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ABSTRACT. We investigate a three species food chain system with a Holling type IV
functional response and impulsive perturbations. We find conditions for local and global
stabilities of prey(or predator) free periodic solutions by applying the Floquet theory and
the comparison theorems.

1. Introduction

It is currently very much in vogue to study population models with impulsive
perturbations containing biological and chemical controls. Especially, simple multi-
species systems consisting of a three species food chain with impulsive perturbations
have been discussed by a number of researchers [13], [17], [18], [19], [20] and there
are also many literatures on impulsive prey-predator population models [10], [11],
[12].

A well-known model of such systems is a food chain system with Holling type
IV functional response [7], [14], [20], which can be described the following equation:

'(t) = a(t)(a — ba(t)) — lcft(etl)j?((tt))

cr®)yt)  cy(t)z(?)

(1.1) y'(t) = —dy(t) + 7 er?(t) 1+ ex2(t)’
2(t) = —daz(t) + m

where x(t), y(t), z(t) are the densities of the lowest-level prey, mid-level predator and
top predator at time t, respectively, a,b, c1,co,c3,cq,d1,do, €1 and e; are positive
constants. In this paper, we consider an impulsive differential equation — a three
species food chain system with Holling type IV functional response, by introducing
a proportion periodic impulsive poisoning (chemical control) for all species and a
constant periodic releasing, or immigrating, (biological control) for the top predator
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at different fixed time. Thus, we establish a food chain system with impulsive
perturbations as follows:

(1.2)
(1) = a(t)a ~ balt) - 750
J(8) = —dyy(t) ffiﬁ’fi@) ) fiyi?;(ffy } LTt £ (T - DT,

cay(t)=()

where 0 < 7,p1,p2,p3 < 1 and T is the period of the impulsive immigration or
stock the top predator and g is the size of immigration or stock of the top predator.
Theories and applications for impulsive differential equations were greatly developed
by the efforts of Bainov and Lakshmikantham et al. [2], [9] and, moreover, the theory
of impulsive differential equations is being recognized to be not only richer than the
corresponding theory of differential equations without impulses, but also represents
a more natural framework for mathematical modeling of real world phenomenons.

The authors in [13] and [19] have studied the stabilities for a food chain system
with Holling type II and impulsive perturbations. Especially, the authors in [20]
have studies the local stability of a lower-level prey and mid-level predator free
periodic solution and a mid-level predator free periodic solution of the system (1.2)
with p1 = pe = p3 = 0.

The rest of the paper is organized as follows: In the next section, we introduce
some notations and lemmas which are used in this paper. In section 3, we find con-
ditions for local and global stabilities of a lower-level prey and a mid-level predator
free periodic solution and mid-level predator free periodic solution by applying the
Floquet theory and comparison theorems.

2. Preliminaries

First, we shall introduce a few notations and definitions together with a few
auxiliary results relating to comparison theorems, which will be useful for our main
results.

Let Ry = [0,00) and R} = {x = (x(t),y(t), 2(t)) € R® : z(t),y(t), 2(t) > 0}.
Denote N the set of all of nonnegative integers, R} = (0,00) and f = (f1, fo, )T
the right hand of the first three equations in (1.2). Let V : Ry x R3 — R,. Then
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V' is said to be in a class Vj if

1) Vis continuous on(nT, (n + 1)T] x R?, and lim V(t,y) =V (nTT,x) exists.
+

(t,y)—(nT,x)
t>nT

(2) V is a local Lipschitzian in x.

Definition 2.1. For V € Vj, we define the upper right Dini derivative of V' with
respect to the impulsive differential system (1.2) at (¢,x) € (nT, (n+ 1)T] x R3 by

DTV (t,x) = limsup %[V(t +h,x+ hf(t,x)) — V(¢ x)]
h—0+

Remark 2.2. The smoothness properties of f guarantee the global existence and
uniqueness of solutions of the system (1.2). (See [9] for the details).

We will use a comparison result of impulsive differential inequalities. We sup-
pose that g : Ry x Ry — R satisfies the following hypothesis:
(H) g is continuous on (nT, (n + 1)T] x Ry and the limit lm )7+ 2) 9(t, y) =
g(nT™,z) exists and is finite for € R4 and n € N.

