Journal of Applied Analysis and Computation Website:http://jaac.ijournal.cn
Volume 9, Number 4, August 2019, 1606-1615 DOI:10.11948/2156-907X.20190121

GLOBAL STABILITY OF PERIODIC
SOLUTIONS OF PREDATOR-PREY SYSTEM
WITH HOLLING TYPE III FUNCTIONAL
RESPONSE

Xiang Zhu' and Wei Ding!

Abstract This paper studied some properties of a predator-prey system with
Holling type III functional response. Based on Mawhin’s Continuation The-
orem, some sufficient conditions for the existence of periodic solutions are
obtained. Moreover, the global stability of the periodic solution is built with
the help of a suitable Lyapunov function.
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1. Introduction

Predator-prey systems are the basic and important models in mathematic biology,
and massive works have been focus on them. In consideration of predator-prey
capacity, Holling proposes three different predations with functional response based
on experiments. A general Holling type functional response f, which depends on
the prey population x, takes the form

Az”

F@) =
where A is the attack efficiency of predator to prey population, m denotes the
handling time of predators, and the exponent n illustrates the shape of the functional
response.

The research on the existence and stability of the periodic solution is one of
the most important directions. And many authors investigated the existence and
stability of the periodic solutions by different methods. For examples, in Ref. [1],
Cheng, Zhang and Wang used differential equation geometry theory and the method
of successor functions to verify the existence of the periodic solution of the system
with holling type I

2'(t) = raft) — cx(®)y(t), = <z
y'(t) = —dy(t) + ecz(t)y(t), = < o3
2/ (t) = ra(t) — cxoy(t), x> wo;
y'(t) = —dy(t) + ecxoy(t), = > 0.
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And they prove the attractivity of the periodic solution by sequence convergence
rules and qualitative analysis.

In Ref. [5], Lisennna verified the existence of the period solutions of the system
through the comparison theorem and Brouwer fixed-point theorem

),

u

o' (t) = ula(t) —u— -

And they construct a Liapunov function to prove the global asymptotic stability of
the periodic solution.

The results in Ref. [2], O. Diop, A. Moussaoui and A. Sene established sufficient
conditions for existence of a periodic solution of the system with Holling type IT

Y0 =020 - 35) - T4 b
(0 =~y + A ),

Readers can refer to Refs. [3,4,6-11] to get more methods which can solve out the
existence of periodic solution or stability of the solution.

Motivated by the above discussion, in this paper, we mainly study the predator-
prey model with Holling type III described by

dz(t) _ Cx(t),  m)z*()y(t)
at r(t)a () k ) 1+ cx(t) + ba2(t)’ (L1)
dy(t) _ m(t)a®(t) '
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Where z(t), y(t) are the densities of the prey population and predator population at
time ¢, and they are all positive numbers. The other parameters have the following
biological meanings: c¢,b are positive, (t) is the intrinsic per capita growth rate
of prey population at time ¢; k is the prey environmental carrying capacity; s is
the efficiency with which predators convert consumed prey into new predators; d(t)
is the per capita death rate of predators at time ¢, m(t) is the attack efficiency of
predator to prey population at time ¢, and 7, m, d are continuous functions of period
T. We first denote:

I I - 17
T:T/o r(t)dhmzf/o m(t)dt,dzf/o d(t)dt,

1 (T 1 [T
= —_— D = - .
v T/o |r(t)|dt, T/o |d(t)|dt

a= (’y—|—f)T—ln@.
m

Then let

This paper is organized as follows. In section 2, we first summarize a few concepts
which are needed, then we construct some conditions to prove the existence of
the periodic solution by continuation theorem. A suitable Lyapunov function is
estabished to investigate the global stability in the last section.
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2. Existence of periodic solution

To achieve the existence of periodic solutions, we shall summarize a few concepts
in the following.

Let X and Z be Banach spaces. L : DomL C X — Z be a linear mapping and
N : X — Z is a continuous mapping. The mapping L will be called a Fredholm
mapping of index zero if dimKerL = codimImL < oo and I'mlL is closed in Z.
If L is a Fredholm mapping of index zero, then there exist continuous projectors
P:X — Xand Q : Z — Z such that ImP = KerL and Ker@Q = ImL =
Im(I — Q). It follows that L|DomL ([ KerP : (I — P)X — ImL is invertible and
its inverse is denoted by k,. If Q is a bounded open subset of X ,the mapping N
is called L—compact on €, if QN(Q) is bounded and Kp(I — Q)N : Q — X is
compact, where I is the identity.Because Im@ is isomorphic to KerL, there exits
an isomorphism J : Im@ — KerL.

