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Abstract: This paper considers a Lotka-Volterra model with time delays and delay dependent parameters. The
linear stability conditions are obtained with characteristic root method. The Hopf bifurcation is demonstrated.
Using normal form theory and center manifold theory, Some explicit formulae for determining the stability and the
direction of the Hopf bifurcation periodic solutions are derived. Finally, numerical simulations are carried out to

support the theoretical predictions.
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1 Introduction

The past decades have witnessed an enormous inter-
est in predator-prey models with stage structures. The
dynamical phenomena of predator-prey models with
stage structures have been extensively investigated be-
cause of the wide application in the field of biomath-
ematics. For example, Ma et al. [1] investigated the
permanence of a stage-structured predator-prey sys-
tem with a class of functional responses. Xu et al. [2]
considered the permanence and periodicity of a de-
layed ratio-dependent predator-prey model with stage
structure. Bairagi and Jana [3] focused on the os-
cillations and control of an age-structured predator-
prey model with habit complexity. Chakraborty et al.
[3] analyzed the local stability, global stability and
Hopf bifurcation of a stage structured prey-predator
model incorporating cannibalism in competitive en-
vironment. For more research on the predator-prey
models with stage structures, one can see [4-14]. In
particular, the appearance of a cycle bifurcating from
the equilibrium of an ordinary or a delayed predator-
prey model with a single parameter, which is known
as a Hopf bifurcation, has attracted much attention
due to its theoretical and practical significance [15-
19]. Here we shall point out that most of the research
literatures on these models are only connected with
parameters which are independent of time delay, thus
the corresponding characteristic equations are easy to
deal with. While in most applications of delay dif-
ferential equations in population dynamics, the need
of incorporation of a time delay is often the result of
existence of some stage structure [20-25]. In fact, ev-
ery population goes through some distinct life stages
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[26-28]. Since the through-stage survival rate is of-
ten a function of time delay, it is easy to conceive that
these models will inevitably involve some delays de-
pendent parameters. Thus the corresponding charac-
teristic equations dependent on the delay 7 become
more complicated. It is often difficult to analytically
study models with delay dependent parameters even if
only a single discrete delay is present, we are resort to
the help of computer programs.

In 2010, Xiang [29] focused on the following im-
pulsive delay differential equation

dz(t) z(t Bx(t)y2(t
20 = ra(r) (1- 22) - 20,
dyi(t) _ kBx(t)y2(t)
dt 1+ax(t)
- 6_@7%)&/3(:)—7) —wyi(t), 3+t #nT,
dy2(t) _ ,—ar AkBr(t—T)y2(t—T)
dt 1+ax(t—T)
— @y2(t) — Y3 (t),

Ax(t) = —px(t),
Ay (t) =0,

Ayz t) =0
(#1(5), pa(s), wa(s)) € Cy = C([-7,0], R),
0i(0) > 0,i=1,2,3.

t=nT,n=1,2--,

(
(

ey
where x(t), y1(t), y2(t) denote densities of the prey,
the immature and mature predator, respectively. 3 is
the predation rate of predator, w is the death rate of
the predator, A represents the conversion rate at which
ingested prey in excess of what is needed for mainte-
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nance is translated into predator population increase.
p(0 < p < 1) represents partial impulsive harvest to
preys by catching or pesticides, 7 is the mean length
of the juvenile period, the capacity rate & is concerned
with the resources which maintain the evolution of the
population, 7' is the period of the impulsive of the
prey. Considering that the first and third equations of
(1) do not contain y; (¢), Xiang [29] simplified model
(1) and only restricted their attention to the following
model:

S = rat) (1-40) — e,
Hafl) = ear TR T) t# 0T,

2
t=nT,n=12--,

(p1(8),p3(s)) € Cy = Cy ([T, 0]’R?‘r)7
i(0) >0,1=1,2.

2
If there is no impulsive effects on the prey, then sys-
tem (2) takes the form

dx T x
i =ra(t) (1- %) - o

dyp(t) _ —r MeBz(t—T)ya (t—T) 3)
dt 1+ax(t—7)

— @ya(t) — py3(t).

