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ABSTRACT. The permanence of the following Lotka-Volterra system with time
delays

z1(t) = z1(t)[r1 — a1z1(¢) + ar1z1(t — 711) + ar2z2(t — 712)],

@2(t) = z2(t)[re — a2z2(t) + az121(t — 121) + ag2x2(t — T22)],
is considered.With intraspecific competition, it is proved that in competitive
case, the system is permanent if and only if the interaction matrix of the system
satisfies condition (C1) and in cooperative case it is proved that condition (C2)
is sufficient for the permanence of the system.

1. Introduction. We consider the following Lotka-Volterra system with discrete
delays,

.’i?l(t> = .’171(t>[’l“1 — a1£E1(t) + CL11$1(t — 7'11) + alziﬁg(t — Tlg)],
(1.1)

Ea(t) = xa(t)[ra — asxa(t) + as121(t — T21) + agexa(t — T22)].
The initial condition of (1.1) is given as

zi(t) = ¢i(t) >0, te[-7, 0], and ¢;(0)>0 (i=1, 2), (1.2)
where r;, a;, a;; and 7;; are constants with a; > 0,7,; > 0 (¢ = 1, 2) and
T=max{7;: i, j =1, 2}. ¢;(t) (i=1, 2) is continuous on [—7, 0].

We assume that system (1.1) has a unique positive equilibrium z* = (2}, x3).
That is,

ro(ar — a11) + riag
(al - 011)(CL2 - a22) — a12G21

r1(az — a22) + r2a12
(al - all)(a2 - 022) — a120G21 ’

If ay = az =0, system (1.1) simplifies to the form

(1.3)

x5 =

x] =

xl(t) = xl(t)[rl + Cl11331(t — 7'11) + algxz(t — Tlg)},
(1.4)
j?g(t) = xg(t)[TQ + a21$1(t — 7'21) + U,QQJZQ(t — 7—22)}.
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DEFINITION 1.1. System (1.1) is said to be permanent if there is a compact
set D in the interior of Ri such that for each positive initial position, the orbit of
system (1.1) through this initial position eventually enters and remains in D.

That is, there exist M; >0, N; >0 (i =1, 2) such that

limsup z;(t) < M;, liminfx;(¢t) > N;.
t—+oo t—+oo

The permanence of system (1.4) with a;; <0 (i =1, 2) and 71 + Ta2 # 0 has
been discussed under the following

Condition (C) : ajjage — ajzaz > 0.

With the assumption that system (1.4) has a unique positive equilibrium, the
following results are known.

THEOREM 1.1 [4, 6, 13]. In the competitive case (a2 < 0 and ag; < 0), system
(1.4) is permanent if and only if condition (C) holds.

THEOREM 1.2 [14]. In the prey-predator case (ajzaz21 < 0), system (1.4) is
permanent.

REMARK 1.1. Since for a prey-predator system, ajsas; < 0 implies that condi-
tion (C) holds, Theorem 1.2 means that the existence of a unique positive equilib-
rium guarantees the permanence of the system. In fact, if system (1.4) is permanent,
it can be shown that it must have a unique positive equilibrium [2]. Thus, we can
conclude that system (1.4) in the prey-predator case is permanent if and only if the
system has a unique positive equilibrium.

REMARK 1.2. In both cases above, the delays are harmless for the permanence
of system (1.4). However, in cooperative case (a;2 > 0 and as; > 0), two coun-
terexamples given in [1] show that condition (C) can not ensure the permanence of
system (1.4).

If a17 = aze = 0, Lu and Wang [7] obtained necessary and sufficient conditions
for the global stability of system (1.1) for all delays. This result was extended to
general n by Hofbauer and So [3] and Lu and Lu [5].

Recently, Saito et al. [11, 12] derived necessary and sufficient conditions for the
permanence and global stability of system (1.1) in some specific cases. Muroya
[8, 9] also established sufficient conditions for the permanence of system (1.1).

In the prey-predator case, Saito [10] obtained the following theorem.

THEOREM 1.3 [10]. Suppose that system (1.1) has a unique positive equilibrium;
then it is permanent for all 7;; > 0 if a; —ay; >0 (4,5 = 1,2).

In a competitive case, with the assumption of a; — a;; > 0, we will show that
system (1.1) is permanent if and only if the following condition (C1) holds.

