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Periodicity for a Food Chain Model with Functional
Responses on Time Scales
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Abstract—With the help of coincidence degree theory, sufficient
conditions for existence of periodic solutions for a food chain model
with functional responses on time scales are established.
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I. INTRODUCTION

Ecently, the continuation theorem of coincidence degree
theory has been widely applied to the existence problems
of periodic solutions in differential equations and difference
equations, such as [1],[2]. However, the research methods
and results are similar. Is there a unified way to investigate
these problems. The theory of calculus on time scales, which
was initiated by Stefan Hilger in [3], well solved these
problems and unified the differential and difference analysis.
In [4],[5], Bohner and Fan systematically studied the existence
of periodic solutions of dynamic equations on time scales of
predator—prey type and competition type.
In [6], a food chain model with mixed selection of functional
responses was constructed,

X(r)=rX (1-%X)-b XY, X(0)>0,
Y(r)=-di¥ + XY - 222 Y(0) >0, (1)
Z(1) = —da Z + £X£, Z(0) > 0.
Here the positive constants by, di, c1, ba, a1, do and cs
respectively denote the predation rate of the predator, the death
rate of the predator, the conversion rate, the maximal growth
rate of the predator, the half saturation constant, the death rate
of the super predator and the conversion factor.
For simplicity, such transformations were made in [6]: =z =
X,y =%, 2= 2 and t = r7, and system (1) is equivalent
to

z(t) = x(1 — ) — bay,z(0) > 0,
y(t) = —dy + cxy — {27, y(0) > 0, )
£(t) = —mz + {44, 2(0) > 0,
where b = BE g = 4 = ak o — K, _ bK
m = %, ¢ = 2K Taking into account the periodicity of

environment, it is realistic to assume that the parameters in
(2) are periodic functions of period w. Then we have the non-
autonomous system

@(t) = z(t)(1 — 2(t) — b(t)z(t)y(t), z(0) > 0,
§(8) = —dO)y(t) + cty(ty() — L () g,
Z(t) = —TTL(t)Z(t) + ql(?;/((tt));((:)) 3 Z(O) > 07

®)
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where b(t), d(t), c(t), a(t), p(t), m(t), ¢(t) are all positive
w—periodic functions. By using the method in [7], we can get
the discrete analogy of the previous system

w(k+1) = z(k) exp {1 — (k) — b(k)y(k)} ,

y(k+ 1) = y(k) exp { ~d(k) + e(k)a(k) — L,

_ a(k)y(k)
z(k+1) = z(k)exp § —m(k) + W} .
©)
So, we mainly consider the following system on time scales
22 () =1 —e® — b(t)ev®),
e=(t)
yA (t) = 7d(t) + C(t)em(t) - 1_€Eltgt)ey(t) ) (5)
)e?®)
2A(t) = —m(t) + T2,
where all the coefficients are rd-continuous positive
w—periodic functions on time scales T. System (5) can
be reduced to (3) and (4) when T is R or Z respectively.

In this paper, we mainly explore the periodic solutions of
(5) by the continuation theorem in coincidence degree theory.
The paper is organized as follows. In the next section, we
present some preliminary results about the calculus on time
scales and the continuation theorem. In Section 3, the sufficient
conditions for the existence of periodic solutions for (5) are
obtained.

Il. PRELIMINARIES

For the convenience of reading, we first present some basic
definitions and lemmas about time scales and the continuation
theorem of the coincidence degree theory, more details can be
found in [8],[9].

Definition 1. A time scale T is an arbitrary nonempty closed
subset of real numbers R.

Throughout this paper, we assume that the time scale T is
unbounded above and below, such as R, Z, and UkEZ[Zk, 2k-+
1]. The following definitions and lemmas about time scales are
from [8].

