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Abstract

In this paper, a class of Lotka-Volterra system with multiple time delays is considered. By using the continuation theorem
of coincidence degree theory, we derive a set of easily verifiable sufficient conditions that guarantees the existence of at
least a positive periodic solution.
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1. Introduction

Lotka-Volterra system is an important population system and has been studied by many authors, see (Chen Shihua, et.al,
2004, Fan Meng, et.al, 1999, Li Yongkun, et.al, 2001) and the reference therein. but most of the previous results focused
on the stability, attractiveness, persistence and periodicity of solution to the ordinary differential systems or time delay
systems with constant delays. Rare work has been done for the systems with varying delays and varying coefficients. In
1991, Weng di Wang et. al (Wang Wending,et. al, 1991) had considered a two-dimensional predator-prey system with a
finite constant number discrete delays

m

x(1) =X(t)["1 —Zaljx(f—‘l'lj)—Zbljy(f—Plj)

J=1 J=1

>

(D

m m

(@) = y(0) [rz + Z azjx(t — 7)) — Z byjy(t — p2j)

J=1 J=1

s

with initial conditions
x(s) = ¢(s) 20, s € [-7,0]; p(0) > O,

y(s) =4(s) 2 0,5 € [-7,01;4(0) > 0,

where 7y, r, are real constants with ri > 0; a;;, b;;, Tij, pij (i = 1,2;j = 1,2,...,m) are non-negative constants. Not
all of a;; and not all by; (j = 1,2,...,m) are zero; Both ¢(s) and y(s) are continuous on the interval [-7, 0] in which
T = max{tj,pij : 1 = 1,2;j = 1,2,...,m}. And obtained the conclusion that the time delays are harmless for uniform
persistence of the solutions to the system.
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We note that any biological or environmental parameters are naturally subject to fluctuation in time. It is necessary and
important to consider models with periodic ecological parameters or perturbations which might be naturally exposed ( for
example, those due to seasonal effects of weather, food supply, mating habits, hunting or harvesting seasons, etc.). Thus,
the assumption of periodicity of the parameters is a way of incorporating the periodicity of the environment.

In this paper, we are concerned with the effects of periodicity of ecological and environmental parameters and time delays.
Then system (1) can be modified as the form:

bl

i(r) = x(t) lrl (1= D anj(Ox(t = 1,(0) = D by 0y = p1(1)
j=1 j=1

m m (2)
(1) = y(0) [rz(t) + D @ (0x(t = T2(0) = D b (0)y(t = pas (1) |
j=1 j=1
with initial conditions
x(s) = ¢(s) = 0,s € [-7,0]; p(0) > O, 3)
¥(s) = 6(s) > 0, 5 € [~7,01; % (0) > 0, (

where 71 (1), r,(¢) are real functions with r;(t) > 0,( = 1,2); a;j(1), b;;(?), 7:ij(D), pij()(i = 1,2;j = 1,2,...,m) are non-
negative functions. Not all of a;;(¢) and not all b,;(1)(j = 1,2, ...,m) are zero; Both ¢(s) and y(s) are continuous on the
interval [~7, 0] in which 7 = max,_, max{7;;(¥),0;j() : i = 1,2; j = 1,2,...,m}.

Throughout the paper, we always assume that

(Hy) ri(1), a;j(®), bij(), 7i;(®), pij)i =1,2;j=1,2,...,m) are w periodic, i.e.,

ri(t + w) = (1), a;j(t + w) = a;j(0), bij(t + w) = b;(?),

7ij(t + w) = 7(1), pij(t + w) = p;j(?)
forany r € R.
(Hy) ri(t), a;j(1), bij(t), Ti;(1), pij() (i =1,2;j=1,2,...,m) are all positive, i.e.,

ri(1), Cl[j(l), bij(l), T,‘j(l), p,'j(l) i=12;j=1,2,...,m)>0.

The principle object of this article is to find a set of sufficient conditions that guarantees the existence of at least a positive
periodic solution for system (2) (3).

2. Basic lemma

In order to explore the existence of positive periodic solutions of (2) (3) and for the readers convenience, we shall first
summarize below a few concepts and results without proof, borrowing from (Yang Zhihui, et. al, 2007).

