2 [AL (r, ()" — by (6> ®) dt

—ie"“k) [1-a +d1k)l]] :

k=1

From (32), we get

T M T
I r, (0 Vdt < 2 J r, (1) e“Pdt, (33)
0 o o
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which yields
T MM T
rﬁj e Vdt < 2nh Ll J V.
0 o Jo
From (27) and (34), we obtain

! o',
Oar < 211 A
0 chribf

Set

— M M—

A := max hehhn
T bL’ cLyLpL >

1 ahY%

and then, from (27), (35), and (36), we get
T
J Ddt < T A,
0

Since (u(t), v(£))"
that

u(&l) = mmu(t)

u(§) = maxu(t),
te[0,T] te[0,T]

v(n) = mm v(t).

v = maxv(f),
(11) te[0,T) ®) te[0,T]

From (37) and (38), we see that

u(ff) <lnA, v(iﬁ) <lnA.

On the other hand, it follows from (24) that
T T
I i ()] dt < zj r (O dt
0 0
q
+ Z In(1+dy)
k=1
T
< ZJ r (£)dt =2T -7,
0

T T
J v ()] dt < 2] r, (t) dt
0 0

+zj b, () "Vt - Zln(1+d2k)

k=1

2T -7, +20)'T- A

9
=Y In(1+dy) =S,
k=1

T
J eDdt < T A.
0

(34)

(35)

(36)

(37)

€ X, there exist &,&,,1,1, € [0,T] such

(38)

(39)

(40)

(41)

Thus, from (39)-(41), we have

u(t) =

IN

<

<

v(t) <

9
<InA+2T -7, +26,"T-A=3) In(1+dy)

u(§;)+j a(s)ds+ Y Aln(l+dy),
3 & <ti<t

te(&,T]

u(£1)+J u(s)ds — Z AMn(1+dy),

t<ty <

L te[0,&]

<

u(ff)+J u(s)ds—ZZln(1+d1k)
k=1

te(§,T]

u(s)ds—ZZln(1+d1k)

w(E)+ [ 3
(0.4

T q
w4 | Olds-2Y In(14dy)
k=1

q
InA+2T -7 -2) In(1+d;;) =S,
k=1
(42)

V() + j lds— 23 In(1+ dyy)
k=1

(43)

k=1

=S;.

T-7,

T.

u(t)
dt >
J0 ‘ (bM + (C " /a?) (Cz r{VI/rZCI

Meanwhile, the first equation of (25) implies

(T M T q
< b JO Ot + ? L ™Dy - Z In(1+dy).
k=1
(44)

In view of _[OT "Vt < Tl_m(IOT ¢"Ddt)™ and (34), we have
from (44) that

T
Fo<bM J Bt

0

Mmpl-m ;, M_M\™ , .T m
q Tl an (J u(t) )
+ e™dt
() (1 9

9
- Zln(l +d1k)’
k=1

If0 < JOT e“Ddt < 1, then it follows from (45) that

T-7,+ Y In(1+dy)

1/m
) o

=8,



so we have
T
J ¢““dt > min{1,8,} := S,. (47)
0
From (38) and (47), we have
u(E) > In 2 (48)
= T .

This, together with (40), leads to

T q
u(t) >u(f)- L lie ()| dt +2) In(1+d,;)
k=1

(49)
>1n— -2T -7, +ZZln(1+d1k)
k=1
= 86’
Let H, = max{|S,], |Sq|}; then from (42) and (49), we have
t)| < H;.
[nax |u (£)] 1 (50)
Let

CLSsx

s b LA
o? + wes: + P 2

0:min<|x€ {1,2,...,}|
(51)

+iln(1 +dy) > 0}.

k=1

Case 1. 10 < e17™"® < 971 for anyt € [0,T], then it follows
from the second equation of (25) that

q T
T - Y In(1+dy) + L b, (£) " Odt
k=1

G (t)e'®

T
_ (m=-1)v(t) 52
Jo o? + we®) + Be?u®) dt 52

Chs.0

T2+ weS + e’
and from (38) we get

e"(’?)T

T
> J " Vdt
0

N [(CﬁSSG/ (oc2 + wes + [o’ezsz)) -RT+ Y1,

=z
M
b2

In(1+ de)]

=S,
(53)

that is,

v(n) = 1n T (54)
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Similar to (49), from (41) and (54) we obtain

v(t) =v(n) - J |v(t)|dt+2Zln 1+dy)

k=1
55
>1In S——Sl+221n (1+dy) 53
k=1

= Ss.