Condition(C1) : (a1 — a11)(a2 — asz) > a12a91.

In a cooperative case, Muroya [8] proved that system (1.1) is uniformly bounded
above if the following condition (C2) holds.

Condition(C2): a; —aj; >0, az—ax >0 and (a; —af;)(az —ajy) > aisaa,

where a], = max(ai1,0), ad, = max(asz,0).

In fact, we find that condition (C2) can ensure the permanence of system (1.1).
Obviously, condition (C2) implies condition (C1). And it is known that condition
(C1) is enough to guarantee the global attrativity of system (1.1) when 7;; = 0.
However, we show by examples that the solutions of system (1.1) can be unbounded
under condition (C1) when condition (C2) fails.
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2. The Main Results. We need the following two lemmas for the proof of our
main results.

LEMMA 2.1 [8]. Every solution z(t) of system (1.1) exists in the interval [T, +o0]
and remains positive for all ¢ > T.

LEMMA 2.2. In competitive case (a12 < 0 and ag; < 0), if a; —ay; > 0 (i = 1,2),
then any solution of (1.1) with initial condition (1.2) is ultimately bounded. That
is, there exist M7 > 0, Ms > 0 such that

limsupz;(t) < My, limsupza(t) < Mo,

t——+oo t——+oo

— Aml+l — ro|+1 + _ +
where M; = ﬁ, M, = P (a; = max(a11,0), az, = max(azz,0)).

11
Further, if ¢;(t) < M;, t € [-7, 0] (i =1,2), then x;(t) < M; for all ¢t > 0.
Proof. The proof of the former part is similar to that in [12]. We show the latter
claim. Otherwise, there exists ¢ > 0, such that

_ i+ 1 -
2i(F) = |7"|++ and () > 0,
A — Ay
i+ 1 _
xi(t) < |M++, vV te[-T,t).
ai — Gy

But

F i |1 a1
< 2i(fri| - a2 4 af
=~ (i) < 07
which is contradictory to 2;() > 0. Thus, the proof of Lemma 2.2 is completed.
THEOREM 2.1. In competitive case (a12 < 0 and a2; < 0), if a; —ay; >0 (i =
1,2), system (1.1) is permanent if and only if condition (C1) holds.

Proof. Sufficiency. Consider two continuous functionals

t
‘/l(t) _ xl(t)aQ—a22x2(t)a12 exp |:a12 (agl/ xl(s)ds + CLQQ/
t

—T21 t—Ta2
t t

+(ags — ag) (an/ x1(s)ds + CL12/ xﬂs)ds)} ,
t—T11 t—T12

t

t

xg(s)ds)

(2.1)
and

Va(t) = a1(t)* ag(t)® ~ 1 exp |:a21 <a11/
t

—T11

t t
+(a1 —an) <a21/ x1(s)ds + a22/ x2(s)d5>} .
t—T21 t—To2

Then, we have

t

x1(s)ds + a1 /

t—T12

azg(s)ds)

Vi(t) = Vi(t)(A; — Azy(t)), i =1, 2, (2.3)
where
Ay =ri(ag — ag) + raai2,
Ay =ry(ay — ar1) + riag,
A= (al - a11)(&2 - a22) — @120a21-
Note that A > 0 by condition (C1) and hence A; > 0, Ay > 0 by condition
(1.3).
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A
Let h; = 75 if x;(t) < hy, then

A 1.
oA 27
. 1

Vilt) = SVi() A (2.4)

Then it follows from Lemma 2.2 that there exists some sufficiently large tg > T,
such that for £ > t,.

0<ai(t) <M, i=1, 2.
Here M=max{M;, My}. Then for t >ty + 7, we have

mqx1(8)*2 722 a9 ()2 < Vi(t) < myay (8)*2 22 aq ()2, (2.5)
mowy (1) 2 (8)" 7 < Va(t) < mgay (8)* @2(6) 4, (2.6)
where
my = exp [(—|az — agzz||ar1| + |az — azzlaiz — aizaz1 + a12|ase|)MT],
m1 = exp [(|az — azallar1| — a2 — azalaiz + a12a21 — arz|agzz|)M7],
my = €xp [(a21|a11| —as1a12 + |a1 - a11|a21 - |CL1 - a11||a22\)MT] ,
[

My = exp [(—azi|ai1| + az1a12 — |a1 — ar1|az1 + |ar — ar1||azs|)M7].