Let X, Y be normed vector spaces, L : DomL C X — Y is a linear mapping, N : X — Y is a continuous mapping. The
mapping L will be called a Fredholm mapping of index zero if dimKerL = codimImL < +oco and ImL is closed in Y.
If L is a Fredholm mapping of index zero and there exist continuous projectors P : X — X and Q : Y — Y such that
ImP = KerL,ImL = KerQ = Im(I — Q), it follows that L | DomL N KerP : (I — P)X — ImlL is invertible. We denote
the inverse of that map by Kp. If Q is an open bounded subset of X, the mapping N will be called L—compact on Q if
ON(Q) is bounded and Kp(I — Q)N : Q — X is compact. Since ImQ is isomorphic to KerL, there exist isomorphisms
J:ImQ — KerL.

Lemma 2.1. (Robert E. Gaines et. al, 1991)(Continuation Theorem ) Let L be a fredholm mapping of index zero and
let N be L—compact on Q. Suppose

(a) for each A € (0, 1), every solution x of Lx = ANx is such that x ¢ 0Q;

(b) ONx # 0 for each x € KerL () 0Q, and deg{JON, Q ( 0KerL,0} # 0;

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

Lemma 2.2. R? = {((x(1),y())" € R* | x(t) > 0,y(t) > 0} is positive invariant with respect to system (2) (3).

Proof. In fact,

x(t) = ¢(0)exp j(;

r($) = ). ari($)x(s = 71() = ) bi(s)y(s = py ,(s))} ds,
j=1

=

¥(®) = Y(Oexp fo ra(s) + D ar()x(s = 72() = D ba(s)y(s - mm} ds.
j=1 Jj=1

In view of ¢(0) > 0,¥(0) > 0, (i = 1, 2), obviously, the conclusion follows.
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3. Existence of positive periodic solutions

For convenience and simplicity in the following discussion ,we always use the notations below throughout the paper:

1
g=— jw g(tdt, g" = min g(t), g = max g(1),
w Jo 1€[0,w] 1€[0,w]

where g() is a w continuous periodic function. Let o;(t) = t — 7;;(¥), 6;(1) =t —p;j(®), t € R, i = 1,2; j=1,2,..,m.
Assume that
(H3) T,(0) <1, p() < 1, (i=1,2;j = 1,2,....m)

Then o;(¢) and 6;;(¢) have inverse functions denoted by w;;(?), £;;(1), (i = 1,2;j = 1,2,...,m), respectively. Obviously,
Hij(t+ w) = wii(H) + w, gt + w) = £;(1) + w.
In the following, we will ready to state and prove our result.

Theorem 3.1. Suppose that (Hy), (H>), (H), (Hs) DL, r" > DM7™ and

m m

(Hs) "_12 b_zj > EZ b_lj hold, where

J=1 J=1

1 baj(De(t) o bi(De(0)
P L R L LUy

= 1= pye2j(0) = L=pyle1j()
then the system (2) (3) has at least a w periodic solution.

Proof. Since solutions of (2) (3) remained positive for all ¢ > 0, we let

ui (1) = In[x(0)], uz(t) = In[y(®)]. “4)

Substituting (4) into (2), we obtain

m

(1) = 1) = D anOexplunt =T} = > bijDexplua(t = pi ),

j=1 j=1

m m (5)
tir(t) = 12(0) + ) arj(Dexplun(t = 1o/ = D ba(Dexplus(t = pa (1))

j=1 j=1

It is easy to see that if system (5) has one w periodic solution (u](?), u;(t))T, then (x*(), y * ()T = (explui (D), exp[u;(t)])T
is a positive solution of system (2). Therefore, to complete the proof, it suffices to show that system (5) has at least one w
periodic solution.

LetX = Z = {u(t)} = {1 (1), ua ()" | u(r) € C(R, R?), u(t+w) = u(1)}, and define |[ul| = ||(u1 (1), u2 ()" || = maxyefo v |1 (1)]+
maxye[o,w] [#2(H)|. Then X and Z are Banach spaces when they are endowed with the norm ||.||.

LetL: DomL c X — Zand N : X — Z be the following:

Lu = x’(t),

ri(t) — Z ayj(Dexplu(t — 71 ;(0))} - Z by j(Dexplua(t — p1 (1)}
Nu = T T : (6)
)+ ). ayexplut =T} = ) bajexplus(t = pa (1)}
=1 j=1
Define continuous projective operators P and Q:
Pu = l fwu(t)dt, Qu = l fwu(t)dt,u eX,ueZ
w Jo w Jo

We can see that KerL = {u € X |u=heR*,ImL = {u € Z | fow u(t)dt = 0} is closed in X and dim(KerL) = 2 =
codim(ImL), then it follows that L is a fredholm mapping of index zero. Moreover, it is easy to check that

