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Abstract. We investigate the existence of positive periodic solutions of a nonlinear
Lotka—Volterra competition system with deviating arguments. The main tool we use to
obtain our result is the Krasnoselskii fixed point theorem. In particular, this paper improves
important and interesting work [X.H. Tang, X. Zhou, On positive periodic solution of
Lotka—Volterra competition systems with deviating arguments, Proc. Amer. Math. Soc. 134
(2006), 2967-2974]. Moreover, as an application, we also exhibit some special cases of the
system, which have been studied extensively in the literature.
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1. INTRODUCTION

It is well known that the application of theories of functional differential equations in
mathematical ecology or biology has developed rapidly and effectively. Lotka—Volterra
system is one of the most celebrated models in mathematical biology and population
dynamics. Recently, it has also been successfully applied to interesting applications
in epidemiology, physics, chemistry, economics, biological science, and other areas
(see [7,11,12,24]). Lotka—Volterra model has been an active field of research, both
in the deterministic and stochastic cases, since it was originally introduced in 1920
by Lotka [21], and later applied by Volterra [28] to a predator-prey interaction. This
system can model the dynamics of ecological systems with predator-prey interactions,
mutualism, disease and competition. Many important and influential results have
been established and can be found in many articles and books. Particularly, the
existence of positive periodic solutions for various Lotka—Volterra-type population
dynamical systems has been extensively studied in [6,10,16,22,23,27] and the references
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cited therein. Motivated by this, in this paper we use a fixed point theorem due
to Krasnoselskii to study the existence of positive periodic solutions of nonlinear
Lotka—Volterra competition systems with deviating arguments as follows:

u;(t) = ui(t){n‘(t) = aii(yui(t) = Y b (0 f; (uy (1))
o =t (1.1)
=D _cig(t)g; (us(t = 05 (1)) }
j=1
for j = 1,2,...,n, where u(t) = [u1(t),us(t),...,un(t)]" € R", and since we

are searching for the existence of periodic solutions for equation (1.1), we assume
Ti, Qij, bij, ¢ij € C'(RT,RT) are all w-periodic functions (w > 0) with respect to time ¢,

aij (t+w) = ai(t), 65 (t+w) =6;(t),

1.2

b (£ +0) = by (1), iy (14 ) = () 2

ford,j =1,2,...,n, with §; being scalar continuous functions, and d;(t) > §; > 0 with
1/wr )ds > 0, a--—l/wa--(s)ds>0
w z iy w i 3

0 0 (1.3)

_ T 7
b R /blj dS >0, Cij = ;]/C”(S)ds >0,

0
fori,5=1,2,...,n, where R; and T} are given in (Al) and (A2), respectively. We also
assume that the functlons fz, gi : R+ — R4, 4=1,2,...,n are continuous,

F) = [fi (u1(®), f2 (u2(t), ..., fn (unu))]T e R%,
g(u(t)) = [g1 (1 (1)), g2 (ua(t)) .- .., gn (un(t))]" € RY

are positive continuous in their respective arguments.
Now we will list the assumptions we will impose along our paper:

(A1) there exist nonnegative constants T;,T; such that for all u € RT,

Tiu<f;(u)<Tju, j=1,2,...,n. (1.4)
(A2) there exist nonnegative constants R;, R; such that for all u € R,
Riu<gj(u)<Rju, j=12,...,n (1.5)
(A3) The linear system
> (@i + by +E)uy =7, i=1,2,...,n, (1.6)
j=1

possesses a positive solution.
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T

Throughout this paper, a vector u = (uy,us,...,u,)" is said to be positive if

u; >0 (=1,2,...,n).
It is worth noting that in 1998, Li [18] considered the following delayed periodic

logistic equation
u'(t) = u(t) [r(t) — e(t)u(t — 0(t))], (1.7)

and proved that equation (1.7) always has a positive w- periodic solution if
r,c,0 € C(R,[0,00)) are w-periodic functions such that fo s)ds > 0 and

