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Abstract. A class of non-autonomous three species Lotka-Volterra cooperative system with ratio-dependent
functional responses and delays is discussed. A set of easily verifiable new sufficient conditions on the
permanence, the existence of positive periodic solutions, and the global attractivity of the system are
established by using the comparison method, and the construction of Lyapunov functions. Finally, a
numerical simulation is given to verify the effectiveness of the obtained results.
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attractivity.

1. INTRODUCTION

In the past few years, the study of population dynamical systems with ratio-dependent func-
tional responses has become a main concern for researchers. Especially, a lot of authors investi-
gated the population predator-prey system with ratio-dependent functional responses [1]-[6]. In
these studies, predators were considered as a ratio-dependent functional response to describe the
interactions between predators and prey. For example, Muhammadhaji and Teng [6] proposed
and discussed the following non-delayed competing predator-prey system with ratio-dependent
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functional responses and stage structure

xi(r) = r(t)xa(r) = B(r)xi (1) — di ()i (1),

X(t) = B(t)xi(t) —da(t)X5(t) — (t)x%(glf ig)iz(gt))x);l(it))Jr o (t)
az (t)x2(1)y2(2)

0 (1) + B2(1)x2 (1) + ¥(1)y2(1)’

N e1(t)xa (1) c1(t)y2(t)
yi(t) = yl(t)(_d3(t)+k(t)x%(t)+[31(t)x2(t)+a1(t) _Dl(t))’l(t)_l—)a

€2(t)X2(t)
o (t) + Ba(t)x2(t) +¥(t)y2(t)
(1.1)

where x; () represents the density of immature individuals preys at time 7, x(¢) represents
the density of mature individuals preys at time ¢, y;(¢) and y,(¢) represent the density of two
competing predators at time ¢, respectively. In system (1.1), Muhammadhaji and Teng employed
the Holling and Beddington-DeAngelis type functional response to describe the interactions
between predators and prey.

It is worth noting that, after the pioneering work of May [7], some of studies on the popu-
lation dynamical systems has been carried out on the cooperative model with ratio-dependent
functional response [7]-[15], namely, May cooperative model. For example, Muhammadhaji,
Teng and Abdurahman [11] studied the following non-autonomous stage-structured cooperative
system with ratio-dependent functional response and delay

21(t) = r()xa(t) —dy (Ox1(1) — ri(t — T)e 16y, (1 — 1),

Va(t) = ya(r)(—dalr) + — D (t)ya(t) —

(1) = e = D) e Oy —1) oy - RO
o ca(t)
y(t)_y(t) [r2(t)_d(t)y<t)_az(t)_i_bz(t)xz(t)}'

In system (1.2), Muhammadhaji, Teng and Abdurahman used %, and W%)xz(r)

to describe the cooperative relations between species x and y. By using the comparison method,
the sufficient conditions on the boundedness, permanence and extinction were established for
system (1.2). In [14], Yang et al. considered the following three species non-autonomous
Lotka-Volterra predator-prey-mutualist systems with ratio-dependent functional response

£(0) = x(0)[ar(t) — b (o)(r) — —HOAD__

di (1) +da(t)y(1)
50 = 0aal) - 5 ) (13)
t)= z(t)[—as(t) + i )j(LZZ((?)Z( )}
In system (1.3), Yang et al. used
Cl(l‘)
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y(t)
d3(t) +da(t)x(t)’

ca(1)x(r)
di(t) +da(t)z(2)
to describe the predator, prey and cooperative relations between species x, y and z. And they
obtained some sufficient conditions for the permanence and periodic solution of system (1.3)
by employing the comparison method.