Itis well known that time delays which occur in the in-
teraction between predator-prey will affect the stabil-
ity of a model by creating instability, oscillation and
chaos phenomena. The main purpose of this paper is
to investigate the stability and the properties of Hopf
bifurcation of the model (3) which involves some de-
lays dependent parameters. Recently, there are few
papers on the topic that involves some delays depen-
dent parameters, for example, Liu and Zhang [30] in-
vestigated the stability and Hopf bifurcation of the fol-
lowing SIS model with nonlinear birth rate:

i(t) = BIN(t) = I() 5y — (d+2+I),
N(t) = oy e 4 — dN(t) — eI(1).

“)

Jiang and Wei [31] studied the stability and Hopf bi-
furcation of the following SIR model:

S(t) = p— (1) - T

+ It —T)e M,

1(t) = T — (n+ I

T+1(t)
Wang et al. [32] introduced and investigated the fol-
lowing predator-prey interaction model with time de-

)
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lay and delay dependent parameters:

21(t) = a1 (t)z2(t) — ri(t)x1(t)
—a(t - ﬁ)efft—n —r1(s)—k1(s)y2(s)ds

Xxo(t — 1) " Ey(t)xy(t)y2(t),
JbQ(t) = al(t - Tl)eft—n —r1(s)—ki(s)y2(s)ds

xwo(t —11) — Bu(t)3(t),
yi(t) = az(t)%(t)yz(t)t— r2(t)y1(t)

—as(t - TQ)eft*Q ~ra(e)de

xxy(t — Tg)ytg(t — T3),
U2(t) = az(t — 72)€ft”2 el

xx1(t = To)ya(t — ma) — Ba(t)y3(t).

(6)

The meaning of all the parameters in system (4), (5)
and (6), one can see [30], [31] and [32], respectively.
For more work on models with delay dependent pa-
rameters, on can see [33-43].

This paper is organized as follows. In Section 2,
the stability of the equilibrium and the existence of
Hopf bifurcation at the equilibrium are analyzed. In
Section 3, the direction of Hopf bifurcation and the
stability and periodic of bifurcating periodic solutions
on the center manifold are determined. In Section 4,
computer simulations are carried out to illustrate the
validity of the main results. Some main conclusions
are drawn in Section 5.

2 Stability of the equilibrium and lo-
cal Hopf bifurcations

Throughout this paper, we assume that the following
condition holds:

H1): z* <k,
where z* is the positive root of the following equation
psx® + pox® + pray + po = 0, (7
where pg = —(k@f + krp), p1 = ke ®TAB% —

koaf+rp—2akru, ps = (2a—ka?)ru, ps = oru.
The hypothesis (H1) implies that system (3) has a
unique positive equilibrium E(z*, y3), where

*_r(l—%)(1+a:§*)
2 = 3 .

The linearized system of (3) around E(z*, y3) is given
by

<

W) — qy2(t) + azya(t),

W) — pryo(t) + boa(t — 7)
+ b3y2(t — 7),

()
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where
e aBry; By
! k (14 az*)?2 1+ az*’
Bx* -
fry —771) —_ — 2 * s
az Tt a0t = ~(@+2y70)
b € UTABY e TAByia
> 7 1+az (1+ az*)?’
e OT \Bx*
by = -
14+ ax*

The associated characteristic equation of (8) reads as

PO\, 7) + QA m)e M =0, ©)
where
P()\,T) = )\2 +Cl)\+60,
(10)
Q()\, T) = dl)\ + do,
where ¢y = a1b1,c1 = —(a1 + bl), do = a1b3 — asbs,
dy = —bs.
When 7 = 0, then Eq.(9) becomes
A+ (e1 4 di)A + co +do = 0, (11)

Then we have the following result:

Lemma 1 If the condition

(H2): ¢1+d1 >0,c0+dyp >0
holds, then the positive equilibrium E(x*,y3) of sys-
tem (3) is asymptotically stable.