Iy e(s)ds > 0.
In [27], Tang and Zou studied the following n-species Lotka—Volterra competitive
systems with several deviating arguments:

ul(t) = us(t) (ri(t) = ity (t — 5 (t))) . i=1,2,...,n, (1.8)
j=1

and, by using the Krasnoselskii fixed point theorem method, the authors proved that
(1.8) has at least one positive w-periodic solution provided that the corresponding
system of linear equations

n
E Cijry=T;, t=1,2,...,n
Jj=1

possesses a positive solution with

E\H
&

w 1 w
/ d8>0 Eij:*/cij(s)dSZ(), i,j:1,2,...,n.
0 0

On the other hand, Fan et al. [10] and Li [19] established a set of easily verifiable
sufficient conditions for the existence and global attractiveness of positive periodic
solutions for equation (1.8) by using the method of coincidence degree and Lyapunov
functional. Other competition models have been studied in [1-5,13-15,17,23,26,29,30].
The method used in [27] was also used in [23] where the authors investigated
the existence and global attractiveness of positive periodic solutions of a 3-species
Lotka—Volterra predator-prey system with several deviating arguments:

uy (1) = ua (t) (r1(t) — caa (Hua(t — 01(t)) — caz(t)ua(t — 02(t))
t—ds(t)),
U,Q(t) = Ug(t) T2 t) + 6215 (5% (t — 51 (t)) — CQQ(t)UQ(t - 52(t))
(
)

it
— eas(t)us(t — B (t (1.9)
E % 1(t = 81(t)) — esa(tyua(t — 0a(t))

)
t)
)
t)u
t—ds(t)))-
In the current paper we extend, in particular, the results in [27] to the nonlinear
Lotka—Volterra system of equations (1.1). Notice that when a;; = 0 in the second

term on the right hand side of (1.1), f; (u;) =0, and g; (u;) = u;, then (1.1) reduces
o0 (1.8). Thus, our results are more general than those obtained in [27].
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The content of this paper is as follows. In Section 2, we recall some results which
are necessary for our analysis. The existence of positive periodic solutions of system
(1.1) by using the Krasnoselskii fixed point theorem is proved in Section 3. Finally,
in Section 4, we analyse an example to illustrate how our result can be easily applied
to interesting models.

2. PRELIMINARIES

For the reader convenience, we recall the definition of cone as well as the celebrated
Krasnoselskii fixed point theorem.

Let X be a Banach space and let €2 be a closed, nonempty subset of X. We say
that €2 is a cone if

(i) au+ fv € Q for all u,v € Q and all a, > 0,
(if) w, —u € Q imply u = 0.

The proof of Krasnoselskii’s fixed point theorem stated below can be found in [17].

Theorem 2.1 ([17]). Let X be a Banach space, and let @ C X be a cone
in X. Assume that Qq and Qo are open subsets of X with 0 € Qi, Q1 C Qs
and let

PN (Q\ Q) -0

be a completely continuous operator such that either
|Pul] < ||ul] forue QNI and |Pul| > |ju|| for ue QN oQ,

or
1Pull > ||ul| forue QNoQ and |Pul| < ||ul| for v € QN oNs.

Then P has a fixed point in N (ﬁg \ Ql).

3. EXISTENCE OF POSITIVE PERIODIC SOLUTIONS

To apply Theorem 2.1, we need to define a Banach space C,,, a closed S of C,, and
construct one mapping. Thus, we let (C., |- ||) = (X, - ||), where

Co={u:ueC®RR"),ult+w)=u)}, (3.1)

with the norm

Vue Cotlul =Y ludy, il = max jus(®)] i =12, (32)

i=1

Then C,, is a real Banach space endowed with the above norm || - ||.
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The following lemma is fundamental to our results.