However, most of the studies on the Lotka-Volterra systems with ratio-dependent functional
response mainly concerned with the permanence, extinction and the existence of positive pe-
riodic solutions [11]-[15]. As the global attractivity of the Lotka-volterra cooperative systems
with ratio-dependent functional response have not been fully investigated, in this paper, we
consider the following non-autonomous three species Lotka-Volterra cooperative system with
ratio-dependent functional responses and delays

yi(t) = y1(t)[ri(t) —a(t)y1(r) —

and

bi()y1(t—7) ]
ap(t)y2(t — 1) +a(t)ys(t — ) +ci (1)

ba(t)y(t — 7) ]
ax1 (t)y1(t — ) +ax3(t)ys(t — t) + ca(t) ’

b3(1)ys(t — 1) ]
az1 (t)y1(t —©) +az(t)y2(t — ) +e3(1) "
Our main purpose is to establish some new sufficient conditions on the permanence, existence

of positive periodic solution and global attractivity of system (1.4). The method used in this
paper is the comparison method and the Lyapunov function method.

Vo(t) = y2(t) [ra(t) — ana(t)y2 (1) — (1.4)

ya(t) = y3(t) [r3(r) —as3(t)y3(r) —

2. PRELIMINARIES

In system (1.4), y;(¢) (i = 1,2,3) represent the density of three species y; (i = 1,2,3) at time
t,respectively; r;(t) (i =1,2,3) represent the intrinsic growth rate of three species y; (i = 1,2,3)
at time 7, respectively; a;;(t) (i = 1,2,3) represent the intrapatch restriction density of three
species y; (i =1,2,3) attime ¢, respectively; a;;(t) (i # j, i, j =1,2,3) represent the cooperative
coefficients between three species y; (i = 1,2,3) at time ¢, respectively.

by (t)y(t — 1)
ap()y2(t—1)+ai()ys(t—1)+ci(t)’
by (t)y2(t — )
a1 (t)y1(t — 7) +axs(t)y3(t — ) +ca(t)’
and
b3(t)ys(t — 1)

az1(1)y1(t —7) +azn(t)y2(t — 1) +c3(1)
describe the cooperative relations between species y1, y2, and y3. T is a positive constant.
In this paper, the initial conditions for system (1.4) take the following form

yi(t)=@i(t) forall re[—7,0],i=1,2,3, 2.1)

where ¢;(t) (i = 1,2,3) are nonnegative continuous functions defined on [—7,0] satisfying
6:(0) >0 (i=1,2,3).



4 G. ABULIMITI, A. MUHAMMADHAIIL R MAHEMUTI, A. HALIK

Throughout this paper, for system (1.4), we introduce the following hypotheses.

(Hy) ri(t),ai(t),ci(t)(i=1,2,3) and a;;(¢)(i # j, i,j = 1,2,3) are continuous, bounded
and strictly positive functions on [0, +oo).

(Hy) r1i(t),ai(t),ci(t)(i=1,2,3) and a;;(t)(i # j, i, j = 1,2,3) are all continuously positive
w-periodic functions on [0, ®)].

Throughout this paper, for any continuous function f(z), we denote

ft=inf )f(l),sz sup f(t).

1€[0,4o00 t€[0,+o0)

Now, we present some useful definition and lemmas.

Definition 2.1. System (1.4) is said to be global attractive if, for any two positive solutions
(1 (1),32(2),y3(2)) and (x; (), x2(2), x3(r)) of system (1.4), then

tim (1) (1)) =0, i=1,2.3.
Lemma 2.2. [6] Consider the following equation: u(t) = u(t)(d) — dau(t)), where dy > 0.

(1) If dy > 0,thenlim;_, ;o u(t) = dy /ds.
(2) If di < 0, thenlimy_s +oou(r) = 0.

Lemma 2.3. [16] Assume that, for y(t) > 0,
310250 (2~ L uvte 1))
=0

Then, there exists a positive constant my > 0 such that, for @ =Y ul >0,
A
litrginfy(t) > my = ﬁexp{(l — uM,)mt} >0,

where limsup,_, ., y(t) < M, < +oo.
Lemma 2.4. [17] If there exist positive constants m and M for any ® € C',[—1,0] such that

m < liminfx;(z,0,®) < limsupx;(¢,0,P) < M, i=1,2,--,n.
e 100
then the following periodic differential equation

E :F(t7xl‘)7

admits at least one positive @—periodic solution, where F(t,x;) is a n-dimensional continuous
functional, x(t) € R" and x(t,0,®) = (x;(¢,0,P),x2(¢,0,D), - - - ,x,(¢,0,P)) is a solution of the
functional differential equation with initial condition xy = P.

