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ABSTRACT. This work is devoted to studying the effects of time-delay on the dynamics of a
two prey-one predator system with quadratic self-interaction. The essential dynamical structures
of the delayed system are analyzed by means of local stability analysis and bifurcation theory.
Taking the time lag 7 as a free parameter, the necessary conditions for the existence of the Hopf
bifurcation around the interior equilibrium of the system has been derived both analytically and
numerically. It is observed that a Hopf bifurcation occurs when the bifurcation parameter crosses a
certain threshold value and it is found that the dynamics of the system can be effected significantly
by the time delay which has both stabilizing and destabilizing impacts depending on the magnitude
of the delay. Moreover, we derived the explicit formulas in order to determine the direction of the
Hopf bifurcation and examine the nature of the bifurcating periodic solution by using the normal
form method and the center manifold theorem. Eventually, some numerical simulations are given to

verify the derived theoretical analysis.
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1. INTRODUCTION

In ecological systems, the interaction between prey and predator is one of the
basic interspecies relations, which shapes the community structure and ecosystem

stability. Usually, the species regarded as food is called the prey and the consuming
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species the predator [[7]. Also, a predation is known as a biological interaction in
ecology where a predator feeds on a prey while the accessibility of prey for predation
is recognized as a functional response. Among this interaction, the rate at which
prey are consumed by the predator can be determined by the a particular functional
response [1, b, 0].

Thus, the predator—prey models are playing a fundamental role in mathematical
ecology due to their importance and universal existence. The mathematical model
of predator-prey which is originally introduced by Lotka and Volterra, describe the
growth rate of the population involved in predation process and it is known as Lotka—
Volterra model [, B]. There has been great attention with a huge number of stud-
ies in population models during the last few decades which amongst of them, the
predator-prey systems play an important role in population dynamics. Many applied
mathematicians and ecologists have focused on the stability of the predator—prey
models and in particular, they have analyzed the stability and dynamical behavior
of such systems by incorporating the time delays into the models. Hence, a system
of predator—prey becomes more realistic by introducing time-delays into the system
8, 15].

Introducing of delay in a system makes the system infinite-dimensional and gen-
erally, delay differential equations (DDEs) exhibit very complicated dynamics than
ordinary differential equations (ODESs) since a time delay destabilizes the system’s
equilibria and could cause fluctuation in the population. Therefore, one of the es-
sential topics concerning predator-prey systems is to investigate the influence of time
delays on the dynamical behaviors of the systems such as periodic structure, bifurca-
tion and so on [4, 8, 9, 25]. Time-delay dynamical systems are generally described by
DDEs which arise frequently in various models and have wide range of applications
in science and engineering [10, [11]. For the earlier years, DDEs has attracted many
researchers’ attention in diverse subjects, including mathematics, physics, biology,
economics, engineering, etc [19, 22, 23]. Also, many natural systems are mathemat-
ically modeled by nonlinear delay differential equations which contain one or more
time delays. For example, several practical systems such as controlling systems, net-
work communication systems, manufacturing processes, population dynamics, rocket
motors, nuclear reactors, load balancing instability in parallel calculation, and other
various physical phenomena can be described by delayed models [19, 22, 25]. Recently,
the influence of time delay in the predator-prey system with functional response func-
tions are studied by many scholars [16-18]. The stability analysis of time delay system
has been an active field in the control community since time delay can considerably
change the performance and stability of a control system [13]. The stability changes
can take place when the time delay crosses a threshold, a stable limit cycle may

emerge through a local Hopf bifurcation [5, 20]. Hence, Hopf bifurcation scheme has
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been extensively used to acquire more information about periodic solution properties
near an equilibrium point of a nonlinear system [21].

In [2], I.LK. Aybar et al. discussed the two prey-one predator system consisting of
quadratic self interaction in the prey equations. In fact, the predator species of the

considered system interacts with two prey species described by:

dx
pri x(ay — iz — c1y),
d

(11) d—i :y(—a2+b2$+022),
dz
o= z(az — byy — c32),

where x and z represent the population densities of prey-A and prey-B, respectively,
and y denotes the predator’s population density. In order to have physical and bio-
logical descriptions, all parameters and variables of system () are assumed to be
nonnegative. The detailed biological meanings of parameters are shown in Table [I|.

The authors of [2] investigated the the singular points’ stability of system (@), and

TABLE 1. Biological meaning of parameters.