Definition 2. The forward jump operator o : T — T, the
backward jump operator p : T — T, and the graininess u :
T — R = [0, +00) are defined, respectively, by
o(t) = inf{s € T :s > t},p(t) :==sup{s € T : s < t},
and p(t) =o(t) —¢ for t € T. If o(t) = ¢, then ¢ is called
right-dense(otherwise: right-scattered), and if p(¢) = ¢, then
t is called left—dense(otherwise: left-scattered).

Definition3. Assume f : T — R isafunctionand let¢ € T.
Then we define f2(¢) to be the number (provided it exists)
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with the property that given any € > 0, there is a neighbor-
hood U of ¢ such that |f(c(t)) — f(s) — fA(t)(o(t) — s)| <
elo(t) —s|, forall s € U.

In this case, f2(t) is called the delta (or Hilger) derivative
of f at t. Moreover, f is said to be delta or Hilger differentiable
on T if f2(t) exists for all ¢ € T. Obviously, if T = R, then

fA@) = f/(t); if T = Z, then f2(t) = f(t+1) — f(t) =
Af(t).
Definition 4. A function F T — R is called an

antiderivative of f : T — R provided F2(t) = f(t) for all
t € T. Then we define

/ ()AL= F(s) -

Definition 5. A function f : T — R is said to be rd-
continuous if it is continuous at right-dense points in T and
its left-sided limits exist(finite) at left-dense points in T. The
set of rd-continuous functions f : T — R will be denoted by
Cra(T).

F(r) for r,s e T.

Theorem 6. Every rd-continuous function has an antideriva-
tive.

Theorem 7. If a, be’JI‘ a, ﬂeRand f,g € Crq(T),then
@ [llaf(t) + Bgt)]At = a [P FE)AL+ B [F g(t) At

(b) if f(t)>0for &l a<t<b,then [ f(t)At > 0;

(© if|f@)] < g(t)ona,b):={teT:a<t<b} then

‘ff At’<fg t)AL.

Theorem 8. Let t1,to € I, andt € T. If g : T — R is

w—periodic, then g(t) < g(t;) +fk+“ A(s)|As and g(t) >
k+w

g(t2) — 9% (5)|As.

For 3|mpI|C|ty, we use the following notations throughout
the paper. Let T be w—periodic, thatis ¢ € T implies t+w € T,

k=min{RT* NT}, I, = [k,k+w]NT,

1 1 k+w
g= 7/ g(s)As = */ g(s)As,
I k

w w

w

where g € C,.4(T) is an w—periodic real function, i.e., g(¢t +
w) =g(t) for all t € T.

Now, we introduce some concepts and a useful result in [9].

Let X, Z be normed vector spaces, L : DomL ¢ X — Z
be a linear mapping, N : X — Z be a continuous mapping.
The mapping L will be called a Fredholm mapping of index
zero if dimKerL = codimimL < +oco and ImL is closed in
Z. If L is a Fredholm mapping of index zero and there exist
continuous projections P : X — X and Q : Z — Z such
that ImP = KerL, ImL = Ker@ = Im(I — @), then it follows
that L|DomL N KerP : (I — P)X — ImL is invertible. We
denote the inverse of that map by K p. If © is an open bounded
subset of X, the mapping N will be called L—compact on Q
if QN(Q) is bounded and Kp(I —Q)N : Q — X is compact.
Since ImQ is isomorphic to KerL, there exists an isomorphism
J:ImQ — KerL.

Theorem 9. (Continuation Theorem) Let L be a Fredholm
mapping of index zero and N be L—compact on Q.Suppose

(@ for each A\ € (0,1), every solution u of Lu = ANwu is
such that u ¢ 99;

(b) QNu # 0 for each u € 902 N KerL and the Brouwer
degree deg{ JQN,Q N KerL,0} # 0.

Then the operator equation Lu = Nu hasat least one solution
lying in DomZL N ().

I1l. EXISTENCE OF PERIODIC SOLUTIONS

In this section, we will prove the theorem related to system
(©).