In the sequel, we discuss the existence of purely
imaginary roots A = iw(w > 0) of Eq.(9). Eq.(9)
takes the form of a second-degree exponential polyno-
mial in A, which some of the coefficients of P and Q
depend on 7. Beretta and Kuang [44] established a ge-
ometrical criterion which gives the existence of purely
imaginary roots of a characteristic equation with delay
dependent coefficients. In order to apply the criterion
due to Beretta and Kuang [44], we need to verify the
following properties for all 7 € [0, Tiax ), Where Tiax
is the maximum value which E(z*, y3) exists.

@@ P(0,7)+Q(0,7) # 0;

(b) P(iw, )+ Q(iw,T) # 0;

(©) limsup{|%| :|A] = oo,ReA > 0} < 1

(d) F(w,7) = |P(iw,7)|* — |Q(iw, 7)|? has a
finite number of zeros;

(e) Each positive root w(7) of F(w,7) = 0 is

continuous and differentiable in 7 whenever it exists.
Here, P(\, 7) and Q(\, 7) are defined as in (10).
Let 7 € [0, Tmax ). It is easy to see that

P(OaT)—’_Q(OaT):CO"’_dO#Oa
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which implies that (a) is satisfied, and (b)

P(iw, ) + Q(iw, T)
= —w? + o+ do +iw(cy +dy) #0. (12)

From (2.3), we have

lim
[A| =400

Q()\,T)’ — lim ’ di\+ do ‘ _0
P()\ 7’) [A|—=-+o0 A2 4+ 1A+ ¢
Therefore (c) follows. Let F' be defined as in (d).
From

|P(iw, 7)|> = w? + (¢ — 2co)w? + 3

and
1Q(iw, T)\2 = d%w2 + d2,

we obtain
F(w,7) = wh + (2 — 2 — d})w? + & — d3.

Obviously, property (d) is satisfied, and by implicit
function theorem, (e) is fulfilled.

Let A = iw(w > 0) be aroot of Eq.(9) and substi-
tuting it into Eq.(9) and separating the real and imag-
inary parts yields

do coswT + diw sinwt = w? — ¢,
. (13)
diw coswT — dg SinwtT = —cjw.
It follows from (13) that
) (w? — co)diw + crdyw?
sinwr = B 1 & ,  (14)
2 dn — c1d 2
coOsSwT = (w c)do — crdhw . (15)

dd3w? + d2

By the definitions of P and @) as in (10), respectively,
and applying the property (a), then (14) and (15) can
be written as

. [P(iwﬁ)}
sinwr = Im|——"""<|,
Q(iw, 7)
Pl
coswT = —Re[ (%w’ﬂ]
Q(iw,T)
which leads to |P(iw,7)|*> = |Q(iw,T)|>. Assume

that I € R, is the set where w(7) is a positive root
of
F(w,7) = [P(iw,7)|* = |Q(iw, 7)|

and for 7€, w(7) is not definite. Then for all 7 in
I, w(T) satisfied F'(w,7) = 0. The polynomial func-
tion I’ can be written as

F(w,7) = h(w? 1), (16)
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where h is a second degree polynomial, defined by
h(z,7) = 2% 4 (¢} — 2co — d3)z + 2 —d3.  (17)
It is easy to see that
h(z,7) = 224+ (3 —2co—d3)z+c2—d3 = 0. (18)

has only one positive real root if the following condi-
tion (H3) holds.

(H3): 3 < d3.

We denote this positive real root by z;. Hence,
Eq.(16) has only one positive real root w = /z1.
Since the critical value of 7 and w(7) are impossible
to solve explicitly, so we shall use the procedure de-
scribed in Beretta and Kuang [44]. According to this
procedure, we define 6(7) € [0, 27) such that sin 6(7)
and cos 0(7) are given by the right hand sides of (14)
and (15), respectively, with 6(7) given by (18). This
define 0(7) in a form suitable for numerical evaluation
using standard software. And the relation between
the argument 6 and w7 in (17) for 7 > 0 must be
wr=0+2nt,n=12---

Hence we can define the maps: 7, : I — Ryg

given by
0 2
() o= 220

T >0,n=0,1,2---
w(7)

19)
where a positive root w(7) of (F(w, ) = 0. exists in
L. Let us introduce the functions S,,(7) : I — R,

0(t) + 2nm
w(7)
which are continuous and differentiable in 7. Thus we
give the following theorem which is borrowed from

Beretta and Kuang [39].