Lemma 2.3 ([9]). Suppose V €V, and

DTV (t,x) < g(t,V(t,x)), t #(n+7—1)T,t AT,
(2.1) V(t,x(tH)) <yvL(V(t,x)), t=nm+71— 1T,
V(t.x(t")) < v (V(t.x)), t =nT,

where g : Ry x Ry — R satisfies (H) and ¢}, ¢35 : Ry — Ry are non-decreasing
for alln € N. Let r(t) be the mazimal solution for the impulsive Cauchy problem

u'(t) = g(t,u(?), t#n+7—-1)T,t AT,
tH) =yL(ut), t=n+7- 1T,

n

( (
u(t™) =g (u(t), t =nT,
( —

<

(2.2)

n

u O+) = Ug,

defined on [0,00). Then V (0%, xq) < ug implies that V (t,x(t)) < r(t),t > 0, where
x(t) is any solution of (2.1).

We now indicate a special case of Lemma 2.3, which provides estimations for the

solution of a system of differential inequalities. For this, we let PC(R,R)(PC*(R4,R))

denote the class of real piecewise continuous(real piecewise continuously differen-
tiable) functions defined on R.
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Lemma 2.4 ([9]). Let the function u(t) € PC*(R*,R) satisfy the inequalities

W< F(tyutt) + hit), 0 # 72t >0,

u(ry) < agu(i) + Bry k>0,
u(0+) < up,

(2.3)

where f,h € PC(R4,R) and o > 0, B and ug are constants and (7g)p>0 1S a
strictly increasing sequence of positive real numbers. Then, fort > 0,

u(t) 5u0< 11 ak> exp / fs)ds) + / ( 11 dk> esp( / " F)d ) hs)ds

O<TR<t 0< <t
t
+ > ( I1 dj) exp(/ f(v)dv)ﬂk.
0< T <t \Tp<T; <t Tk

Similar result can be obtained when all conditions of the inequalities in the
Lemma 2.3 and 2.4 are reversed. Using Lemma 2.4, it is possible to prove that
the solutions of the Cauchy problem (2.2) with strictly positive initial value remain
strictly positive.

Lemma 2.5. The positive orthant (R%)® is an invariant region for the system
(1.2).

Proof. Let (x(t),y(t), 2(t)) : [0,t9) — R? be a saturated solution of the system
(1.2) with a strictly positive initial value (xg,y0,20). It is easy to see that, for
tn#n+7—-1)T,t#nT and 0 < t < to,

' (t) = x(t)(a — bx(t)) — ez (t)y(t),
(2.4) y'(t) = —diy(t) — esy(t)z (1),
2'(t) > —daz(t)

as long as the solution remains positive. By Lemma 2.4, we can obtain that, for
0<t <1y,

z(t) > xo(1l — pl)[%] exp(/ot fl(s)ds),
2:5) 02 1 pa) H e [ (50,

z(t) > zo(1 —pg)[%] exp(/ot f3(s)d8),

where f1(s) = a — bx(s) — c1y(s), f2(s) = —dy1 — c3z(s) and f3(s) = —da. Thus,
x(t),y(t) and z(t) remain strictly positive on [0, tg). O
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Now, we give the basic properties of two impulsive differential equations. First,
we consider the following impulsive differential equation.

8]

"(t) = z(t)(a — bx(t)), t #nT,t # (n+71—1)T,
N =0-p)z@®), t=Mnm+7-1)T

(tT) =z(t), t =nT,

(0+) = Zo-

8

(2.6)

8

x
The system (2.6) is a periodically forced system. It is easily obtain that

i anexp(a(t — (n+7—1)T))
B0 20 = 5= yexplalt — (o + 7 — DTN’

m+7-1DT<t<(n+71)T,

(1—p1) exp(aT)—1

is a positive periodic solution of (2.6), where = oxn(aT) T

. Now, we mention
the following Lemma in [13].

Lemma 2.6 ([13]). The following statements hold.

(1) If aT + In(1 — py1) > 0, then lim;—, o |2(t) — 2*(¢)| = O for all solutions xz(t) of
(2.6) with xo > 0.

(2) If aT + In(1 — py) <0, then z(t) — 0 as t — oo for all solutions x(t) of (2.6).