Parameter Biological meaning
ax Growth rate of prey-A in the absence of predator
as The death rate of the predator in the absence of the preys
as Growth rate of prey-B in the absence of predator
b1 Quadratic self interaction rate of prey-A
by Consumption rate of the predator over prey-A
b3 The death rate of prey-B due to predation
c1 The death rate of prey-A due to predation
Co Consumption rate of the predator over prey-B
C3 Quadratic self interaction rate of prey-B

by means of numerical simulation, they showed that solutions trajectories of the sys-
tem can be approached to the stable singular points under given conditions. They
also introduced an approach for examining the existence of Hopf bifurcation.
Motivated by the recent work of I.K. Aybar et al. [2] with considering the fact
that the more realistic models should consist of delay differential equations without
instantaneous feedbacks, we focus on the following time delayed predator-prey system

with a single delay consisting of three species which represent the population densities



66 ABDUL HUSSAIN SUROSH*’, REZA KHOSHSIAR GHAZIANI®*, AND JAVAD ALIDOUSTI®

of two prey and one predator species:

( dz—g) - x(t)(al —biz(t —7) — Cl?/(t))v
(1.2) < d?iz—f) = y(O)( =@+ byt —7) + er2(t = 7)),

The initial conditions of the delayed system ([L.9) can be chosen as:
2(0) = 61(0),  y(0) = ¢2(0),
2(0) = ¢3(0),  0€[-70],
where ¢ = (¢1, 2, ¢3)7 € C. Here C represents the Banach space C([—7,0],R?)

of continuous functions mapping from the interval [—7,0] into R® = {(z,y,2) |x >

(1.3)

0,y > 0,z > 0}. For biological feasibility, the initial functions are considered as
¢:(0) >0, Oe[-71,0], i=123.

The paper main concern is to study the possible stability switches of the predator—
prey system () with time delay and investigate how the time lag effects on the
dynamical behavior of this system. As the time delay 7 is treated as a bifurcation
parameter and when it is passed though its critical value, we observe that the positive
equilibrium losses its stability and the system exhibits limit cycle oscillations, i.e. a
Hopf bifurcation occurs.

The remainder parts of the paper are arranged as follows. In Section E, by linearizing
the system (@) around the positive equilibrium point, the associated characteristic
equation is discussed and stability analysis is performed. Furthermore, by taking 7 as
a bifurcation parameter, the conditions for the existence of Hopf bifurcations at the
positive equilibrium are obtained. In Section B, by the help of normal form method
and theory of center manifold discussed in [27], we derive an explicit statement in
order to determine the direction of the Hopf bifurcations and stability of the bifurca-
tion periodic solutions. In Section H, some numerical simulations are performed based
on the suitable parameters’ values and time delay to examine the derived analytical

results. A brief conclusion is included in Section B

2. STABILITY OF POSITIVE EQUILIBRIUM AND HOPF
BIFURCATION ANALYSIS

In this section, we investigate the local stability and effect of delay on the
dynamic behavior of system () around the positive equilibrium (i.e., coexistence

equilibrium) based on its linearized form. So if the conditions

(Hl) aoC3 > a3Ca, a1b2 > agbh ascy > albg.
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are fulfilled, then system () has a unique positive equilibrium E*(z*, y*, 2*), where

. aibscs +ci(ages — aser)
N bibsco + bacics

. azbicy + c3(arby — ashy)
N bibsco + bacics

o asb1bs + bo(asc) — Glbg)‘
bibsco + bacics

For local stability analysis, we use the transformation X (t) = x(t) —z*, Y (t) = y(t) —
y* and Z(t) = 2(t) — z* to obtain the linearized system. Therefore, the linearization

of () around E* takes the form:

(dX (t
% = CL11X<1€> + CL12Y(t) + b11X<t — 7'),
dY (t
(21) % = GQQY(t) +621X(t—7') +b232(t—7'),
dz(t
# — Y (1) + asZ(t) + by Z(t — 7),
\
which can be written as
X(t) X(t) X(t—7)
(2.2) Y(t) | =A | Y() | +A | Y(E—71) |,
Z(t) Z(t) Z(t—71)
where
a1 — bix* — y* -t 0 a1 a2 O
Al = 0 —ay + box* + 92" 0 = 0 agp O
0 —632* as — bg’y* — 632* 0 Q32 Q33
and
—blili* 0 0 bll 0 0
Ao = boy* 0 oy | =] by 0 b3

0 0 —cg2* 0 0 bs3

The characteristic polynomial of the delayed system (), depending on 7, can be
described by