3. MAIN RESULTS

Theorem 3.1. If (H,) holds, then system (1.4) is permanent.

Proof. Let y(t) = (y1(t),y2(2),y3(t)) be a any positive solution to system (1.4) with initial con-
dition (2.1). From system (1.4), for t > 7, we have

yit) < yi()[ri(t) — au(t)yi(t)], i=1,2,3. (3.1
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From Lemma 2.2 and the comparison theorem, there exists a constant 77 > 0 such that

™M
yi(t) < al_L =M;, ast>T,i=1,2,3.
ii

Next, using system (1.4) again, for ¢t > 7, we have

yi(l‘) Zyi(l‘)[ri(l‘)—aii(l‘)yi(l‘)—bi(l‘)yi(l‘—f)], = 1,2,3. (32)
From Lemma 2.4, there exists a constant 7> > 77 such that
i .
yi(t) > WCXP{[HL— (a?f%—b%)M,}f} =m;, ast>T, i=1,2,3.
This completes the proof of this theorem. U

Remark 3.2. From the proof of Theorem 3.1, we can see that if species y; (), y(¢), and y3(¢)
have a positive intrinsic growth rate, then system (1.4) must be permanent.

As a direct result of Lemma 2.4, we have from Theorem 3.1 the following result.

Corollary 3.3. Assume that (Hy) holds. Then, system (1.4) is permanent and admits at least
one positive @—periodic solution.

Now, we will obtain the sufficient conditions for the global attractivity of system (1.4). First,
we denote

M M
A](Z‘)—bl(t)CI(t) _bl Cl :AM,
(1) Ik !
As(f) = bi(t)aiz(t)x2(t —7) <2 a2 —AM
[y (1) I
bl(l‘)a13(t)X3(t — T) bl allng3 M
A3(t) = Fl(l) = 1—‘[11 _A3 )
Au(t) = by(t)arn(t)xi(t — 1) <2 api —AT,
[y (1) I
bl(t)a13(t)x1(t—‘c) b aMM1
ba(t)ea(r) _ b A — u
Aﬁ(t) = FQ(I) = 1—% _A6 )
bz(t)a21 (t)x1 (I—T) b12\4a12\/11M1 M
A7(t)_ Fz(l) = FL =A )
2
A (l‘) _ bz(l)d23(l))€3(l‘— ’L') bg’la%M3 M
8 Ta(t) =TIk 8
Ao(t) = bZ(t)amr(t()f)z(t_ 2P CéﬁMz — AY,
2 2
o bM MM
Alo(f) _ bz(l)(lzg,(l))(z(t T) < 5 azg 2 :A%,
Fz(l) FZ
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_ b3(t)es(r) B

An(t) = < = AT,
I3(2) I
Ap(r) = 0@ 001~ 7) blayiMy
12 [3(1) - I 2
Ans(r) = by(t)axn(t)x(t—1) _biapMy — y
— ~ — 413
I3(1) 5
b3(t)a31 (Z‘)X3 (t — T) b3 a31M3 M
Ap(t) = < ATss
[3(1) I}
by(taz(x3(t—1) _ bYahMs
Ays(t) = = Als)
I'3(1) %
3
By =ap — ) Al — Ay —Afj,
i=1
and
L 5 M M M L S M M
By=dy— Y AV —AY A5, By=ay— ) A -AY,
paer i=10
where

T1(t) = (an2()y2(r = 7) +ai3(t)ys(t = 7) +c1(1)) (a2 (t)xa(t = ©) +ar3(t)x3(r = 7) + 1 (1)),

[a(t) = (a21 (01 (1 — ) +azs(1)y3(t — 7) +c2(1)) (az1 (1)1 (1 = 7) + a3 (1)xs (1 = 7) + 2 (1)),

3(t) = (a31(1)y1 (1 = 7) +az2(t)y2(t — 1) +c3(1)) (a31(t)x1(t = T) +az(t)xa(t — 7) +e3(1)),
Tt = (aiyma +afzmy +cf)?,

L L L I\2
Iy = (ayymi +ayzms +¢3)7,
and
L L L I\2
F3 = (a31m1 +a32m2+c3) .