Next, we consider the impulsive differential equation as follows:

2'(t) = —doz(t), t #nT,t # (n+71— 1T,
() = (1 =ps)2(t), t=(n+7—- 1T,
(t7) =z2(t) + g, t = nT,

(0F) = 2.

I

(2.8)

N

z

The system (2.8) is a periodically forced linear system. It is easy to obtain that

gexp(—da(t — (n —1)T))
(1= pa) exp(— ,(n—=1)T <t<(n+7—1)T,
@9 = q%l *(;?3) ﬁ%@%(ztdg(n - 1))
1— (1 —p3)exp(—daT)

* 1— xp(—do7T) -
Z((n+7-1TT) = f£(1€323§ei(1)(72(12T)) is

,(n+7—-1)T <t <nT,

() — +Y
2*(0%) = z*(nT™) = 17(17p3)((13xp(7d2T)’
a positive periodic solution of (2.8).
Moreover, we can obtain that

(2.10)
(1— pg)n~? <z(0+) (f(l ;”Zip(_dm) exp(—dat) + 2*(1),
) = (nfl)T<t<(n+Tfl)T,
= g1 —py)e” .
El m>€4m>1_O_p@;m_®ﬂ)mm@w+zax
n+7—-0DT <t<nT
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is a solution of (2.8). From (2.9) and (2.10), we get easily the following result.

Lemma 2.7. All solutions z(t) of (1.2) tend to z*(t). i.e., |2(t) — z*(t)] — 0 as
t — 00.

To study the stability of the lowest-level prey and top predator free periodic so-
lution (0,0, z*(¢)) and of the mid-level predator free periodic solution (z*(t), 0, z*(t))
we present the Floquet theory for the linear T-periodic impulsive equation:

' (t) = A(t)x(t), t # 1%, t € R,
(2.11) { z(tt) = x(t) + Bra(t),t = 7, k € Z.

Then we introduce the following conditions:

(Hy) A(-) € PC(R,C™ ™) and A(t+T) = A(t)(¢t € R), where PC(R,C™*") is a
set of all piecewise continuous matrix functions which is left continuous at ¢t = 7y,
and C™*™ is a set of all n X n matrices.

(Hg) By € C™ ", det(E 4 By) # 0,7 < 1i41(k € Z).

(Hs) There exists a ¢ € N such that By1q = By, Tktq = 7 + T'(k € Z).

Let ®(t) be a fundamental matrix of (2.11), then there exists a unique nonsingular
matrix M € C™*™ such that

(2.12) O(t+T) = B(t)M(t € R).

By equality (2.12) there corresponds to the fundamental matrix ®(¢) and the con-
stant matrix M which we call the monodromy matrix of (2.11) (corresponding to
the fundamental matrix of ®(¢)).

All monodromy matrices of (2.11) are similar and have the same eigenvalues.
The eigenvalues pi1, - - - , tt, of the monodromy matrices are called the Floquet mul-
tipliers of (2.11).

Lemma 2.6 ([2]). Let conditions (Hy) — (H3) hold. Then the linear T-periodic
impulsive equation (2.11) is

(1) stable if and only if all multipliers p;(j = 1,--- ,n) of (2.11) satisfy the inequality
| < 1, and moreover, to those p; for which || = 1, there correspond simple
elementary divisors;

(2) asymptotically stable if and only if all multipliers p;(j = 1,---,n) of (2.11)
satisfy the inequality ;| < 1;

(3) unstable if |pj] > 1 for some j=1,--- ,n.

3. Main theorems

In this section, we study the stability of the lowest-level prey and mid-level
predator free periodic solution (0, 0, z*(¢)) and of the mid-level predator free periodic
solution (z*(¢),0,2*(t)). We also show that all solutions of the system (1.2) are
uniformly upper bounded.

First, we show that all solutions of (1.2) are uniformly ultimately bounded.
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Theorem 3.1. There is an M > 0 such that z(t) < M,y(t) < M and z(t) < M
for all t large enough, where (z(t),y(t), z(t)) is a solution of the system (1.2).
Proof. Let (z(t),y(t), 2(t)) be a solution of (1.2) and let u(t) = 22z (t)+y(t)+ £22(t)
for t > 0. Then, if t #nT,t # (n+7 — 1)T, then we obtain that

du(t) cab o cada

(3.1) ke —Zx (t) + C—lx(t) —dyy(t) — ?z(t).