Lemma 3.1. The function u is an w-periodic solution of equation (1.1) if and only
if u is an w-periodic solution of the following equation

ttw n n
u;(t) = / Gi(t, S)Uz(s){ Zaij(s)uj(s) + Z bij(s)fj(u;(s))
t =t =t (3.3)

+ ) cij(s)g;(uy(s — 5]'(8)))}618,
=1

where

and we assume

e Tiv £,

Proof. Let u be an w-periodic solution of equation (1.1), then

[ul(t) exp ( /trl- (s) ds)] |
0

= —exp ( [ ds) uz—u){ D i (Ot + 3 b (0 (wy(r))  (3D)

Y

+ " eii(t)gs (ui(t—8;(1))
Jj=1

Integrating both sides of (3.5) from ¢ to ¢ + w, we can obtain

ui(t + w) exp (— 7wri (s) ds) — u;(t) exp (— /tri (s) ds)

0 0

t+w S n n
- / ui(s) exp (— / <5>d5) {Zaij(s)uj(sHZbij(s)fj (us(5))
j=1

t 0

+ 2 cig(8)95 (s = 9 (5))) }ds.
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Since the functions w, a;;, bsj, ¢;j, 0; are w-periodic with respect to ¢, we have

t+w

w(f) — exp (— fos i (§) df) wi(s
z(t) / exp (_ fg+w - (8) dS) — exp (— fot T (S) ds) ( )

Zaij(s)uj(5)+z i(8)f5 (uy(s +Zcm 5)g; (uj(s — 65 (s))) ¢ ds,

j=1

and therefore

t+w

u;(t) = / (t,8) ui(s {Za” Zlbij(s)fj (uj(s))

t

+ ch 5)g; (u;(s — 85 (s))) }ds.

To simplify notation, we denote

e~

1 S
G;(t,s) = T o= &P —/ri ©de|, i=1,2,...,n.
t
It is easy to see that for all (¢,s) € [0,w] x [0,w] we have

G (t+w,s+w)=G;(t,s), i=12,...,n.

Thus, u is an w-periodic function of equation (3.3).
On the other hand, if u is an w-periodic solution of equation (3.3), then differenti-
ating equation (3.3) with respect to ¢,
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uW):Gﬂuﬁﬂﬂm@+w%§3m@+wMAﬁH®+§:%U+wﬁﬂwﬁ+wﬂ
+ Zcij(t + w)gj (Uj(t +w — (Sj (t +w))) }
(t,t) u;(t {Za” Juj(t +Zbij(t)fj (u;(t))
j=1

+ Z cij(t)g; (u;(t — 0;(t))) }

X
—
<.

™M=
N

£

o

(0w (8) + D big (0 f; (uy(t +Zcu )95 (u; (¢ 5'(0))}

j=1

+ 7 (t) / G; (t,s) ui(s)

t

x { > aij(s)ui(s) + > bi(s)f5 (ui(s) + Y eij(s)g; (wi(s — 65 (s))) }ds
=1 i=1 =1
= —ui(t){ > aii (g () + D big () f (us ¢ +ch )95 (u; (t = 6;(t )))}
j=1 j=1
t+w
i) [ Gl uits)
X {Za”(s)u](s) —|—Zb f] Uj ) + Zcz] g] u] —d; (s))) }ds
= ui(t){m(ﬂ - Z agj(s)u;(s) — Z bij(s) £ (u;(s))

-3 et e ) |

The proof is completed. O
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Let
a:min{e_ﬁw 1i= 1,2,...,n}.
Now choose the cone 2 of C,, defined by
Q = {u(t) = (u1(t), uz(t), ..., un(t))" € Cu:us(t) > o luilg,i=1,2,...,n}.
We use (3.3) to define the operator P : C,, — C,, by

(Pu)(t) == [(Prur) (t), (Paug) (t), - .., (Poun) (£)]"

where

+ Zcij(s)gj (uj(s — 75 (s))) }ds.

j=1

By (3.6), it is easy to check that u € C,, is an w-periodic solution of equation (1.1)
provided u is a fixed point of P.

Lemma 3.2. The mapping P maps Q) into Q, i.e. PQ C Q.