Lemma 2.1 (Continuation tlleorem). Let L be a Fredholm mapping of index zero
and let N be L—compact on 2. Assume

(i) foreach X\ € (0,1),every solution x of Lx = ANz is such that x € Q) Dom(L),
(i1) QNz # 0 for each x € 9Q( Ker(L),

(iii) deg{JQN,Q( Ker(L),0} # 0.

Then Lz = Nx has at least one solution in () Dom(L).

Theorem 2.1. If the coefficients in system (1.1) satisfies ¢ > b and k > e*. And
the algebraic equations

) - PO gty __men =0
k 14 cevr(t) 4 peur(t)? — 77
Sm(t)e2u1(t) -
1+ cemr(t)  peur(t)® sd(t) =0,
has a unique solution (uj,u3) € intR% = {(uj,u3)"|uf > 0}. Then the system

(1.1) has at least one positive T-periodic solution.

Proof. Make the change of variables
2(t) = €O y(t) = =

in (1.1), we get a simplified system,

duq (t) () — @eul(t) B m(t)eur (D +ua(t)
dt k 1 4 cerr(t) 4 pe2ur(d)

dug(t) sm(t)e?*(®) B
dt 1+ ceur(®) 4 pe2ur(t)

)

sd(t).
Define
X =7 ={ult) = (u1(t),u2(t))’ € C(R,R?) : wi(T +t) = u;(t),i = 1,2}

with the norm |jul| = ||(u1(t), u2(t))7|| = max |u; ()| + max |uz(t)], u € X, then it
is easy to prove that X and Z are Banach space.
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Let
t) #et1 () +ua(t)
Nu — r(t) — %eul(t) - %

sm(t)eZul(t) dlt
Treen (O pezn® — 5d(t)

d 1 T

Lu = :7/ t)dt,u € X, sz?/ 2(t)dt,z € Z.
0

Then it follows that KerL = R?,ImL = {z € Z : fo t)dt = 0} is closed in Z,
dimkerL = codimImL =2 and P,(Q are continuous prOJects such that

ImP =KerL and KerQ=ImL=Im(I - Q).

So, L can be proved a Fredholm mapping of index zero.
We find that the inverse K, :ImL — KerP()DomL exists and is given by

Ky(z) = /0 s)ds — —/ / s)dsdt.

Thus
ul(s) (t)e“1(5)+uz(s)
QNu | T fO - T 14cev1(3) fpe2ui(s)

- (t)e 2141()
T fO 1+51T1(5)+be2u1( s) Sd( )]dS

lds

and

T roug t)eu1(s)+uz(s)
K (I N Q)N'U, o fO [T'(t) - Eeu (&) — 1_7_1(1(63j(5)+b€2u1(5) ]d
p =

T t)e2u1(s)
Jo [1+czuml(<3)§+bezul(s> — sd(t)]ds

t) oU1 m(t)ev1(Fua(s)
fo fo (=) — 1+ceu1(<>+be2u1<s>}d3dt

2u
s &yl % — sd(t)|dsdt
Clearly, QN and K,(I — Q)N are continuous. By the Arzela-Ascoli theorem, it is
not difficult to show that K,(I —Q)N(Q) is compact for any open bounded  C X.
Moreover, QN (Q) is clearly bounded.Thus, N is L—compact on €.

Now we are in the position of searching for an appropriate open, bounded subset
Q for the application of the continuation theorem. Corresponding to the operator
equation Lu = ANu, A € (0,1), we obtain

du (t) — Al () — @ w(t) m(t)eul(t)+u2(t) |

a " K © 1+ cenr(t) 4 pe2ur(t) 7 (2.2)
dus(t) o sm(t)e2*®) — sd(t)]

dt 1+ cev1(®) 4 pe2ur(t) '

Assume that (uq(t),us(t)) is a solution of (2.2) for a certain A. Integrating (2.2)
over the interval [0, 7], we have

T uy (t)4usz(t)
t 1
/ r(t) — Demo . _mie dt = 0,
0

k 1+ cem(® + be2u1<t>]
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and . »
sm(t)e2ur B
/0 [1 + cen® 4 pe2u(® sd(®)ldt =0,
Hhus T (t)+uz(t)
() wie) m(t)evr () Tualt s
/0 &€ + 1+ ce®1(t) 4 pe2ua(t) dt =T, (2:3)
and . »
sm(t)e?ult 5
/0 1 + ceur(t) 4 pe2ui(t) dt = sdT. (24)
From (2.2) and (2.3) we can get
w1 (t)+uz(t)
wi(ey _ m(t)e™
/ |U’1 ‘dt )\/ 1+ cewt (t) + b@2u1(t) |dt
w1 (t)+uz(t)
ul(t) me“t
/ \T|dt+/ e + ]_+Ce“1(t)+be2ul(t)dt
=(+nT.