From choosing 0 < 8y < min{d;,ds}, we obtain

du(t) + Boult) < _Cibx2(t) + Cj(a + Bo)x(t), t #nT,t # (n+71—1)T.

3.2
( ) dt C1 C1

As the right-hand side of (3.2) is bounded from above by M, = M7 it follows

4bcy
that
du(t)

dt
If t =nT, then u(t™) = u(t) + g and if t = (n+7—1)T, then u(t*) < (1—p)u(?),
where p = min{p1, p2, p3}. From Lemma 2.4, we get that

u(t) < uO< I1 <1p>> exp /OtﬁodS)

+ Bou(t) < Mo, t #nT,n# (n+71—1)T.

0<kT<t
t t
(3-3) /0 <0§11;2F[<t </s 0 ) 0
t
- (1—p)> exp( [ —Body)Zq
0<;<t <le_[jT<t (/kT 0 ) cy

cz3qexp(BoT)

< w0 exp(~ot) + ZE1L - exp(—ft) + LB

Bo

Since the limit of the right-hand side of (3.3) as t — oo is

My czqexp(BoT’)
=0y SRV o,
Bo  caexp(BoT) —1

it easily follows that wu(t) is bounded for sufficiently large ¢. Therefore, x(t), y(t)
and z(t) are bounded by a constant M for sufficiently large t. O

Theorem 3.2. The following statements hold.

(1) The periodic solution (0,0, z*(t)) is locally stable if aT + In(1 —p;) < 0.

(2) The periodic solution (0,0, 2*(t)) is unstable if aT 4+ In(1 —p;) > 0.

Proof. (1) The local stability of the periodic solution (0,0, z*(¢)) of the system (1.2)
may be determined by considering the behavior of small amplitude perturbations
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of the solution. Let (z(t),y(t), (t)) any solution of the system (1.2). Define
z

)
t

z(t) = u(t),y(t) = v(t), 2(t) = w(t) + 2*(t). Then they may be written as

u(t) u(0)

t ©) |,

t w(0)
where ®(t) satisfies

0 0
o a
(27 = 0 —d1 — C3Z* (t) 0 (I)(t)
0 042* (t) 7d2

and ®(0) = I is the identity matrix. So the fundamental solution matrix is

exp(at) 0 0
O(t) = 0 exp fo —dy — c32*(s)ds) 0
0 exp fo c4z*(s)ds) exp(—dat)

The resetting impulsive conditions of the system (1.2) become

w((n+7—-1)TT) 1-—p 0 0 w((n+7—1)T)
v(in+7—-1)T") | = 0 1—po 0 v(n+7—-1T)
u((n+7—-1)TT) 0 0 1—p3) \w((n+7—-1)T)
and
u(nT™) 1 0 0\ [u(nl)
v(nT*T) | =10 1 0] | v(nT)
w(nT™) 0 0 1/ \w(nT)

Note that the eigenvalues of

l-p1 O 0 100
S=( 0 1-p, 0 01 0|&(T)
0 0 1-p3/ \0 0 1

are py = (1 — py)exp(al), pz = (1 — pa)exp(— [ di + c32*(s)ds) < 1 and p3 =
(1 — p3)exp(—daT) < 1. The condition puy < 1(> 1) is equivalent to the equation
aT+1In(1—p;) < 0(> 0). Therefore, by Lemma 2.8, the periodic solution (0, 0, z*(t))
is locally stable if a7 + In(1 — p;) < 0 and is unstable if T +In(1 —p;) > 0. O

Theorem 3.3. The periodic solution (z*(t),0, 2*(t)) is locally asymptotically stable
if aT +1In(l —p1) >0 and