Proof. It is easy to see that for any s € [t,t + w], thanks to (3.4), we have
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For any u € (2, we can obtain

t+2w

(Piw;) (t + w) /G (t 4+ w, s) u;(s {Za” s)u;(s

t+w

"’wa s)f; (u;(s )+Zcz‘j(3)gj(uj(8—5j(8)))}ds

t+w
= /Gi(t—l—w,s—i—w)ui(s—i—w)

x { D ai(s +whu(s+w) + Y bi(s +w)f (wi(s +w))

Jj=1 Jj=1

+ Zcij(s +w)gj (uj(s +w—19; (s +w))) }ds

j=1

(5){Zaij(3)uj(3) + Z bij(s)fj (u;(s))
=1 =1

+2_cis(9)9; (ui(s = 85 (5))) }ds

= (Pyu;) (t).
Thus Pu € C,,. Moreover, from (3.6) and (3.7), we have for v € Q

|(Piui)ly < Bi /Ui(s){ > aij(s)ui(s) + > bij(s) £ (u(s))
. e

+ ZCU 5)g; (uj(s — 65 (s))) }ds

and
(Pius) = A / Uz‘(s){ D ai(s)ui(s) + Y big(s)f5 (uy(s))
0 =1 =1

" Z € (5)g5 (i (s = 9 (5)) }ds

A;
> = B |(Piui)ly = o [(Piui)l -

Hence, P C Q. The proof is complete. O
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Lemma 3.3. The mapping P : Q — Q is completely continuous.

Proof. For i =1,2,...,n, we set

and

We first show that P is continuous. For any L > 0 and € > 0, there exists 11 > 0 such
that for ||u|| < L, |lv|| < L, and ||ju — v|| < 71 imply

1K (s,u(s)) — Ki (s,v(s))| < 3n€Bw7 i=1,2,...,n (3.8)

For any L > 0 and € > 0, there exists 72 > 0 such that for ||u|| < L, ||v|| < L, and
[ —v]| < n2 imply

c 1,2,...,n. (3.9)

Fils,u(s) = Fi(s.0 (@) < gy i= 12

For any L > 0 and ¢ > 0, there exists 3 > 0 such that for ||u|| < L, |jv]] < L, and
[lu = v|| < ns imply

€
3nBw’

|H; (s,us) — H; (s,vs)] < i=1,2,...,n, (3.10)

where B = maXxi<;<n Bi~
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If u,v € C, with ||u|| < L,||v|| < L, and ||u — v|| < 7, where n = min{n, 72,73}
Then, from (3.6), (3.7) and (3.8), (3.9), (3.10), we have

t+w

|(Piui) — (Pivi)|g < /Gi (t,8) [Ki(s,u(s)) — K (s,v(s))|ds
t+w

+ / Gy (1, 5) |F (5,1 () — F (5,0 (s)] ds
t+w

—|—/Gi (t,8)|H; (s,us) — H; (s,vs)| ds
<B / |K; (s,u(s)) — K;(s,v(s))|ds
0

+B/|Fi(s,u(s))—Fi(s,v(s))\ds
0

This yields
[Pu—Pol| =Y |(Pius) — (Povi)ly < e.
i=1

Thus, P is continuous.
Next, we show that P is compact. Set

n

n
a = max g a;j, b= max » b;;, c= max g Cij.
1<z<n 1<i<n 4 7 1<i<n 4 7

i= j=

We let

S = {u(t) = (w (1), uz(t), ..., un(t))" € Cu : |Ju]l < M},

where M is non-negative constant.
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For any u € S, it follows from (3.6) and (3.7) that

[(Pius)], < Bi/|ui|OZaij(s) |uj\0d5+Bi/|ui|OZij¢j(s)\uj|0ds
0 J=1 0 J=1

# 8, [ o R 5) sy
0 i=1

= wBM? Z (Eij +Eij +Eij)
j=1
< BuM?(a+b+c),

and so

[Pull = |(Pius)|g < BrwM? (a+b+c), u€S.

This shows that P (S) is uniformly bounded.