Sn(7_>:7—_ 7n:071727"'7 (20)

Theorem 2 Assume that w(T) is a positive root of
(9) defined for r € 1,1 C Ry, and at some 19 €
1,5, (1) = 0 for some n € Ny. Then a pair of
simple conjugate pure imaginary roots A = +iw ex-
ists at T = 19 which crosses the imaginary axis from
left to right if 6(19) > 0 and crosses the imaginary
axis from right to left if 6(19) < 0, where 6(19) =

sign [FC;(WT(),To)} sign [ngT(r)

T=To

Applying Lemma 1 and the Hopf bifurcation the-
orem for functional differential equation [45], we can
conclude the existence of a Hopf bifurcation as stated
in the following theorem.

Theorem 3 For system (3), if (H1)-(H3) hold, then
there exists s 19 € I such that the equilibrium
E(x*,y3) is asymptotically stable for 0 < 1 < T,
and becomes unstable for T staying in some right
neighborhood of 19, with a Hopf bifurcation occur-
ring when T = 1.
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3 Direction and stability of the Hopf
bifurcation

In section 2, we have already derived some conditions
which ensure that the Lotka-Volterra model with time
delays and delay dependent parameters undergoes the
Hopf bifurcation at some values of 7 = 7. In this sec-
tion, we shall obtain the explicit formulae for deter-
mining the direction, stability, and period of these pe-
riodic solutions bifurcating from the positive equilib-
rium E(z*, y4) at these critical value of 7, by applying
techniques from normal form and center manifold the-
ory [45], Throughout this section, we always assume
that system (3) undergoes Hopf bifurcation at the pos-
itive equilibrium E(z*, y5) for 7 = 79, and then +iwy
is corresponding purely imaginary roots of the char-
acteristic equation at the equilibrium E(z*, y3).

For convenience, let 7 = 79 + v,v € R. Then
v = 0 is the Hopf bifurcation value of (3). Thus,
we shall study Hopf bifurcation of small amplitude
periodic solutions of (3) from the positive equilibrium
point E, (z*,y5) for v close to 0.

Letui(t) = x(t)—a*, ua(t) = yo(t) —y3, z(t) =
ui(7t),y2(t) = wa(rt), ™ = 70 + v,then system (3)
is transform into an functional differential equation
(FDE) in (C = C(—1,0], R?) as

du _
dt

where u(t) = (z(t),y2(t))’ € R?and L, : C — R,
f: R x C — R are given respectively by

Lyé = (10 +v)B¢(0) + (10 +v)Go(-1), (22)

Ly (ug) + f(v, ), (2D

where
_ a1 az {0 O
s (e
and
_ fl(yv¢)
f(l/a ¢) - ( f2(1/, ¢) ) 9 (23)
where

fi(v,8) = (10 + v)[azg3(0) + as¢1(0)¢2(0)
+ as¢3(0) + agp?(0)p2(0) + h.o.t],

fo(v, ) = (10 + 1) [b493(0) + b3 (—1)ha(—1)
+ b (—1) 4 br¢pi(—1)d2(—1) + ho.t],

where
aBys o’Batys
as = — - —,
s 14+ az*)? (Q1+az*)? k
afx* I}
a4 =

(1+az*)? 1+ az*’
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Vo O By
(1+ax*)* (14 az*)3’
af a?pz*
a6 (14 az*)?  (1+ ax*)3’
by — e “TaBAys B e~ a2 BAz*
(1 + ax*)? (14 az*)3
by — e“’”aﬁj\x* B 6_5”55\
(14 az*)?2 1+ ax*’
by — e_wTOéQﬁ;\{L‘*y* B e—&7a265\y§
(1+ az*)* (1+ az*)3 "’
b — e TS B e 9T a2 Bz
(14+az*)2 (1+ax*)3 "’