Theorem 10. If a(t),b(t),c(t) , d(t) ,p(t) and ¢(t) are all
positive rd—continuous w—periodic functions on time scales
T, and the following assumptions hold,

(Hy) 1—bMeMs >0,

(H2) cl > e2vgM,

where Ms; = Ingr + wee®, then (5) has at least one
w—periodic solution.

Proof: Let X = Z = {(z,y,2)T € C(T,R®) :
2t +w) = x2(t),ylt + w) = y(t),z(t + w) = 2(t),Vt €
T}, || (w27 = maxier, 2(t)] + maxier, [y(t)] +
maxyer, |2(t)], (z,y,2)T € X or Z. Then X and Z are both
Banach spaces when they are endowed with the above norm
|- [] Let

1— ﬂewéez“’
bL

1—e*®) — p(t)er®

z M x(t) p(t)e*™
Ny |=]|DN|=]|—-dt)+c®)e" - fnam
)e¥®)
‘ N —m(t) + L
T A T T T
Liy|=|v ], Plyl|=Q|ly|=|7]:
z 28 z z z

Then KerL = Z¢, ImL = £, and dimKerL = 3 =
codim ImL. Since ImL is closed in Z, then L is a Fred-
holm mapping of index zero. It is easy to find that P and
Q) are continuous projections such that ImP = KerL and
ImL = Ker@ = Im(I — @). Furthermore, the generalized
inverse (to L) Kp : ImL — KerPnDomL exists and is given

by
x JENL(s)As — L[5 [E N (5)AsAt
Kp|y |= f]: Na(s)As — = Ly e f]: Ny(s)AsA
z i Ns(s)As — i L[5 D Ns(s)AsAt
Thus
. LR (1 — om0 — p()ev®) At .
k4w 2 e (t
QN[y]— kJr —d(t) + ()6(t)—£%w)At ,
k4w Ly (¢)

)
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Kp(I - Q)N [ Yy
JEN(s)As — L [ U N () AsAE — (t— k]
-5 fkkw( k)At) Ny
| N, )As— JER [E Ny (s) AsAL — (t — k

’“*“(, k) At)N,
fktN;;(S)AS— = k+wfk Ns(s)AsAt — (t — k
,f*“’( k)At) Ny

Obviously, QN and Kp(I — Q)N are continuous. According
to Arzela—Ascoli theorem, it is easy to show that Kp(I —
Q)N (Q) is compact for any open bounded set Q2 ¢ X and
QN(Q) is bounded. Thus, N is L—compact on .

Now, we are to build up the suitable open bounded subset
Q for the application of the continuation theorem. For the

operator equation Lu = ANw, where A € (0,1), we have
22(0) = A (1= "™ —b(r)er),
e=(t)
Y1) = A (=d(t) + (e — U)o (g)

ey ()
ZA(t) =\ —m(t) + %) .

Assume that (x,y,2)T € X is a solution of system (6) for
a certain A € (0,1). Integrating (6) on both sides from £ to
k 4+ w, we get

w = fk+w z(t)At+fk+u)
e eer AL = [ d

t)evO AL,
k+w (t)e*®
t)At + [, Teaem At

k+w k+w t)e y(t)
k ( )Af 15_51()t)5y(t) At

™

From (6) and (7), we have

k4w k+w k+w
/ |z | At < w+/ ew“)At—i—/ b(t)e! DAL = 2w,
k k k

k+w ktw k+w y(t)
t Yy
/ 128 |At < / m(t)At+ / By
k k ko L4a(t)ev®

Since (z(t),y(t),2(t))T € X, there exist &,nm; € IL,,i =
1,2, 3, such that

(&) = min{z(t)}, y(&2) = min{y(t)}, 2(6) = min{z(t)},

®)

2(m) = max{z(t)},y(n2) = max{y(t)}, 2(11s) = max{z(t)}.