A—(an + b1167)‘7) —ai2 0
det —bgle_)‘T A — Qg —b236_)‘7 =0.
0 —as9 A — (a33 + b336_)\7)

Then, a straightforward calculation leads to

(2.3)
AN T) = AN+ DA + oA+ po + (QQ)\Q + @A+ C_Io)e_M + (M A + ho)G_DT =0,
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where
P2 = —az3 — Q22 — Q11, P1 = G220A33 — (—a33 - &22)%1, Po = —a11G220a33,
q2 = —bszs — b1,  q1 = (b1 + bsz)agy — bagaga + bszars — aiabay + byiass,

go = (—a11bs3 — bi1ass)age + ajiasabes + ajpagsbay, hy = byybss,

ho = (Cl12521 - a22b11)1)33 + azzbi1b23.
Multiplying both sides of (@) by e, gives
(24) ()\3 +p2/\2 + pl)\ + po)@AT + QQ)\Q + (]1/\ + qo + (hl)\ + h0)€_>\7— =0.

In order to analyze the distribution of roots of Eq. (@), we use the following result
given in [26].

Lemma 2.1. Consider the transcendental equation
P(A e, e ey = A plOACD o A 4 )
+ |:p§1)A(TL—1) + .. +p(n_1)>\ +pn i|€—>\7'1

+oee [p(lm)/\(n_l)-i- 4 pi A+ pl } AT =,

where 7; >0 (1 =1,2,--- ,m) andpgi)(i =0,1,---,m;j=1,2,--- n) are constants.
As (11, 7o, -+, T) vary, the sum of orders of the zeros of P(\,e™™,--. [ e=*™) in the
open right half plane can change, and only a zero appears on or crosses the imaginary

axis.

For analyzing the system () dynamically, we consider the following two cases.

Case I: 7 = 0. To examine the stability of £* for 7 = 0, we substitue 7 = 0 into Eq.
(@) which reduces to

(2.5) AN =X+ (pa + @)\ + (01 4+ qu + h)X +po + qo + ho = 0.

So based on Routh-Hurwitz criterion [12], we know that all roots of Eq. (@) have

negative real parts if the following conditions hold
(Ha) P2+ q2 >0, Po+ qo + ho > 0, (P2 + @2)(P1 + @1 + h1) > po+ qo + ho.
Hence, we have the following lemma.

Lemma 2.2. If the conditions (Hy) and (Hs) hold, then the equilibrium point E* of
system, () becomes locally asymptotically stable for T = 0.
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Case II: 7 # 0. In this case, we apply the Hopf bifurcation theory i.e. a dynamical
system undergos a Hopf bifurcation if its corresponding characteristic equation has a
pair of complex conjugate pure imaginary roots. Obviously, +iw (w > 0) are a pair

of purely imaginary roots of Eq. (@) if and only if w satisfies
(2.6)  (—iw® — pow® + prwi + po)e™” — qow® + qrwi + qo + (Rwi + hg)e ™ = 0.
Then we get
(po + ho — paw?) cos(wT) + w(hy — p1 + w?) sin(wr) = gw* — qo,

(27) w(hy + p1 — w?) cos(wT) + (po — ho — paw?) sin(wr) = —qw.
which leads to
(2.8) Q2 cos? (woT) + Q1 sin(weT) cos(woT) + Qo = 0,
where

Qo = 4hiwi — 4(hapy — hope)wi + 4hopo,

Q1 = 4((haps — ho)w§ + hopr — hapo)wo,

Qo = —wi + Gowy + (a7 — 2q0g2)wi + g5 — (p5 + 2h1 — 2p1)w;

— (W3 + p} + 2hops — 2hapy — 2popa)wy — (ho — po)*.
According to sin(wer) = £4/1 — cos?(wpT) and (@), we get
(2.9) Iy cos*(woT) + 1y cos? (woT) + 1y = 0,
where
Lb=Q7+Q5 hL=20:1Q:—Q%, ly=Q}

Let cos(wyT) = 7, then we have
(2.10) lLor* + 17 + 1y = 0.
Let A = 12 — 4lyly, then the roots of () are as follows:

B @ lo(—=1ly + \/z)

_Q lo(—l + VA)
2

™ 92 l2 ) ro = 12 )
rs = 5 Ty = — :
2 l2 2 12
According to the analysis above, the expression of cos(wy7) can be derived as
(2.11) cos(woT) = fi(wo),

where fi(wp) is a function w.r.t. wy. By substituting () into (@), the expression

of sin(wgT) can be obtained as

(2.12) sin(woT) = fa(wo),
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where f>(wp) is a function w.r.t. wg. Thus we can get

(2.13) P2 () + Falw) = 1
We can obtain wq from () by using mathematical software. Then, based on (),

we have

(2.14) r,ﬁj) = wi[arccos(fl(wo)) +2jm], (7 =0,1,2,---).
k

Hence, we can derive a more clear explicit formula for determining the values of 7',5] )

by direct computation of (@), ie.