To show that P (S) is equicontinuous. Let u € S, we calculate % (P;u;) (t) and
show that it is uniformly bounded, we obtain by taking the derivative in (3.6) that

|(Pywi) ()] < 74(8) |(Pows) (8)] + [us(t |Z% ) [ (#)
+ Jui(t |wa )£ (u; (£))]
+ Juq(t |ZCU )Ng; (s (t = 65(¢)))]

< rfBwM?(a+b+c)+ MQZa,;j(s)
j=1

—+ M2 Z b”(s)T] + Mzzcij(S)R]
7j=1 j=1

<rfBM*w(a+b+c) +M22afj

+)\1M22b* +A2M22c;fj <DM? i=1,2,...

j=1 j=1
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where
n n
D= max T,»Bw(a+b+c)+/\1Zbij—i—)\QZCij ,
=1 j=1
M =max{T;,j=1,n}, X =max{R;,j=1n},
and

r; = max r; (t),

te[0,w]
bij = max bi; (1),
cij = max cij (1),

fori,j=1,2,...,n.

Hence, PS C C,, is a family of uniformly bounded and equi-continuous functions.
By the Ascoli-Arzeld Theorem (see [26, p. 169]), the operator P is compact, and
therefore completely continuous. The proof is complete. O

We can now state and prove our main result of this paper.

Theorem 3.4. Assume condition (1.6) holds. Then Eq. (1.1) possesses at least one
positive w-periodic solution.

Proof. Let

*)T

* * ok
u = (u17u25"'aun

with uf > 0,¢=1,2,...,n, be a positive solution of (1.6).

A=min{r;A; :i=1,2,...,n},
B=min{F;B;:i=1,2,...,n}.

Then 0 < A < B < +00. Define
ur .
Ql = {u(t) = (Ul(t),’ltg(t),. . aun(t))T € Cw : |u2|0 < 7;’2 = 1a2a s ,TL} .
If u € QN 0N, then

U|“i‘o <u(t) < |“i|o = (BW)_l ('

79
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and

(Piui) (t) <Bl/{“] Zaw s) + u;(s Zb (s)f (u;(s))
0

Jj=1

+ u;(s ch s)g; (u;(s — 0; (s))) }ds

< B; / |’U,l|0 Zaij(s) |Uj|0 ds + B; / |uz|0 Zijij(S) |Uj|0 ds
0 J=1 0 j=1
+ Bz' / |Ui|0 ZRjCij(‘S) |Uj|0 dS
0 j=1
= Buw |uilg Y i uly + Biw [wilg Y _bij lusly + Biwluily Y i [l

Jj=1 Jj=1 Jj=1

= Bw (Bw)~ \u1|OZa”u + Bjw (Bw)™ \ul|OZb”u
j=1

+ Bjw (Bw)™ \ul\OZc”
n n n
= B,w (Bw)_l \ui|0 Zaiju; + Z bmu;‘ + Zéiju;
i=1 j=1 j=1
= Bjw (Bw)~ \u1|0 Z @27 —|—Bij —|—Eij) U;

= BiFZ‘OJ (Bo.})f |UZ|0

<luily, i=1,2,...,n

and therefore
HPUH :Zl(Pluz)lo < Z'u’i'() = ||u||7 u e Qﬁaﬂl.

Let = min{1,0;,6,}, where

01 :min{T;,j = 1,n} and 65 :min{fﬁj,j = 1,71}.

Next, we define

u*
Qo=<uel,: |uly<=—"—,i=1,2,....,np.
g { Huilo < 540 }
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If u € QN 0Ny, then

o luily < ws(t) < uily = (B2 Aw) " ul, i=1,2,.

(R

and consequently

(Piui) (t) = sz/uv {Z% s)us(s) + D bij(s)f5 (ui(s))
0 J=t

j=1

+ch $)9; (uj(s = 75 (5))) }ds
> 0% Ay |uyl OZ/(I” s) |ujl, ds + o A; |ul\0 /
j=1 0