©)

From the first equation of (7), we get

1> e%(&) 4 b(fl)ey(£1)7

then

ew(gl) < ]_7
and

z(£1) <0
thus

k+w
x(t) Sm(§1)+/k |z(t)| At < 2w := M;.

As a result, the following inequalities hold
k+w k+w
/ ly2|At < / c(t)e* DAL < wee .
Jk k
By the first equation of (7), we have
eV(&)pl <« 1,

and

1
y(§2) <In B

So,

k+w
y(t) Sy(£2)+/k ly ()\At<1nb—+wce = Ms.

According to the third equation of (7),
ml < quy(nz)7
and

L
m
y(m2) >In—- pa

thus,
k+w L
y(t) > y(n2) — / ly2 (t)| At > In 2 q_ — wee* = M.
Jk
By the first equation of (7),
xw('ql) >1— bMel\/ls7
and
x(m) > In(1

thus, from the assumption (H;), we have the following esti-
mation

_ pM My,

k+w
x(t) > x(m)—/ |22 (1)|At > In(1-bM M) —20w := M.
k

From the second equation of (7),
Le2(€) < (1 4 oM eMs)eM M
and
p]\/Iez(ng) S cLer) _ gM S LeM2 _ dM7
so0, according to (H2), we can get
(1 + aMeM3)CJ\leMl

z(&) < In

pE ’

LMz _ gM

z(nz) > In v
) pM

k+w
(&) + /k 22 (1)) At

(14 aMeMs) MM

< In T

+ 2wm = M{,,
p

k+w
2(5) — /k 122 (1)) At

(,L e Mo d]VI

I3
—

~
=

Y

> In T — 2wm = Mg.
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From above, we have

max _|z(t)] < max{|M]|,|Mz|} := Ry,

te(k,k+w]

max [y(t)| < max {|Ms|,[Ma]} := Ry,
telk,k+w)

max [2(t)] < max {|Ms], | Ms|} = Rs.
tek,k+w]

Clearly, Ry R and Rj3 are independent of \. Let M = Ry +
Ry + Rs + Ro, where Ry is taken sufficiently large such that
for the following algebraic equations

1 —e® —wbe¥ =0,

_ = k+w  p(t)e®

wee” —wd — [, + li(;()f)ey At =0, (10)
_ k+w t)e?

wm = Ji 11((1(>t)ey At =0,

every  solution  (z*,y*,2z*)T  of  (10)  satisfies
| (@*,y%, 29T |l< M. Now, we define Q@ =
{(z1(t), z2(t), 23(1)" € X, || (w1(t), 22(t), 23(1))" ||< M}
Then it is clear that 2 verifies the requirement (a) of Theorem
9. If (z1(t),z2(t),23(t)T € 900 N KerL = 99 N R?,
then (z1(t),z2(t), 23(¢))T is a constant vector in R? with

| (@1(t),z2(t), 23()" [|= 21| + |wa| + |as] = M. The
following inequality holds all along
T 0
QN |y [ #|0
z 0
Moreover, define
—e% — wheY 1
k+tw  p(t)e” g =
45(5571/,2’#) = K 1£a()t)e” At +p | wee —wd )
_ (ktw _q(t)e At wm
k 1+a(t)ey

where p € [0,1] is a parameter. If (z,y,2)T € 9Q N KerL,
then ¢(x,y, z, ) # 0. In addition, we can easily see that the
algebraic equation ¢(x,y,z,0) = 0 has a unique solution in
R3. Thus the invariance of homotopy produces
deg(JQN,Q2NKerL,0) = deg(QN,QNKerL,0)
deg(o(x,y,2,1), Q2N KerL,0)
deg(¢(x, y, z,0), 2 N KerL,0)
1.

By now, we have verified that Q fulfills all requirements of
Theorem 9, therefore, system (5) has at least one w—periodic
solution in DomL N Q. The proof is complete. ]
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