Clearly, L, is a linear continuous operator from C to
R?. By the Riesz representation theorem, there exists
a matrix function with bounded variation components
n(#,v),0 € [—1,0] such that

o= [ i), ferscc @b

)M@

)&e+n, (25)

In fact, we can choose

ap a2

n(0.v) = <m+u>( 0

0 O
where § is the Dirac delta function.
For ¢ € C([-1,0], R?), define

do(6
i) ~1<6 <0,
Ao =1
JZpdn(s,v)e(s), 0=0
(26)
and
0, ~1<6<0,

Then (3) is equivalent to the abstract differential equa-
tion

iy = A(W)ug + R(v)uy, (28)

where u = (x,y2)T, u (0) = u(t +0),0 € [-1,0].
For ¢ € C([0,1], (R%)*), define

s € (0,1],

s=0.
(29)
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For ¢ € C([-1,0,R?) and ¢ €
C([0,1], (R?)*), define the bilinear form

_ 0 ro _
<u0>=5000)- [ [ b0

(30)
where 7(0) = n(6,0). We have the following result
on the relation between the operators A = A(0) and
A*,

Lemma 4 A = A(0) and A* are adjoint operators.

The proof is easy from (30), so we omit it.

By the discussion in Section 2, we know that
+iwgTy are eigenvalues of A(0), and they are
also eigenvalues of A* corresponding to iwyTy and
—1iwqTg, respectively. We have the following result.

Lemma 5 The vector
q(0) = (1,7)Te™™ 6 € [-1,0],

where )
iwo — ag

a2

is the eigenvector of A(0) corresponding to the eigen-
value 1wy, and

q*(s) = D(l,’y*)eiwoms, s € [0,1],
where ]
« ot ar
- bzefiwro

is the eigenvector of A* corresponding to the eigen-
value —iwoTy, moreover, < q*(s),q(6) >= 1, where

D =1+ 57" + byy*e0™ 4 bygy*eiom,

Proof. Let ¢(0) be the eigenvector of A(0) cor-
responding to the eigenvalue iwgry and ¢*(s) be
the eigenvector of A* corresponding to the eigen-
value —iwy7p, namely, A(0)q() = iworoq(f) and
A*q*T(s) = —iwoToq*” (s). From the definitions of
A(0) and A*, we have A(0)q(d) = dq(#)/df and
A*¢*T(s) = —dq*T (s)/ds. Thus, ¢(6) = ¢(0)e*o70?
and ¢*(s) = ¢*(0)e*0™s, In addition,

0
| dn®)a®) = 7Ba(0) +mGa(-1)
= 70A(0)g(0) = iwoToq(0).
Namely
Wy — a1 —a3
< _b26—iw070 in o bl o bse—iwoq—o > q(O)

(€29)

:<g)_
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Therefore we can easily obtain

. in — ai
= 7@2 .
So _ .
Wy — aq
0O=11
a(0) = (1,22
and hence
1) = (1,201 s
ag
On the other hand,

[ @ ano) = B ¢ T0) + 06 e T (1)

= 10A*q*T(0) = —iwoog*” (0).

Namely,
—iwo — ai

:(g).

Therefore we can easily get

—bge_ZWOTO

—in — bl - b3€

—1iWwoT0 > q*T (O)

(33)

« _ wo+ay
- b2€7iWQTQ ’
and so o+
" . wwo ai
v 0= (5
and hence

wo + a1

* _ tWoTOS
q (8)_<17_b26u‘)070>6 070S

we shall verify that <
>= 1. In fact, from (30), we have

In what follows,

q*(s),q(0)

1+VW—/lﬂmﬂ%Mw®@KLwT

b \
— A — —_

Dl+w-Mwe“m+%wemm}
1.