1 .

o larccos(Q) + 2j], L>0
L2 — arccos(Q) + 2jn], L <0,

Wk

(2.15) ) =

where
L = sin(wy i)

(= qawit + ((h1 + p1)g2 — paqu + qo)wi — (p1 + h1)qo + (po + ho)qr) wr

—wp + (2p1 — p3)wi + (A + 2pops — p)wi + hi — pg
(p2g2 — qu)wy, + ((Pl —h)q1 + (ho — po)g2 — p2CI0)W;% — (ho — po)qo
—wp + (2p1 = p3)wy; + (AT + 2popa — p)wi + hg — Py '

Lemma 2.3. Let 7 = Tk(;j) be defined by (M) or (HB‘) Assume the conditions (Hy)
and (Hy) hold, then we deduce the following statements:

I

Q = cos(wgTk) =

(i): If 7 €[0,70), then Eq. @) have the roots with strictly negative real parts.
(ii): At 7 = T,Ej) (k =1,2,3;5 = 0,1,2,--+), Fq. @) has a pair of complex

conjugate roots +iwy and all other roots have negative real parts.

Moreover, in order to discuss the existence of Hopf bifurcation with respect to
the bifurcation parameter 7, we need further analysis, i.e, to verify the transversality

condition.

Lemma 2.4. Let \(7) = n(7) + iw(T) be a root of (@) near T = T]gj) satisfying
n(T(j)) =0 and w(T,Ej)) = wy, then, the following cross-sectional condition holds
d
—Re(A(7))] 0,
|:d7' e( (7_)) A=iwg,T=To ?é
where wy, To are the critical frequency and bifurcation point of system (), respec-

tively.

Proof. Differentiating the characteristic Eq. (@) w.r.t. 7, we get
(3A2 4 2po A + p1) e 4+ (X3 4 poA? + pid 4 po) 7 4 2g0X + @1 + hie ™™

d\
— (A + hg)Te)‘T] = <A3 + A2 oA+ p0> AN+ (hah + hg)de ™,
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which can be written as

(2.16)

o -

1
dA _ BN+ 2(py + @) A+ p1 + @1 + hie™T T
AN £ A2 £ pA o — (A + ho)e ™) X

By substituting A = iwg into () and straightforward computation, we obtain

)

_n (Xl +i><z> _X1X3 + X2X4
= e ‘ = 2 2
X3+ 1X4 X3+ Xi

A=iwo,T=T0

where

X1 = [(270]92 +6)wi — 270p0 — 2p1} cos®(woTo) + [QWO( — wyTo + P17 + 2p2) cos(woTo)
+ 2(12%} sin(woTo) — q1 cos(woTo) + ( — pawo — 3)wg + (ho + po)To — by + P,

X2 = —2( — Wity + p17o + 2p2)w0 cos? (wg) + [(w%(G + 2pa70) — 2poTo — 2p1)
- Ch] sin(woTn) — 2qawo cos(woTo) + (= wiTo + haTo + pi7o + 2p2)wo

X3 = —2( — wipa + po)wg cos?(woTo) — 2w sin(woro)( — pow? + po) cos(woTp)
+ ( —wi+h —|—p1)w§,

Xa = —2(paw§ — po)wo cos® (woTo) — 2wg sin(woto) ( — wh + p1) cos(woo)

- ( — powg + ho +Po)w0.

~1
Since Re(f’\ ) ‘ and [ (Re) ] have the same sign, therefore, if the condition
T1 A=iwo A=iwg

d(Re))

(Hg1) : xaxs+ x2xa # 0 holds, then we conclude that [ } 2 0. This implies
A=iw

that by increasing of the delay 7, all the roots pass through the ir(}laginary axis from

left to right at iw. Hence, the transversality condition holds and accordingly a Hopf

bifurcation occurs. This completes the proof. O

Define 79 = 7, = minj<p<3{7},wo = wg,, and applying the theory of Hopf
bifurcation for functional differential equations [27], we can conclude the following

theorem for the existence of Hopf bifurcation.