1 W m m
— f @ = ). a@explu(t = 1)) = D byDexplunt - i)} dt

w Jo =1 =1

ONx = | o m m
- fo R0+ ) arDexplun(t = T2} = D bajDexplus(t - pa ()} dt

j=1 j=1
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Kp(2) = fw zZ(u)du — l fw[f z(u)du] dt,
0 w Jo 0

[ fOtFl(s)ds ]_( ifowfotFl(s)det ]_( Z__)fo Fi(s)ds ] )

[, Fa(s)ds L7 [ FPa(s)dsdr D [y Fa(s)ds

By easily computation, we have

Kp(I — Q)Nu =

where

m

Fi(s) = ()= ) aij(s)explur(s = ti(s)} - Zbu(wexp{uz(s—pl,(s))}

J=1 J=1

Fa(s)

ra(s) + ) aj(s)explur(s = Tai(sNh = D baj()explus(s = pay(s)).
=1 J=1

Obviously, ON and Kp(I — Q)N are continuous. Since X is a finite-dimensional Banach space, using the Ascoli-Arzela
theorem, it is not difficult to show theit Kp(I — Q)N(Q) is compact for any open bounded set Q c X. Moreover, QN ) is
bounded. Thus, N is L—compact on Q with any open bounded set Q C X.

Now we are at the point to search for an appropriate open, bounded subset Q for the application of the continuation
theorem. Corresponding to the operator equation Ly = ANy, 4 € (0, 1), we have

i (1) = A Irl 0= Y arjOexplun = 1) O) = by j(Dexplust - py ,(r))}} :

= j=1

" " ®)
tia(t) = A lrz(t) + > @ 0explun(t = 2)0)) = Y baj(Dexplu(t - pa ,(r))}} :
j=1 j=1

Suppose that u(f) = (u;(t), u(t))" € X is an arbitrary solution of system (8) for a certain A € (0, 1), integrating both sides
of (8) over the interval [0, w] with respect to 7, we obtain

dt = nw,

fo [Zal,a)exp{ul(t—m(r)) +Zbl,a)exp{uz(r—pl,(r))}
j=1

©))

dt = —nw.

fo [Z aj()explun(t = T2/(1)} - Z baj(explun(t = pa;(1))

J=1 J=1

In view of the following:

fm D aiexplun(t - mij(0))dt
0 =

O I a; (i)
f Z = (s ))eXP{ul(S)}ds

7;;(0) j=1

O (i)
f Zl ENE ))eXP{ul(S)}ds

7;;(0) j=1

o) . :
f Z 1—17,,02,,< Gerplu (s, (= 1,2:j = 1,2,....m), (10)

f D bijnexplun(c = pi(e)hdt
0 j=1

—pij(w) M bij (8ij(S))
A A 4
I:,»,m) Z:‘ 1 _Pij(sij(s))exP{MZ(s)} s

Jj=

PO G bij(Ei(5))
_DiEfS) J
f:i/(m Z 1 —pij(sij(s))exp{UZ(s)} s

j=1

- fz D) o), = 1,25 j = 1.2, ..m).(11)
1= (o)
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From (9) (10) (11), we can obtain

j=

2

Jj=

1= 1), (12(5))

O an () f’
_ yd
f Z; - T,lj(mj(s))exp {ur(s)}ds + A

b1j(e1(s))

Jj=

) ds_fo“’z i bz](gzj(:?»
2/ J

By the mean value theorem for improper integral, there exist &; € [0,w] (i=1,2;k=1,2;j=1,2, ...,

J=1

1 =Py (&1,(5)

—— — ~explwn(s)lds =Tw,

(12)

plux(s)lds = —nw. 13)

A11fwexp{ul(s)}ds+A12fw€xP{M2(S)}dS=V_1w,
0 0

A21f €XP{M1(S)}dS—A22f explua(s)lds = —nw,
0 0

where
_Z arj(€upr€iny)
= TIJW1J(§111))
_i by j(é12))e1j(é12))
= - P (81](5121))
_Zm: az (& 2 j(€215)
= 7'2/(/12,(521]))
_i byj(é22))€2j(é2))
j=1 p2182]((§221))
Then,
(Apr —Apn)w
explui(s)lds = ——————,
f plin(s) Aq1Ax + AyiAp
(A +Apn)w
explur(s)}ds = ———.
fow plua(s) Aq1Axp + AyiAp
So we have L. it
D5 ri" =DV w w DMy
( 2;[1M IZMZ]; Sf exp{ul(s)}ds_( 21
Dy, Dy, + Dy, DY, 0
DL 7T+ DMEM) w DM
( ZAI,IIM 111‘/12131 Sf expluy(s)lds < ( 211
Dy Dy, + Dy Dy, 0
where