Next, we use the same notations as those in Has-
sard, Kazarinoff and Wan [45], and we first compute

E-ISSN: 2224-2880
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the coordinates to describe the center manifold Cj at
v = 0. Let u; be the solution of Eq.(3) when v = 0.
Define

z(t) =< ¢*,u >,
(34)
W (t,6) = u(8) — 2Re{=(t)q(6)}-
on the center manifold C, and we have
W(t,0) = W(z(t), 2(1), 0), (35)
where
52
W(z(t),z(t),0) = W(z,Z2) WQOE
72
+Wii12Z + W(]Q? + (36)

and z and Z are local coordinates for center manifold
Cy in the direction of ¢* and ¢*. Noting that W is also
real if u; is real, we consider only real solutions. For
solutions u; € Cy of (3),

(1)
=< q"(s),
=< q"(s),
=< A"¢*(s

=< q"(s),us >
A(O)Ut + R(O)Ut >
A0)ur > + < ¢*(s), R(0)uy >
), Uy > +§*(0)R(O)ut
)

0
- [ - @ a0 romE s

)
=< iwoToq"(s), ur > +¢*(0) (0, u(0)
o(2

def .

= iwoToz(t) + ¢*(0) fo(2(t), 2(2)). (37

That is
2(t) = iwoz + g(z, 2), (38)

where

9(2,2) = g5 +gnzz+ g
22z

Tga o 39

Hence, we have

9(z,2) 7 (0)fo(z,2) = f(0,u)
= D(1a7*>(fl(ovut)vf2(0aut>)T7(40)
where
f1(0,uz) = molazx? (0) + a42¢(0)y2:(0)

+ a5y (0) + agTi (O)ygt (0) + h.o.t.],
f2(0,ut) = 70[b4312t( ) + b5zt (—1)yae(—1)
+ br(—1) + byzZ(—1)yae(—1) + hoo.t],
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Noticing uy (0)

~—
Q-‘H

(=
>

2q(0) + 2q(0) and q(0) = (1,~)T €079, we have
2(0) = z+2+ W) 2+Wf”( 0)27
WO
y(0) = yz+72+ Wi (O)ZQ2 + W 2(0)2z
WD
x(—1) = e_i“0T°z+ei“’OT°Z+Wg(é)(—l)zj
RS RIS
yar(—1) = e Z“°T°z+'yew°T°z+W ( ) 2
W 1)z + WD (- )Z22+---.

From (39) and (40), we have

=q(0)fo(z,2)

wt) +7* f2(0, )]

= Dy [(a:s + aqy) + yx(ba + bse” 2“}070)’7} 2
+ Dy {2a3 + 2a4Re {7} + (204 y]?
+2b5Re{fy})} 2z + Dry [(13 + as7?

(b4 + byye? o) | 52

+Drofas (2W11(0) + Wi (0))

+as (2017 (0) + 291 (0))

+3as + a6(2y +7)

+7 [ba (29017 (0) + W3 (0))

tbs (,_ye—iwov'ow(l)(_ )+ —zwo'roW )( 1)
A ezwgmw( )( 1))

+3bge"woTo 4 b (27 + Je WOTO)} }
+h.o.t..

1) + oo

Then

920 = 2Dy [(a3 + agy) + 7 (bs + bse20T0)y]
g1 = D7y |:20,3 + 2a4Re{} + 7% (2b4|y|?

+ 2bsRe{7})],
go2 = 2D70 [az + as7? + 7#(ba7? + bsye?om)]
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g1 = 2Dmo{az (2011 (0) + Wi (0))
+as (20,7 (0) + 29W{1(0)
+ 3as + ag(2y + )
+ 7% [ba (29W17(0) + W3 (0))
+ b5 ’ye_WOTOW( )( )—I-G_WOTOW( )( 1)
+ M eMOTOW( )( 1)+ e“"OTOW( )( ))
+3bge 0T + by (2 + e~ woT0)] }
In the sequel, we will compute the following value:
Wig (0), Wig) (1), W1 (0), Wi (=1), Wi (0),
W2 (=1). It follows from (28) and (34) that