Case 2. There exists y € [0, T] such that 1Y) > 971 that
is,

v(y) 2

1 ~1n6. (56)

From (41) and (56) we obtain

(1) = v(y) - J |v(t)|dt+221n 1+dy)

k=1
[In6-s, +2Zln(1 +dyy) &7
k=1
=S,.
So we have
v(t) = min {Sg, So} = Sy (58)

Let H, = max{|S;|, [S;,l}, then from (43) and (58), we get
trer[l&)g] lv(t)| < H,. (59)

Clearly, H, and H, are independent of A. Denote H = H; +
H, + H,, where H, is taken sufficiently large such that each

solution (u*,v*)" (if the system has at least one solution) of
the following system of algebraic equations:

ce”

be' -7 + —Lb In(l1+d
€ =N a? + we* + P Zn( )
(60)
_ _ Ezea+(m—1)/3 q
bae" +72 - a2 + wet + Pe = ;ln(l +dy) s
satisfies [u™| + |v*| < H, and
max {|S;,|, [Si2|} + max {|S;3], |S14]} < Ho (61)
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where

F,+YL In(1+d
Slzzmin{0,1n<r1 §k=1i1( lk))},
by + (¢,/a?)
1
S =min<{0, ——
13 m1n<| .

-~ SlZ
-In <cze

-((l;z +7, — iln(l +d2k)>

(oc2 + weS + ﬁes“)> )} >

s - 1 1 ( 51“222—1ln(1+d2k)>
u= n| - .
m-—1

(5181

(62)

Let Q = {z € X : |z]| < H}; then Q satisfies condition [C,] in
Lemma 2. If z € 00 N Ker L = 9Q N R?, then z is a constant

vector in R? with ||z|| = H. So
QNz
QN
ce” il | J
be—7, + oc2+we”+/3e2” Z n(1+dy)
Ezeu+(m 1)v 5 >
bye’ +7, — Zln 1+dy)

o + wet + fet

(63)

which shows that condition [C,] in Lemma 2 is satisfied.
Finally, we prove that condition [C;] in Lemma 2 is satisfied.
The isomorphism J of Im Q onto Ker L can be defined by

J:ImQ — KerL,

<<2> ’ {(8)}Zl> — <2> (64)

9
For z € O N Ker L, we have
JQNz
u
(3
= ce™ d
be -7 +——1 N In(l+d
! U5 a2 + wet + Be* kZ:; ( 1)
= _ z eu+(m—1)v q
be +7,—-—2=——— N In(l+d
2 2T 2 +weu+ﬁ62u ]; ( zk)
(65)
Denote ¢ : Dom L x [0,1] — X as the form
B q
be" -7, - Z In(1+dy)
(/5 (u’ v, M) = Ezeu+(m71)v k= q
-——= M In(l+d
o + we* + Pe ];1 ( 2%)
Elemv
+p| o +wet + e |,
b,e" +7,
(66)

where i is a parameter. We will show that when (u, ' eoan
Ker L, ¢(u, v, u) # 0 for any p € [0, 1]. Assume the conclusion
is not true; that is, there is a constant vector (1, v)" with |u| +

|v| = H satisfying ¢(u, v, ) = 0, that is,
q - mv
_ c.e
be -7, - Y In(l+d +M1—=0, 67
€T () ¢ G (67)
— q Ezeu+(m—1)v
be +ur,— » In(1+d,,) - ————-—=0. (68
Ho, Hr, k; ( 2%) o + wet + Pet (68)
By (67) we easily see
u<ln==5,, (69)
b,
and we also get
q - mv
— c€
Fo<be =Y In(l+d, )+ —+———
1 1 kgl ( 1k) DC2 + wet +ﬁ€2u
(70)

= ,mv

<bye" —Zln(1+d1k)+ 1€
k=1

Case L If mv < u, from (70) and [D
k:1 In(1 +d,,))/(b, + (€,/a®))).

,], we have u > In((r; +

Case 2. If mv > u, there exists an”™ € N, such that u < mv <
n*u; from (70), we have

7, <be —Zln(1+d1k)+
k=1

(71)
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Case 2.1.I1f0 < &* < 1, fr(lm (71) and [D,], we obtain u >
In((F; + Y1, In(1 + dyp))/(by + (c,/a)).

Case 2.2.1fe" > 1, we have u > 0.
So we have

= q
u = min <|0,1n<r1+_zk=11n(l+dlk)>]> =S, (72)
by +(c)/a)

Then from (69) and (72), we get |u| < max{|S;, 1, |S;,[}.
From (68), we have

Ez eu+(m—1)v

_ q
o + we + et Sbhe +7;, - Zln(l +dy), (73)

k=1

and from (69) and (72), we have

- s

Ce " 7. (2-m)v
2 S w5, S bae
a? + wedn + Pe*n

q
+ (?2 - Z In(1+ dzk)> ey,
k=1

(74)

Case 1. If v > 0, then we get the lower bounds of v.

Case 2. If v < 0, then we see el ™" > 2V

with (74) yields

, which together

= S _ q
28 < <b2 +7-Y1n(1 +d2k)>e“"">V,

a? + weSn + BeSu

k=1
(75)
which implies
1
>
1-m
-In Ezes‘2
) . (76)
. ((b2 +7,— ZIn(l +d2k))
k=1

-1
(o + we + ,Bes“)> ) .