Theorem 2.5. For system ) with T # 0, if the assumptions (Hy) — (H3) hold,

then we have the following results.

(i): The positive equilibrium E* is asymptotically stable for T € [0, 79) and unstable
for > 1.
(ii): When 7 = 19, a Hopf bifurcation occurs at E* as T passes through the critical

value 9.



72 ABDUL HUSSAIN SUROSH®?, REZA KHOSHSIAR GHAZIANI®*, AND JAVAD ALIDOUSTI®

3. PROPERTIES OF THE HOPF BIFURCATION

In this part, we investigate the direction of Hopf bifurcation and the stability
of the bifurcating periodic solutions arising through Hopf bifurcation. We employed
the helpful analytical methods, i.e, the normal form and the center manifold theory
proposed by Hassard et al. [27]. Throughout this section, we suppose that system
(@) undergoes a Hopf bifurcation at the positive equilibrium E* for 7 = 7y, and iwy is
a pure imaginary root of the corresponding characteristic equation at this equilibrium
point.

By changing of variables u; (t) = x(t) — x*, ua(t) = y(t) — y*, us(t) = z(t) — z*, we can

rewrite the system (R.1)) by adding the nonlinear parts as the following form:

(ul(t) = a11U1 (t) + Q12U2 (t) + b11u1 (t — T) + alguf (t)
+biouy ()uy (t — 7) + agug (t)us(t) + h.o.t.,
UQ(t) = A29U2 (t) + b21U1 (t — 7') + bzg’u?,(t — 7') + Ao3U1 (t)UQ (t)

(3.1)
—I—bg4u1 (t — T)’LLQ(t) —|— a24U9 (t)u3 (t) —|— bg5U2 (t)U3 (t — T) —I— h.O.t.,
u3(t) = azaU2 (t) + CL33U3<t> -+ b33U3(t — 7')
\ Fagqus (t)us(t) + agsus(t) + bsaus(t)us(t — 1) + heo.t.,
where
a3 = bio = —by, aiy = —Cq, g3 = boy = by,
agq = by = c2, asqy = —bs, ass = bzy = —cs.

Notice that the coefficients of linear part of (@) have been determined in Section E
Without loss of generality, denote the critical value 79 by 7, and let 7 = 7+, (1 € R)
in which the p is a new bifurcation parameter. Then p = 0 is the bifurcating point of
the system () For sake of simplicity, we use 7 instead of 7. To reduce the system to
its central manifold, it is necessary to convert the system into a functional differential
equation. Therefore, by normalizing the delay by the scaling t — /7, system (@)
can be transformed into functional differential equation (FDE) in C = C ([—1, 0], R3):

(32) u(t) = Liu(ue) + F (b, we),
where

w(0) = u(t +0) = (x(t +0),y(t +0), 2(t + 0)) " € R,
o(t) = (¢1(9), $2(0), 65(0))" € C,
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and L, : R x C = R} F : R x C — R? are defined, respectively, by

ayr aiz 0O ¢1(0)
Ly(d)=(ro+pu)| 0 ax 0 $2(0)
(3.3) 0 az ass $3(0)
by 0 0 ¢1(—1)
+(ro+ ) | bar O bog $a(—1) |,
0 0 bs3 ¢3(—1)
and

a1503(0) + b12¢1(0)d1 (—1) + a1461(0)(0) + h.o.t.
2301 (0)P2(0) + bas1 (—1)P2(0) + az4¢2(0)3(0)
+bo5d2(0)p3(—1) + h.o.t.
a3462(0)3(0) + ags03(0) + bsagp3(0)ps(—1) + h.o.t.

(3.4) F(u,¢) = (10+p)

Based on Riesz representation theorem [27], there exists a function 7(f, x) whose
components are bounded variation for 6 € [—1,0] such that the operator ., can be

defined in an integral form:

0

£(0) = / dn(6, wé6), 0ec.

-1

In fact, n(0, u) can be written as

a; a0 by 0 0
nO,p) =(ro+p) | 0 apx 0 [60)—(ro+u)| bu 0 byy [6(60+1),
0 a3zo Q33 0 0 b33
0, 640
where 0(6) = 4
1 6=0.