v

AW — 2Re{q" ( )foa(0)}, —1 <6 <0,

AW — 2Re{q"(0) foq(0)} + fo,0 = 0.
def
= AW+H(z,z,0), (41)
where
22 z2
H(Z, z, 9) = HQQ(G)E-}-HH(9)22+H02(9)E+ ..
(42)
Comparing the coefficients, we obtain
(A - inoTo)Wgo = —HQ()(@) (43)
AW (0) = —Hi1(9), (44)
and we know that for 6 € [—1,0),
H(z,7,0) = —q(0)foq(0) — q"(0)fod(0)
= —g(2,2)q(0) - g( 2)q(0). (45)

Comparing the coefficients of (42) with (45) gives that
Hao(0) = —g20q(0)

H11(0) = —g119(0) — 9114(0).
From (43),(46) and the definition of A , we get

— G02q(0), (46)

(47)

Wao(0) = 2iwomoWao(0) + g209(0) + go2q(6). (48)

Considering that ¢(6) = ¢(0)e™0™?, we have

igOZ —(O)e—iwo’roe

2 .
920 q(o)ezwm’o@ + 3w07—0

woTo
+E1 e2zw0709 7

Wa(0) =
(49)

where B} = (E%l), E%Q))T is a constant vector.
Similarly, from (44), (47) and the definition of A,
we have

Wi1(0) = g119(0) + g114(0), (50)
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Wit (8) = — I g (0)eiwomod 1 YU gy =it | 5,
woTo WoTo
5D
where Ey = (Eél), Eéz))T is a constant vector.

In what follows, we shall seek appropriate F1,E>
in (49), (51), respectively. It follows from the defini-
tion of A, (46) and (47) that

0
[1 dn(e)WQO(G) == 2’inTOW20(O) — Hzo(O) (52)

and

/_ 01 dn(6) W1 (8) = —H11 (0), (53)

where n(0) = (0, 0).
From (43), we have

Ho(0) = —g20q(0) — go2d(0) +70 (M7, Ma) ™, (54)

where
M = a3 + agry, My = (by + bge™ 24070),

In view of (44), we have

— g11(0)@(0) + 1o(N1, No)T,
(55)

Hi11(0) = —9119(0)
where
N1 = 2a3 + 2a4Re{'y}, Ny = 2b4|’7|2 + 2b5Re{'y}.

Noting that

(ionOI — [ 01 eiwomf’dn(e)) q(0) =0, (56)

0 )
(—iwoml —/ e“"oTOedn(G)) g(0)=0 (57
—1
and substituting (49) and (54) into (52), we have

(U
<2inTOI —/ 62’“0T00d77(9)) E = To(Ml,MQ)T.
-1

(58)
That is

(2iwgmol — 9B — 19Ge 20T By = 10(My, My)T,
(59)

—2iwoTo >
) .(60)

then

2in — ax
2in — bl — b3€

_b2€f2iw07—0
(BN
EP®
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Hence E%l) =42 E£2) = <2, where

X’

e = (a3 + a4’y)(2iw0 — by — b3672iw07—0)
Fag[by + bse 21070 )]

es = (2iwg — a1)[by + bse 20T0)4]
+(a3 + agy)boe ™20

X = (Qia)() — al)(ino — b1 — b3€_2iw07—0)
—azbge_%wm—o.

Similarly, substituting (51) and (55) into (53), we have

0
</ 1 dn(e)) Ey = 19(Ny, No)T. (61)
Then
(B+ G)Ey = (—Ny, —No)T. (62)
That is
a1 as Eél)
ba by + b3 EéQ)
_ —(2a3 + 2a4Re{~}) 63)
—(2b4]y? + 2b5Re{~}) |-
Hence
g0 _ 02((2bay]? + 2bsRe{r})
2 ay(by + b3) — agbsy
EY = 7

al(b1 + bg) — agbg’

where 0 = by(2a3 + 2a4Re{y}) — a1(2bs|7|? +
2bsRe{~}). From (49),(51), we can calculate go; and
derive the following values:

2
a(0) = o (920911 —2|gu|* — ‘9032‘ ) + %4
Re{c1(0)}
H2 Re{Al(To)} ’
B2 = 2Re(c1(0)),
7 Im{e (o)}:ouigm{k’ (10)}

These formulaes give a description of the Hopf bifur-
cation periodic solutions of (3) at 7 = 79 on the center
manifold. From the discussion above, we have the fol-
lowing result.