Then, the remaining parts are similar to [6]. Thus the proof of the sufficiency for
the theorem is completed.

Proof. Necessity. Assume the assertion is false. That is, let system (1.1) be
permanent but condition (C1) fails, implying that A < 0 and furthermore that
A7 < 0 and As < 0 by the existence of a unique positive equilibrium. Here

Ay =ri(az — age) + 2012,
Ay =13(a1 — ar1) + a2,
A= (al - all)(az - a22) — a12021.

By (2.3), we have

Vit) = Va(H)(Ar — Ay (1)) (27)
Let
0 < ¢;(t) < min{M;/2, z}/2}, Vte][-, 0] (2.8)
Then by Lemma 2.2,
0<zi(t) < M =max{M;, Ma}, YVt>0, (i=1,2). (2.9)
Furthermore, let
21(0) < (my /7n) 72722 (M/5(0)) 7422 (x}/2). (2.10)

Here
my = exp [(—|az — aazlla11| + |az — agz|a1z — a12a21 + a12|agzs|) MT],
my1 = exp [(Jaz — agl|laii| — |az — a2z|aiz + a12a21 — aiz|azz|)MT].
Then, we have
mqxy (£)*2 72 x9(¢)*2 < Vi (t) < ey ()42 2229 (t) 12, (2.11)
By (2.8), we have
V1(0) < AV, (o)%f <0. (2.12)
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Now, we show that V;(t) < 0, for t > 0. Otherwise, there exists ¢;, such that
Vi(t1) =0, and V4 (t) < 0, for ¢ € [0, t1). Thus, by (2.9), (2.11) and (2.12)

mlxl(t)aziamMam < Vl(t) < Vl(O) < mliL’l(O)lmia”l’Q(O)am, Vit € [0, tﬂ.

(2.13)
Since ag — ass > 0, then by (2.10), we have for ¢ € [0, 4],
a12
w(t) < (@ /my) 5 (BE) 7 0 (0)
_12 [1_12 .
< (ml/ml)aram (ac?\(;)) az—agy (ml/ml)agfam (fgl‘(JO)) az—agy 171
_a
2
(2.14)
Thus,
Vi(t) < AVl(t)% <0, for teo, t. (2.15)

Especially, Vi (t;) < 0, which contradicts the assumption that Vi (t;) = 0.
So we have shown that for all ¢ > 0, V;(t) < 0. Then for all ¢ > 0, by using the
same procedure as in (2.13) — (2.15), we obtain that

*

Vi(t) < Avl(t)%l <0, for t>0, (2.16)

which implies
Vi(t) = 0 as t— +oo, (2.17)

contradicting to the permanence of (1.1).

The necessity for the theorem has been proved and hence the proof of Theorem
2.1 is completed.

The sufficient part is similar to Lu and Takeuchi [6] and Wang and Ma [14]. The
necessary part is modified from Liu and Chen [4].

Note that the conditions for a competitive system to be permanent are indepen-
dent of the delays.

In [8], Muroya proves the following boundedness result for cooperative system
(1.1).

LEMMA 2.3 [8]. In cooperative case (@12 > 0 and ag; > 0), condition (C2)
implies the upper boundedness of system (1.1).

In fact, we can obtain a stronger result as follows.

THEOREM 2.2. In cooperative case (aj2 > 0 and ag; > 0),if r; >0 (i=1, 2),
condition (C2) implies the permanence of system (1.1).

Proof. By Lemma 2.3, we know that there is a constant M/ > 0 such that for
sufficiently large ¢, any solution z(t) = (z1(t), x2(t)) to (1.1) satisfies 0 < z;(t) <

In the following we show that each x;(t) is eventually bounded below by a positive
constant.

From (1.1), we have

& (t) > @i(t)[ri — a; M 4+ a;; M]], (i=1,2).
By integrating it from ¢ — 7;; to t, we obtain

zi(t) > z;(t — 7)) exp[(ri — a; M} + a;; M])7i], (i =1,2);
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thus
zi(t — 1) < @i (t) exp[—(r; — a; M + aj; M))7], (i =1,2).
Substituting it into (1.1), we have
i(t) > wi(t)[ri — (ai — ag exp[—(ri — a;M] + az; M) 7))z ()], (i =1,2).