0
R,
+ o2 A; \u1|02/ R— s) |ug, ds

ﬂ\’ﬂ‘

R

n
Z 1 x szAiw \ui|0 Zaij |Uj‘0 + 91 X O—QAZ'W |’LLZ|0 ZBU |’U,j|0

i=1 =t
n
+ 6, x 02 Ajw iy Z@j uslo
j=1

> o Aw |uz|02aw Jujly + 002 Agw uil, me 1,

j=1 Jj=1

n
+00% Aw luily D @ij ugl,
j=1

= 50'2147;&) |U2|0 Zaij (?0214&))71 'LL:< + gUQAiOJ ‘ui|0 ZEW (?02140.})71

Jj=1 Jj=1

+ gO'QAZ‘OJ ‘ui|0 ZEM (902140.))71 ’LL;k
j=1

n
= A (Aw) ™ [wilg | Y (@i + by + )
j=1
= Aﬁiw (AOJ)il |Uz|0
> Juily, 1=1,2,...,n

and thus

| Pul| = Zl (Piui)ly > Z luilg = llull, u€QNa,.
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Obviously, ©; and €, are open bounded subsets of C,, with 0 € Q; C Q; C Qs.
Hence, P : 2N (2\Q1) — Q is a completely continuous operator and satisfies
condition (i) in Theorem 2.1. By Krasnoselskii’s Theorem, there exists a fixed point
u € QN (22\Q1) such that u(t) = (Pu)(t), i.e. u is a positive w-periodic solution
of Eq. (1.1). O

4. AN EXAMPLE

In this section, we analyze an example to illustrate the application of our main result.

Example 4.1. Let us consider the following system:

w(t) = u(t)  ri(t) — Zbij(t)fj (u;(t)) — Zcz'j(t)gj (uj(t—09;(1) ¢,  (41)

Jj=1

for ¢ = 1,2. This model corresponds to system (1.1) when n = 2,w = 7. Let

(14 cosdt),

= w

r(t) = % (1+sin2t), 7at) =

and §; € (R*,R") be arbitrary continuous functions which satisfy §;(t + w) = d,(¢),
1t =1,2. We then have

sy

1 1 , 1

rl—;/rl(t)dt—% (1—|—sm2t)dt—§,
0 0

1 3 [ 3

To w/rl(t)dt 477/( + cos 4t) dt 7
0 0

and it is straightforward to check that A; < G; (t,s) < By, for i = 1,2, where

S

1
Gi(t,S):WGXP —/Tz(f)df 5 ’L'Zl,Q,

and
e ez e 2w e T
Al = =, — — T AQ = = = — 37
1—e v 1—e"2 1 —e v 1—e 3
1 1 1 1
B1 = —— = — 7 s BQ = —— = — 3z *
1—e v 1l—e"2 1—e 2w 1—e 2
Let

u2 . u2 .
fiw)=yGemn g =yF e, =12
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Since |sinu| < 1 and |cosu| < 1 for u € R,
Tju < fj (v) < Tju, for u >0,

Rju < g; (u) < Rju, for u >0,
1

e+1 — e +1 e — e 1 .
WhereTj:?,Tj: 5 andezi, jZT,j:LQ.
‘We can choose
(14 cos2t) (1 4 sin 2t)
bi11(t) = ———=, bio(t) = ———=, bo1(t) =0, bao(t) = cos (4t
11( ) 3T s 12( ) 2T, , 21( ) , 22( ) COb( )7
which implies
7 T, [ 1
b11 = —/bll(s)ds = -, b12 = UQ /blg(S)dS = 5,
0 0
bar = — [ ba1(s)ds =0, baz = — [ baa(s)ds =0,
w
0 0
and also choose
2(1 + cos 4t) (1 + sin 2t) (14 sin2t)
t)=0 t) ="+ t) = )= "2
crn(t) =0, cia(t) 7 ;) R caa(t) Ry

obtaining

Ry | Ry |
c11 = —l/cll(s)ds = 07 Clo = 72 /clz(s)ds = 27
W W
0 0

w w

1
_ 1 — 2
Co1 = — cia(s)ds =1, ©Ca " ca2(s)ds 5

0 0

Moreover, it is easy to verify that the corresponding system of nonlinear equation (4.1)
2 _ 2
2 bijuj + 3 Cijuy =T,
j=1 j=1
2 _ 2
> bojuj + 3 Cojuy =T,
j=1 j=1

has a unique positive solution u = (u1,us) = (%, %) The conditions of Theorem 3.4

are fulfilled and system (4.1) possesses at least one positive m-periodic solution.
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