From (2.2) and (2.4) we similar can have

Q’LLl(t)
/|u2 )|dt = /\/ 1—|—Ceu1(t)+b€2u1() — sd(t)|dt

s(D+d)T

In view of (2.4), we will find

B T 2u (t) T 2u1 (t) T w1 (t)
SIT — / sm(t)e** it < / sm(t)e=*1 g — / sm(t)e Qb
0 14 cem(®) 4 pe2ur(?) 0 ceuw(t) 0 c

By mean value theorem, we know there exists & € [0,7] such that

e €) > 5dP x —<_ = de
- smT  m’
then we have B
c
>1n—
U1(§1) Z1n m’
thus
r ’ de _ N
up(t) > u1(&1) —/ |y (¢)|dt = ln% —(y+ 7T = Hy;. (2.5)
0

Through the equation (2.4), we can easily get

T —u1(t) T 2u1 (t) T 2u1 (t) B
/ mﬁ)eiz/ %dtz/ - m®er Y
0 0 0

b ¢ + be3u(t) cevr(t) 4 pe2ur(t)
Then the mean value theorem implies that there exists & € [0, T] such that

up (&) < — ln%
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Hence

- -
db
w® <)+ [ o= (-7 S 2y —a (20)
0
Thus, in view of (2.5) and (2.6) we obtain
max |uy(t)] < max{|H11|,|H12|} := H;. (2.7)

Furthermore, from (2.3) we also have

T uy (t)+uz(t) T
t t
/ m(t)e d / r(t) — @eul(t)dt.
0 0 k

T+ cen® ¢ bezm® ™ =

By the basic inequality, we will get

T ug(t) T
/ mihe” / r(t) — W gmngy,
o 2Vb+c 0 k

Then using the mean value theorem, there exists 7; € [0,7] Such that

T 2vb +c
uz(m) > In[(r — %eH“’)T

]
Thus

2Wb + ¢

m ]—S(D—‘y—g)TéHgl (28)

T _
wa(t) > wa(m) = [ o)t = I~ )

From (2.3), we have

T wy (8)+us(t) T
m(t)et(
/0 1+ cevr(®) 4 pe2ua(t) dt < /0 r(t)dt.

Then we make use of the equation (2.4), and the mean value theorem, we can get
that there exists 72 € [0, 1] such that

evz(n2) ’ m(t)e%l(t) dt < e®2(m2) ! et ' m(t)eul(t)
o 14 cewa(®) 4 pe2ui(t) ™ — o o 14 cevr(®) 4 pe2ui(?)

T
< FT/ e"1() gt
0

So we obtain

FTetlz
u2(n2) <lIn

Thus

T FTeth> o
ug(t) < uz(n2) + / |uy(t)|dt = In T+ s$(D+d)T = Hao. (2.9)
0

In view of (2.8) and (2.9) we have

max |uz(t)| < max{|Ha|,|H2z|} := Ha. (2.10)
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Under the assumptions in Theorem 2.1, it is easy to show that the algebraic equation
has a unique solution (uf,u}) € intR% = {(uj,u3)"|uf > 0}. Let H = H,+Ho+Hs,
where Hs > 0 is large enough that

1(g{ui ()}, 1e{us (DT = e{ui (@)} + | le{us ()} < Hs.

Define Q = {u(t) = (u1(t),u2(t))T € X : |Jul]| < H}. Thus Q satisfies the demand
in Lemma 2.1. When u € 9Q () R?, that is ||u|| = H. Then

m(t)et1 () tua()

1T r(t)
QNu = Tfo [r(t) - Teul(s) o 1+cw1<s>+be2“1(s>} § #0
“= 1 T sm(t)e2*1(2) d d '
T Jo iz ez — sd(t)]ds
Because of ImP = KerL, J can be the identity mapping,so
deg{JQN,Q( ) KerL,0}
A _ ,ﬁle'u,f+'u;
=sgn 1-&—06“T +be2uf
2sme2ul (l+ceuT +be2uT )—s’rﬁeZuT (ce“I +2be2”T) 0

(1+ce“f+bezuf)2
sm2e3U itz (2 4 cett)
(1 + ce®i + be?u1)3 )7 0.