T *
(3.4) /O %dt +In(1—py) < diT + A,
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c3q(1+ (ps — 1) exp(—daT') — p3 exp(—da7T))

d2(1 — (1 7p3) exp(fdgT))
Proof. Now, we apply the same method as Theorem 3.2 to the periodic solution
(z*(t),0,2*(t)) to determine its stability. So, we define z(t) = u(t) + z*(t),y(t) =
v(t), z(t) = w(t) + z*(t). Then they may be written as

where A =

u(t) u(0)
u(t) | = () | v(0)
w(t) w(0)
where ®(t) satisfies
% crz™(t)
g (@20 G
p— Cc2X
dt - 0 —dl — (32 ( ) + W 0 Cb(t)
0 cyz*(t) —ds
and ®(0) = I is the identity matrix. The resetting impulsive conditions of the
system (1. ) ecome
u((n+7—1)TT) 1-—p1 0 0 u((n+7—-1)T)
v((in+7-1)T") | = 0 1—po 0 v(iln+7—-1T)
u((n+7—1)TT) 0 0 1—p3) \w((n+7-1)T)
and
u(nT™) 1 00
v(nTT) =0 1 0
w(nT™) 0 0 1 )

Further, the eigenvalues of

l—p 0 0 10 0
S=| 0 1-p» 0 0 1 0|a)
0 0 1-ps/ \0 0 1
are p1; = (1 — py)exp( fOTa — 2bx*(t)dt), p (1 —po exp(f0 —dy — c32*(t) +
%dt) and pz = (1 —p3) exp(—d T) < 1. Since fo t)dt = $(In(1—p1) +
aT) and

T a1+ (ps — 1) exp(—doT) — ps exp(—da7T))
|, o= 431 — (1 — ps) exp(—daT)) |

we get that 1] < 1 and the condition |ua| < 1 is equivalent to the equation (3.4).
Therefore, from Lemma 2.8, we obtain (x*(¢),0,2*(t)) is locally asymptotically
stable.

O
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Remark 3.4. (1) It is not easy to evaluate the value of fOT %dt Actually,
. « o an exp(at) (t)
for 0 <t < T, we obtain x (t) = m and hence fmdt =

%, where A = A; — Ay, Ay = bln(a? exp(2at)e1n? + b*(((exp(at) — 1) +

1)), Aa = 2ay/ tan~(S2BE0=li) and § = ORIEHEI=,
(2) We get Theorem 3.1 in [20] as a Corollary of Theorem 3.2.

Theorem 3.5. The following statements hold.
(1) The periodic solution (0,0, z*(t)) is globally asymptotically stable if aT +1In(1 —

p1) <
( ) T e pemodzc solution (x*(t),0,z*(t)) is globally asymptotically stable if aT +
In(1 —p;1) >0 and

(3.5) %(ln(l —p1) +aT) +1n(1 — ps) < diT + A,

c3q(1+ (p3 — 1) exp(—daT') — p3 exp(—da7T))
(1+e1M?)d2(1 — (1 — p3) exp(—d2T))

boundedness constant for y(t) in Theorem 3.1.

Proof. (1) Assume that aT 4 In(1 — p;) < 0. Tt is easy to see from the proof of

Theorem 3.2 that the peI‘IOdIC solution (0,0, 2*(¢)) is locally asymptotically stable.
Take €; > 0 such that €; < . Let £ = (1 —p1)exp((coer —d1)T). Then 0 < € < 1.

It is seen from the first equatlon in (1.2) that 2/(¢) = z(t)(a — bx(t)) — % <
x(t)(a — bx(t)) for t # (n+7 —1)T. By Lemma 2.3, z(t) < &(t) for t > 0, where
Z(t) is the solution of (2.6) with zy > 0. From Lemma 2.6, we can choose T} > 0
satisfying x(t) < € for t > T7. Without loss of generality, we may assume that
x(t) < € for all t > 0. We obtain from the second equation in (1.2) that, for

t#n+717-1T,

and M is an ultimate

where A =

y'(t) = —diy(t) +

caz(t)y(t) cay(t)z(t)
1+ e1a2(t) 1+ e2(t)

—d1y(t) + caz(t)y(t)
y(t)(—di + caer).