Discrete Dynamics in Nature and Society

So we get

1
v}min{o,—
1-m

-~ SIZ
-In <cze

-<<Ez+72— iln(1+d2k)>

k=1

. (oc2 +wes + /368“)>_ >}

(77)

=55

From (68) and (69), we obtain

2271€(m_1)v ~ Ezesue(m—l)v
b,a? o?
(78)
(—:zeu+(m—1)1/ q
>—=—————>-YIn(l+d,),
a? + we* + P kgi ( 2%)
and then we have
= 5eg
1 b Y In(1+d
v < In( - Z"*i _ (o)) _ S (79)
m-—1 CyTq

Then from (77) and (79), we get |v| < max{|S;], [S;4]}.
Therefore,

lul + vl < max {|Sy,], [Spo[} + max {|Sy5], Sy} < H, < H,

which leads to a contradiction. Using the property of topo-
logical degree, we have

deg {JQN (u,v)", Q2 nker L, (0,0)"}
= deg {(/) (u,v,1),Q NkerL, (0, O)T} (81)

= deg {(/) (u,v,0),Q NkerL, (0, O)T} .

By [D,] and [D,], we see that the following system of
algebraic equation

_ 9
bie' -7, - Y In(1+dy) =0,
k=1
(82)

= _ut+(m-1)v

q
c,e
K2+ wet + Be - kZ In(1+dy) =0,
=1

has a unique solution in R*. Thus, a standard and direct
calculation shows that

deg {JQN (u,v)", @ nkerL,(0,0)"} =-1.  (83)
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Obviously, the open set Q) satisfies all conditions in Lemma 2,
and therefore we claim that system (9) has at least one T-
periodic solution on Q N Dom L; that is, system (6) has at
least one positive periodic solution. Thus we complete the
proof. O

Remark 4. Our model (6) is more general than those in
[24, 25] since there are different types of Holling functions.

r (t) - D, ) - apn (t) eul(t) —ds (t) eu3(t) + D, () euz(t)_“l(t)
r, (£) = D, (t) — ay, (t) €Y + D, (t) e 1) ,

Nu =

—13 (t) + a; (£) e — agy (1) e

where

X = {(uy (0,1, (6) 3 (1)
€ PC(RRY) 11, (t+T) = u; (t), i =1,2,3},

Y = X x R¥,
(85)

PC(R,R*) = {x : R — R®| x be continuous at ¢ # te (),
x(t;) exist and x(t;) = x(t;), k = 1,2,...,}” From this, we
can derive that ' € X; thatis, u' = (ui(t),u;(t), ug(t))T €
PC(R,R*) and uj(t + T) = ul(t),i = 1,2,3. From the
definition of PC(R, R®), we obtain that (u; (tr)» u;(tk), u;(tk))
exists, and then we can deduce that u, (t), u,(¢) and u,(¢) are
continuous at t = ;. So we have Au(t,) = 0,..., Au(tq) =0
for any u € Dom L. So we get Lu # Nu, for any u € Dom L,
which contradicts the conclusion of Theorem 2.1 [23]. Errors
similarly reappear in proving Theorem 2.4 [24, page 3393] and
Theorem 2.1 [25, page 1047].

4. An Illustrative Example

The following illustrative example demonstrates the effective-
ness of our main result.

Example 1. Consider the following predator-prey system of
Holling type IV function response with mutual interference
and impulsive effects

x(t) =x(t) ((6+sint) — (2 —sint) x (t))

(0.7+0.2sint) x (t) o5

9+ 2x (t) + 3x2 (1) ®,

y(@) =y @) (-(0.03+0.02sint) - (0.3 —0.1sin¢) y (t))

(0.34+0.5sint) x(t) o5
9+ 2x () +3x%(t)

),

1

The results in [24, 25] do not give the decision on existence of
positive solution to (6).

Remark 5. In our proof, by new tricks, we avoid the errors
that existed in [23-25]. In the proof of Theorem 2.1 [23, page
230], the authors stated that: “let L : DomL ¢ X — Y,
u — W, Aut)),... > Aul(t,y)),

In(1+by)
In (1 +by) , (84)
In(1+by) .

Ax(ty) =dyx(t), k=12,...,

Ay(t) =dyy(t), k=12,....

(86)

We fix the parameters d,;, = 0.5, dy;, = —0.3, t;,5 = t; + 271,
[0,27] N {t,} = {t;,t,,t5}. By an easy calculation, we obtain
71 =6 Y, In(1+dy) =-3In2.

Therefore we have

3
f1=6>-3In2=) In(1+dy,),
k=1
(87)

3
Try =127 >-3In2= ) In(1+dy).
k=1

Thus, by Theorem 3, system (86) has at least one positive 27-
periodic solution.

5. Conclusion

In this work, we have considered a more general predator-
prey model with Holling type IV function response and
the impulsive effect. By use of the continuation theorem in
coincidence degree theory and new anaytical tricks, we have
provided the sufficient conditions to ensure the existence of
the positive solution to this model. We also point out minor
errors in some papers on relevant models. In the future,
investigation on the convergence of the positive solutions
will be probably very interesting and significant since (0, 0)
is obviously the solution of (6) and that zero solution stands
for the extinction of the species.
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