=sgn/(

And there is no need to calculate the exact form of A. By now the conditions
in Lemma 2.1 are all satisfied. Hence the system (2.1) has at least one solution
(wi(t),us ()T in DomL (€. Then (z*(t),y*(t))T is a positive T-periodic solution
of (1.1). O

3. The stability of the periodic solution

Definition 3.1. Let (z*(t),y*(¢)) be a positive T-periodic solution of system (1.1).
We say that it is globally asymptotically stable if any other positive solution (x(t), y(t))
has the property
i [r(t) — " (] = 0= lim_[y(r) — v (1)
Let (z*(t),y*(t)) be a positive T-periodic solution of system (1.1). under the
substitution
a(t)

u(t) = perr i 1,0(t) =

system (1.1) turns into

L = (=T - (L (o - Ay,
(3.1)
do(t) (1+ )[sm(t)(l + 2u 4 u?) B sm(t)]
a (%) n(t)
Where
0(8) = g+ €+ ) gy + UL+ 00(0) = gz + e+
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Denote by Z(t) the positive T-periodic solution of the equation

o =afr(t) - oy, 32)
k
and by ¢(t) the positive solution of the equation
sm(t)F2(t
y =y ), (33)

1+ ci(t) + bz2(t)

moreover, we can define the x(t) is the positive periodic solution of the equation

r(t) m(t)xy(t)

/
_ _ _ _mlzy(t) 4
¥ =alr®) kL 1+cx—|—bx2]’ (3-4)
and g(t) is the periodic solution to
sm(t)z2(t
v =yl o). (35

1+ cz(t) + bz (t)

Then the system (1.1) has at least a positive, T-periodic solution (z*(¢), y*(¢)) such
that
I(t) < x7(t) < 2(t), y(t) <y (t) <y(t),t € [0,7T]

by using the comparison theorem and the Brouwer fixed-point theorem. Thus for
any positive solution (z(t),y(t)), for t > t, we get

x*(t) - x*(t)
_ue o, gt 5

and
(u(t), v(t)) € Q). t > 1,
where Q(t) is the rectangle that
Q1) = [u(®),u®)] x [v(t), o(t)]-

Next we define = [0(¢)],v = [n(t)], and o = max{y, v}.
Let G(t;u,v) be the function defined by

r(t) . g(m(t) - mt)(1+u)(1+v)

G(t;u,v) :u2(u +1+ O‘)[_Tx u x* " n(t) 0(t) )
0t _smlt)
10) (1+un(t)”

and a suitable Lyapunov function will be introduced through the following function

14+x a 1+y
H(:c,y):/l (1—%)(1+§)(s—1)ds+/1 (17%)@71)&. (3.6)

It is easy to find H(0,0) = 0 and H (u,v) is positive for all other value of (u,v).



1614 X. Zhu & W. Ding

Theorem 3.1. Assume the conditions in Theorem 2.1 are hold and let (z*(t),y*(t))

be a positive periodic solution of (1.1) such the solution is globally asymptotically
stable if

where

V(t) = maX{mL (u,v) € Q(t),t €[0,1].

Proof. Let (x(¢),y(¢)) be a solution of (1.1), and (u(t),v(t)) be the corresponding
solution of system (3.1). Introduce the following Lyapunov function

V(t) = H(u(t),v(t)).
By the equation (3.6), we can get

1 e’

V) == ) () 4 (1 (1)
o u r(t) y* (), m(t) mE)(1+u+v+uv)
o sm(t) (14 2u + u?) ~ sm(t)
AT oR
R rt) .yt om(t)  m(t)(A+u)(l+0)
—1+u{u (u—|—1+oz)[—7x U_E(n(t) - 0 )]
vQ[sm(t)(l +u)  sm(t) )
o(t) (I+unt)”

Thus we can easily find
Gt u(t), v(t))
ut)+1

Let us investigate the behaviour of the ratio

V'(t) =

G(t;u,v)
(14 w)(H (u,v))

in a neighborhood of (0,0).

Through Taylor expansion, we have H(u,v) = o(u? + v?). Furthermore, we can
verify that

G(t;0,v) <0 for v#0, G(t;0,0) =0,
and for each n € R,
. G(t; u,nu)
im-—_—
t—0 (u+ 1)H (u, nu)

is finite, this outcomes shows that % is bounded near the origin. The

following is to consider the function ®(t) defined above.

VI@t)  Gtu(t),v(t)) Gy
V() (u(t)+ 1)H (u(t),v(t)) = (1 +u)H(u,v)’( ,v) € Q(t),
that is
VI(t) < @)V (1)
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Obviously, if ®(t) < 0, we have . lim V(t) = 0, which suggests that

—+0o0

Jim Ju(t)]=0=lim |v(t).

Going back to the solution (z(t),y(t)), from the above we can deduce

lim [o(t) — " (t) = 0= lim |y(t) -y (£)].

t——+oo t—+o0

So the positive T-periodic solution (z*(¢),y*(t)) of the system (1.1) is global asymp-
totically stable. O
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