Theorem 3.4. Suppose that Hy holds and B > 0. Then, system (1.4) is globally attractive, where
B = min{Bl,Bz,B3}.

Proof. Suppose that (y(t),y2(¢),y3(¢)), and (x1(¢),x2(t),x3(t)) are any two positive solutions
of system (1.4). From Theorem 3.1, there exist positive constants M;,m;(i = 1,2,3) and T such
that m; < y;(¢),x:(t) < M;(i = 1,2,3) for all t > T. First, let Vi(t) = Y3, |Iny;(¢) — Inx;(t)].
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Calculating the upper right derivative of V| () along system (1.4), we have

D+V1 (l) =

IA

Next, we let

sign(y1 (1) —x1(1)) | —an () (1) = (1))

yi(t—1)
—0(t) (alz(t)yz(t —T)+aps(t)ys(t —7)+c1(t)
B x1(t—1) )}
alz(Z)XQ<l‘ — T) +a13(t)x3(t — T) “+ 1 (l‘)

sign(y2(1) — %2(0)) | — ax(r) (2(0) — x2(1))

y2(t—1)
—ba(t) <a21 ()y1(t —7) +ax(t)ys(t — 1) +ca(t)
B x(t—1) )}
anq (t)x1 (l‘ — ’L') —1—6123(1‘))63(1‘ — T) —l—Cz(l‘)

sign(y3() = x3(1)) | — axs (1) 03 (1) —x3(1))

y3(t—1)
0 e T =T a7

B x3(t—1) )}
a31(t)x1 (I—T)—I—ag,z(l‘)XQ(t—T +C3(t>
sign(vi (t) —x1(1)) [ — a1 (1) (91 (1) = x1(1)) +Aa(t) (y2(t — T) —22(r — 7))

+As(1)(v3(r — 1) —x3(1 — 7)) DOt —1)—x1(t—1))]
) —x2(t)) +Ag () (y1(f = T) —x1 (1 — 7))
Ai(t) 2 (t — 7) =22t — 7))
—x3(1)) + A () (1t —7) —x1(t — 7))

Ai()(y3(r— 1) —x3(t — 7))

vav
E'>

~.

—~
~ —

_|_Slgn(y2( ) —.Xz(l)) [— a22(t) (y2

+A10(t)(y3(t = 1) —x3(t — 7)) —

N agks:
(=)

~
~—r

+sign(y3(¢) —x3(t)) [ — az3(1) (v3(

+A15(t) (2t = 7) —x2(t — 7)) —

”'MG

i=11
3 3 8
=Y ailyi(t) —xi(0)|+ (LAY + A + A i1 — 1) —xi(t — 1)+ (LAY
i=1 i=1 =6
FAY 1 AY) vt — 7) =t — 7) + (Z00AM +AY) st —7) —xa 0 — 7)].
(3.3)
3
Z ! As +AL) | \y1<> x1(s)|ds
ZAM+A4 AN / [ya(s) —xa(s)|ds + ( ZAM+AM/ v3(s) —x3(s)|ds.

i=10
(3.4)
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Calculating the upper right derivative of V,(¢) and using (3.3), we have

DVi(t) +DVa(t) < —Bilyi(t) —x1(t)| — Balya(t) — x2(2)| — B3|y3(t) — x3(7)|

3 (3.5
— Y Blyi(r)
i=1
Finally, we define a Lyapunov function as follows
V([) = Vl(t) —|—V2(l‘).
Calculating the upper right derivation of V (¢), from (3.5) we can obtain, for all t > T,
3
D'V (1) Z yi(t) (3.6)
Integrating from 7 to ¢ on both sides of (3.6) produces
3
V(1) —|—B/ Z lyi(s) = xi(s)|)ds < V(T) < oo (3.7)
Hence, V() bounded on [T, +oc0), and we have
‘v V(1)
[ X its) ~xo)hds < = < e, 38)
T = G
which implies that
Z yit) —xi(r)] € LN (T, +e0). (3.9)

From the permanence of system (1.4), we can obtain that ¥'3_, [yi(t) — x;(¢)| is uniformly con-
tinuous on [T, +cc). By Barbalat’s lemma, it follows that

lim |yi(f) —xi(£)] = 0, (i = 1,2,3).

o0

This completes the proof of this theorem. 0

Corollary 3.5. Suppose that the conditions of Corollary 3.3 hold and B > 0. Then, system (1.4)
has a positive @— periodic solution, which is globally attractive.