Integrating (3.6) on ((n+7 — 1)T, (n+ 7)T], we get

(3.6) .
<

y(n+7)T) <y((n+7—1DT)exp((—di + c2e1)T) = y((n+ 7 - 1)T)¢

and hence y((n + 7)T) < y(7T)&™ which implies that y((n + 7)T) — 0 as n — oc.
Further, we obtain that y(t) < y((n+7—1)T7") exp((—dy +cae1)(t— (n+7—-1)T)) <

y(n+7-1)T) fort € (n+7—1)T,(n+7)T]. Thus y(t) — 0 as n — co. Now, take
0<er< d4 to prove that z(t) — z*(t) as t — oo. Since lim;_, o y(t) = 0, there is a
Ty > 0 that y(¢t) < e for ¢ > Ty. For the sake of simplicity, we assume that y(t) < es
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for all ¢t. It follows from the third equation in (1.2) that, for ¢t # (n+7—1)T,t # nT,

/ — —dos C4y(t)z(t)
(37) *dQZ(t) S Z (t) - d2 (t) + 1 —|—€2y2(lf)

—(dg - C4€2)Z(t).

Thus, it is induced from Lemma 2.3 that Z;(t) < z(¢) < Z3(¢), where Z;(t) is the
solution of (2.8) and Z5(¢) is also the solution of (2.8) with dy changed into ds — c4éa.
Therefore, it follows from Lemma 2.7 and taking sufficiently small es > 0 that 21 (¢)
and Z3(t) tend to z*(t) as t — oo. Thus we get |z(t) — z*(t)] — 0 as t — oo.

(2) Suppose that a7+ In(1 —p;) > 0 and (3.5) hold. Then, by (3.5), we can
choose €3 > 0 such that

0<¢=(1 —p2)exp(—d1T + 02(%(111(1 —p1)+al) + €3T) — @) <1,

where © = =4 (111(52 SM; ; z(a( {?_Tg;)ﬁig’(‘ﬁ(djpﬁf” + e3T. From Theorem 3.1, without

loss of generality, we may assume that x(t),y(t) < M for all t. As in the proof of
(1), by Lemma 2.3, z(t) < Z2(t) is obtained for ¢ > 0, where Z5(¢) is the solution of
(2.6). It is from Lemma 2.6 that there exists a T5 > 0 such that z(¢) < z*(t) + €3
for t > T3. Without loss of generality , we may assume that z(t) < z*(¢) + €3 for

t > 0. Since 2/(t) = —daz(t) + % > —daz(t)(t # (n+7—1)T,t # nT), by
Lemma 2.3, z(t) > Z(t) is obtained for ¢ > 0, where Z(t) is the solution of (2.8).
From Lemma 2.7, we can select a Ty > 0 satisfying z(t) > 2*(t) + €3 for t > Ty. For
the sake of simplicity, we suppose that z(t) > 2*(t) + €3 for ¢t > 0. From the second

equation in (1.2), we obtain that, for ¢ # (n + 7 — 1)T,
co(t)y(t) — esy(t)z(t)

(3.8) YO =~y + T 20 T T+ a2

<yt)(~di +eala” (1) +es) — oy

t) + €3)

By integrating (3.8) on ((n + 7 — 1)T, (n + 7)T], we obtain that y((n + 7)T) <
y((n+7 = DT+ exp( [0 s —di + ea(a(t) + €3) — 72y (27(8) + es)dt) =
y((n+7—1)T)¢. Thus, y((n+7)T) < y(rT)¢"™ which implies that y((n+7)T) — 0
as n — oo. Further, the inequality ¢/ (t) < coz(t)y(t) < coMy(t) implies that y(t) <
(I—p2)y((n+7—1)T) exp(caMT), for t € (n+7—1)T, (n+7)T], and consequently
y(t) = 0ast — oco. Now, let 0 < e < - to show that [z(t) —2*(t)] — 0 as t — oo,
Since y(t) — 0 as t — oo, there exists a T5 > 0 such that y(t) < e4 for t > T5. For
the sake of simplicity, we suppose that y(t) < ¢4 for all ¢ > 0. It follows that, for
t#(n+717—1T,t#nT,

) — a0 petar) DU
59) (6) = (0o~ belt) ~ 1 o

> x(t)((a — creq) — bx(t)).
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Thus, it follows from Lemma 2.3 that ;(¢) < x(t), where Z;(¢) is the solution
of (2.6) with a changed into a — ¢je4. From Lemma 2.6 and taking sufficiently
small ¢4 > 0, we see that 1 (¢) and Z2(t) tend to z*(¢) as ¢ — oo. Thus, we get
|z(t) —2*(t)| — 0 as t — oo. By using the same process as the proof of (1), we can
show that |z(t) — 2z*(t)| — 0 as t — oo.
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