Denote k; = a; — a;; exp[—(r; — a;M] + a; M!)7;;]. Then a;; = min{a;;,0} < 0
implies k; > 0. Thus

Hence, we have
lim inf z;(t) > 2— >0, (i=1,2).

t——+oo i
The proof is completed.
REMARK 2.1. Under the assumption of the existence of a unique positive equi-
librium, the sufficient conditions for the permanence of system (1.1) in [8] are given

as air a1oT
1171 1272
+

ay a2
a2171 2272
_|_

r1 + >0

(2.18)

ro + >0

a1 a9
where a;; < 0(i # j),a; > 0,a; < 0(,7 = 1,2). It is not difficult to show
that condition (2.18) is stronger than condition (C1). Moreover, the conditions
for the permanence of system (1.1) provided in [9] are under the assumption of
a; > 0(¢ =1,2), which seems unnecessary by Theorems 2.1 and 2.2.

REMARK 2.2. Suppose that system (1.1) has a unique positive equilibrium.
Condition (C1) implies the permanence for the system in the competitive case
if a; —az; > 0(4,5 = 1,2). In fact, in the proof of theorem 2.1, it is positiveness
of the equilibrium and condition (C1) that give the permanence. Furthermore,
positiveness of the equilibrium can be ensured by condition (C1) and the following:

{ ri(az — age) + r2a12 > 0,
Condition(E) :
ro(ay —ayy) + riaz > 0.
Thus, with the hypothesis of a; — a;; > 0(i = 1,2), conditions (C1) and (E) are
sufficient for the permanence of system (1.1) in the competitive case. Conversely,
the permanence of the system, which implies the existence of a unique positive
equilibrium, guarantees that conditions (C1) and (E) hold. Therefore, without the
assumption of the existence, we have

THEOREM 2.3. In competitive case (a12 < 0 and a1 < 0), if a; —ay; > 0 (i =
1,2), system (1.1) is permanent if and only if conditions (C1) and (E) hold.

Since condition (C2) implies condition (C1), by a similar analysis we can obtain
the following consequence for the cooperative system.

THEOREM 2.4. In cooperative case (a12 > 0 and a1 > 0),if r;, >0 (i=1, 2),
conditions (C2) and (E) imply the permanence of system (1.1).

Subsequently, we shall show by examples that condition (C1) can not ensure the
permanence for cooperative systems.

EXAMPLE 2.1.

.Z‘l(t) = ,Il(t) |:1 — 1561(15) — %e?’xl(t - 3) + 6I2(t — 1):| y

2 (2.19)

ia(t) = 2 (t) [1 - %xg(t) teri(t—1)— %e4x2(t - 4)] .
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Clearly, for system (2.19), condition (C1) is satisfied, but conditon (C2) fails.
There is an unbounded solution (z1(t), z2(t)) = (e!, e!) with initial condition ¢;(t) =
et (i =1, 2) for the system. In this case, both delayed intraspecific competitions
are present. The following example shows that even if one of the species is delayed
intraspecific cooperative, the system can also have an unbounded solution.

EXAMPLE 2.2.
1 1
() =21 (t) |1 — Z21(t) — €21 (t —7) 4 exa(t — 1),
{ 2 2 ] (2.20)

Fa(t) = (1) {1 ~ Saa(t) + gexl(t 14 %6%2@ - 2)} .

Obviously, the unbounded solution given in Example 2.1 is also an unbounded one
for system (2.20).

We have known that condition (C1) ensures the global attractivity of system
(1.1) if the diagonal delays are small enough, which implies the permanence of the
system. However, the permanence for system (1.1) may be destroyed with large
diagonal delays even if condition (C1) is satisfied. Hence, we can deduce that
the sharp permanence conditions for system (1.1) in the cooperative case must be
associated with the diagonal delays.

3. Concluding Remarks. We have shown that the conditions for the permanence
of system (1.1) in competitive or prey-predator cases are similar to that for system
(1.1) without delays. But in the cooperative case, the conditions should be stronger
than that of other two cases.

In the prey-predator case, without the assumption of a; — a;; > 0, the positive
equilibrium of system (1.1) may be globally attractive or unstable when 7;; =
0 (4,5 = 1,2). It can be inferred that conditions for the permanence of system
(1.1) are not easy to get in this case, and we leave this as a future research topic.
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