4. NUMERICAL SIMULATION

As an example, in this section, we consider the following Lotka-Volterra three species co-
operative system with ratio-dependent functional responses and delays to illustrate the results
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obtained in this paper

yi(t) = yi1(t)[3.95+0.65cos(r) — (4.15+0.25cos(t) )y ()

(1.1540.2cos(t))y; (t — 0.25)
(3+0.25co0s(t))y2(t —0.25) + (34 0.2cos(z))y3(t — 0.25) +2+0.25 cos(t)} ’
yo(t) = y2(t)[3.54+0.45c0s(t) — (4.2+0.35cos(t))y2 (1)

(1.2+0.15cos(z) )y (t — 0.25)
(3+0.2cos(r))y1(r —0.25) + (3+0.15cos(z) )y3(r —0.25) +2 + O.ZCOS(Z‘)] ’
y3(t) = y3(t) [3.25 +0.35cos(r) — (4.1+0.55cos(1))y3(t)

(1.340.1cos(t))y3(r — 0.25)

(3.540.15cos(z) )y1 (t —0.25) + (3.5+0.1cos(z))y2(t —0.25) +2+0.15 cos(t)] '
4.1)

Hence,

My ~ 1.1795, My =~ 1.0260, M5 ~ 1.0141, m; ~ 0.2403, my ~ 0.2440, m3 ~ 0.2135,

Ih~9.1129, T ~9.4947, TL ~ 12.1427, AY ~0.3333, AY ~0.4882, AY ~ 0.4985,

AN ~0.5679, AY ~0.5591, AY ~0.3128, AY ~0.5367, AY ~0.4542, AM ~0.4668,

A~ 0.4595, AV ~0.2479, AV, ~0.4964, AY, ~0.4258, AY ~ 0.4268, AL ~ 0.4209,
and
By ~ 1.6939, B ~ 1.5576, B3 ~ 1.3613, B=min{B;(i=1,2,3)} = 1.3613.

It is easy to show that system (4.1) satisfies the conditions of Theorem 3.1, Theorem 3.4,
Corollary 3.3 and Corollary 3.5. Hence, system (4.1) is permanent, globally attractive and has
a globally attractive positive periodic solution. The permanence, periodic solution and globally
attractive of system (4.1) are shown in Figure 4.1.
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1.05 T
\—y‘m YT ysm\

0.7 . . : ‘
0 5 10 15 0.85 09 095 1 1.05 14
t y,(t)
08
0.791
078
0.77 1
__oet
=%
>
0.751
0.74
073
0.721
0.71 . ‘ ‘ ‘ 072 . . . . ‘ ‘ ‘ ‘
08 0.85 0.9 0.95 1 1.05 076 077 078 079 08 081 08 083 084 085 086
¥, (0 ¥,(t)
0.78
0.775 I\
0.77
0.765
= 076
™
>
0.755
0.75
0.745
074
0.81
o.aos\J \\
08
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y,®
Fig 4.1. The numerical solutions of system (4.1) with different initial conditions.

From the Fig 4.1 we can see that system (4.1) is permanent and has a globally attractive positive
periodic solution.

5. THE CONCLUSION

In this paper, based on the previous works [7]-[15], one class of non-autonomous three
species Lotka-Volterra cooperative system with ratio-dependent functional responses and time
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delays was proposed. With the aid of the comparison method and the construction of Lyapunov
functions, we obtained the sufficient conditions on the permanence, existence of positive peri-
odic solutions, and the global attractivity of system (1.4). In addition, some numerical solutions
were given to show the feasibility of our results. Moreover, from the conditions of Theorem 3.1
and Theorem 3.4, we have that the conditions of the permanence and global attractivity are not
restrictive.
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