J=1

J=1

J=1

—L
- szrg )LU

D DL + DL D)

+Di 7 Byw

i al](t)ﬂlj(t)
1-

le(/llj(t))

i b (t)slj(t)
L1 —p, (e1,(0)

Zml a2](t)/~12](t)
1-

TQJ(IlZJ(t))

i byj(1)e2;(1)
1-

pzj(SZJ(t))

By the condition of theorem 3.1, there exist t; € [0, w],i = 1,2 such that

ui(ty) = ln[

uy(t2) = In [

24

(A1
AnAn + AyAn |’

- Alzr_z)w]

(A7 + Ay 17’_2)0)]
AnAn + AxyAn |

L L L L
Dy, Dy, + Dy, Dy,

m) such that

(14)

5)

(16)

A7)

(18)

19)

(20)

21
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By the condition (H,) of theorem 3.1, there exist By, B, > 0 such that
lui ()| < By, lua(t2)| < Bs. (22)

In view of the following:

fwlul(t)|dt = /lfm
0 0

- Z byj(texplua(t - pl,(t))}}

[n (0= Y ar(Dexplu(t = 71(0))

1

dt

<2 f‘w |ri (Dldt = f ri(t)dt = 2rjw = Ba, (23)

Ot = A f
0 0

= D baj(Dexplua(i - p2 ,(t))}l

=1

()
S_2w+f
0

m

R+ ) ajDexplunt = T2,(1)

J=1

dt

m

D arexplur(t - 12(0)) | dt

J=1

Z baj(Dexplus(t = pa()} d

zm: 2](/12](3))")

e d
a ZJ(NZJ(S)) e-xp{ul(s)} S
M wexp{uz(s)}ds
= 1 = p, (£25(s))
s ) D BT A

:“2,(.“21(5)) AL AL + AL AL

521(82,(5))0) AN + Al RNHw

= Ba, 4)
Li1-p) (eaj(s) AL AL, + AL AL, *
then it follows from (22) (23) (24) that
|y (D] < g (1)) + f i1 (D)ldt < By + B3 := Bs, (25)
0
lua (D) < uz(22)] +f luia(D)|dt < By + By := Bg. (26)
0

Obviously, By, By, B3, B4 are independent of A € (0, 1). By the condition (Hs) of Theorem 3.1, it is easy to show that the
algebraic equations

m m
Za_ljul + Zb]juz =ry,
i=1 1;1 (27)

has a unique positive solution (i}, #i»)" € R?. Take M = max{Bs, Bg} + By, where By is taken sufficiently large such that
the unique positive solution (i, it;)” € R? satisfies max,e(o o) |#1] + MaX,ejo,w) l#2| < Bo,

Let Q := {u = {u(r)} € X : ||lull < M}, then it is easy to see that Q is an open, bounded set in X and verifies requirement
(a) of Lemma 2.1. When (u;(¢), u2(£))T € 0Q N KerL = 8Q N R%,u = {(u1,u2)"} is a constant vector in R? with ||| =
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ll(ue1 (£), u2 (D) || = maxyeqo,w) 41 ()| + Maxeou) lu2(t)] = M. Then we have

- Z apu; — Z by juy
ONy = = =l +0. (28)

Letting J be the identity mapping and by direct calculation, we get

deg {JQN(m s uz)T; 0Q ﬂ kerL; O}

deg {QN(Ml» u2)";0Q ﬂ kerL; O}

Il
<]
oQ
S
Q
Q
S
I 3

m m

m m
sign{ szsz+ a_Zijlj}zliO
i 1 i=1

i=1 i=1 i=

This proves that condition (b) in Lemma 2.1 is satisfied. By now, we have proved that Q verifies all requirements of
Lemma 2.1, then it follows that Lu = Nu has at least one solution (u;(#), u>(£))T in DomL N Q, that is to say, (5) has at
least one w periodic solution in DomL N Q. Then we know that ((x(@), yO)T = (explu (1)}, explu()})T is an w periodic
solution of system (2) (3) with strictly positive components. This completes the proof.

Remark 3.1. Theorem 3.1 remains valid if some or all terms are replaced by corresponding terms with discrete time
delays, distribute delays (finite or infinite), or deviating arguments respectively. At this point, we would like to point out
that, when one applies the continuation theorem from the coincidence degree theory to explore the existence of periodic
solutions to the system of differential equations or difference equations, time delays of any type or the deviating arguments
have no effect on the existence of positive solutions.
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