Theorem 6 The periodic solution is supercritical
(subcritical) if pa > 0 (ug < 0); The bifurcating peri-
odic solutions are orbitally asymptotically stable with
asymptotical phase (unstable) if 52 < 0 (B2 > 0);
The periods of the bifurcating periodic solutions in-
crease (decrease) if Ty > 0 (T < 0).
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4 Numerical Examples

In this section, we carry out some numerical simula-
tions to verify the analytical predictions derived in the
previous section. Letr = 1,k = 2,a = 3,8 =
2,0 =02, u = 0.2,A = 0.5. Then system (3) be-
comes

L = () (1- ) - 2hee,
d —0.27 2z(t—7 —T
y;t(t) — 02 (1:3%2_(2) ) (64)

—0.2y2(t) — 0.293(2).

Obviously, system (64) has a positive equilibrium
E(x",y5).

By Matlab 7.0, we get only one critical value
of the delay 75 ~ 0.9201,wp ~ 1.7135,\ (19) =~
0.4053 —0.5172:. Thus we derive ¢1(0) =~ —2.4451—
4.0566¢, p2 ~ 6.0328, By ~ —4.8902,T5 ~ 4.5526.
The conditions in Theorem 3 hold true. It follows
that 2 > 0 and B2 < 0 that the positive equilibrium
E(z*,y*) is stable when 7 < 79 which is illustrated
by the computer simulations (see Figs.1-4).

x(t)

0.75 L L L L L L L
0 50 100 150 200 250 300 350
t

Figure 1

115

11

1.05F

1+

¥,

0.95-

0.9+

0.85

0.8

0 50 100 150 200 250 300 350
t

Figure 2
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115

11

1.05F

¥,

0.95-

0.9

0.851

0.8

0.8 0.9 1
x(®

Figure 2

X(t) o t

Figure 4

When 7 passes through the critical value 7y, the
positive equilibrium E(z*,y3) loses its stability and
a Hopf bifurcation occurs, i.e., a family of peri-
odic solutions bifurcate from the positive equilibrium
E.(z*,y*). Due to p2 > 0 and /33 < 0, the direction
of the Hopf bifurcation is 7 > 79 and these bifurcat-
ing periodic solutions from E(z*,y3) at 7y are stable,
which are shown in Figs.5-8.

Figs.1-4. The time histories and phase portrait
of system (64) with 7 = 0.8 < 79 ~ 0.9201 and
the initial value is (0.8,0.8). The positive equilibrium
E(z*,y3) is asymptotically stable.
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1.2
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1200

Figure 6

¥,

Figure 7

Y,

1500
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Figure 8

Figs.5-8. The time histories and phase portrait of
system (64) with 7 = 1 > 19 ~ 0.9201 and the initial
value is (0.8,0.8). Hopf bifurcation occurs from the
positive equilibrium E(z*, y3).

5 Conclusions

In the present paper, we obtain the conditions to en-
sure that the positive equilibrium of a Lotka-Volterra
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model with time delays and delay dependent parame-
ters is asymptotically stable by employing the method
due to Beretta and Kuang [41] and analyzing the dis-
tributed of the eigenvalues. By regarding the time
delay as bifurcation parameter, we find that Hopf bi-
furcation occurs when the delay passes through some
critical values. Some formulae for determining the
stability and the direction of Hopf bifurcation for a
Lotka-Volterra model with time delays and delay de-
pendent parameters are given by using the normal
form theory and the center manifold theorem. Finally,
numerical simulations are carried out to validate the
theoretical findings.
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