For ¢ € C'([—1,0],R?), we define the operator A () as

de(8) 0 e[-1,0)
3.5 A(p)p(0) = ¢ &
(3.5) (1)9(0) {fﬂmamwﬁ,eo
and
(3.6) R(u)H(0) = ety
g(#»QS)? 0 =0.

Then system (@) is equivalent to the following operator equation

(3.7) Uy = A(p)ug + R(p)uy,
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where u;(0) = u(t +6), 6 € [—1,0]. For ¢ € C([0,1], (R3)*), where (R®)* is the

three-dimensional space of row vectors, we define the adjoint operator A* of A (0) as

M? S € (O, 1]
(3:8) A (i(s) = § "
' Joidn" (s, (=), s=0

where n? is the transpose of the matrix 7.
To normalize the eigenvector of A and its adjoint A*, we define a bilinear inner

product for ¢ € C1([—1,0],R3) and ¢ € C*([0, 1], (R?)*) as

0 0
39 wieow) =T000 ~ [ [ T omwoe de

where 7(0) = n(0,0). Then A(0) and A*(0) are a pair of adjoint operators.

From Section P, we see that +iwg7y are eigenvalues of A (0) and therefore they
are also eigenvalues of A*(0). We first need to compute the eigenvector ¢(6) of A (0)
corresponding to iwpry and eigenvector ¢*(s) of A* corresponding to the eigenvalue
—iwpTo.

Let q(0) = (1, a1, ap)Te“0™? be the eigenvector of A (0) corresponding to iwyTo,
i.e. A(0)q(0) = iwgroq(f). Then, it follows from the definition of A (0) and (@) that

(3.10)
iwo — (a1y +b11e™07)  —ays 0
o —bgy e~ 0T lwg — ag —bayge 10T (¢(0))=1 0
0 —azy  iwg — (asz + byze woT) 0

By direct calculation, we get

. . T
iwy — @11 — bp1e 0™ ase (b7 —iwy +a
q(O) = (17a17a2)T = 17 =0 a 1 ) 32( = . . s 11) .
aip (12 (bsze™ 0™ — iwg + ags)
If ¢*(s) = B(1, a7, a3)Te0™s be the eigenvector of A* related to —iwgT, i.e.
A(0)7(6) = —ieaymog™T(6). then

% (—iwo — an)e_iwm — b11 « ng(iWO + aqp + blleiwoﬂ))
ap = ’ Qg = 3 iwoTo)
b1 (iwg + ass + bsgel«o™)

b21

To verify the conditions

(q°(s),q(0)) =1 and (q"(s),q(0)) =0,
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we need to calculate the value of B. By Eq. (@), we have

600 =T a0~ [ [ (e oo de

= B(L Of{? a§>(17 aq, a2)T

— a_;)e—iwom(f—ﬁ)dn(g) % (1’ ai, OQ)TeiworoE dé

|

()
I‘I )
_
J\
Il S
o

wel]

—~

—_

o

%

0
= B{l + anaf + azal — / (1,af, ab)fe™0™dn(0)(1, oy, ag)T}

-1

= B{l + a10] + @03 + 1 (511 + ba10f + basaian + b3304204_§) €_iw070}~

Hence, according to (¢*(s),q(f)) = 1, we get
1

— — — — — - )
1+ aa] + aeal + 719 (bll + boraf + bagaiian + byzaaad)e—1womo

B =

i.e.
B 1

1+ Of_lOéT + OZ_QOé; + 7o (bu + leOéi< + b230éTC¥_2 + b3305_20é§)€_iw07—0

Next, we determine the stability of bifurcating periodic solution. So, we will follow
the same notations as given in Hassard et al.[27] as well as same algorithms and
computation given in [14, 15]. The bifurcating periodic solutions z(t, u(§)) have the
amplitude O(§) and nonzero Floquet exponent §(§) with 5(0) = 0. Then, u and 3
can be defined by

po= pola + pals + -+,
B = Bolo+ Pala+ - .

Here, the sign of py denotes the direction of bifurcating periodic solution while (3,
specifies the stability of z(¢, u(€)), which is stable if S5 < 0 and unstable if 55 > 0.
The next step is to compute the coordinates of a local invariant manifold C, at

1 = 0, which is attracting a two-dimensional manifold and known as a center manifold

[15, 27]. Let u; be a solution of Eq(@) when p = 0. Define
(3.11) 2(t) = (g%, up), W(t,0) =u(0) —2Re{z(t),q(t)}.

On the center manifold Cy, we obtain W (t,8) = W(z(t),Z(t),0), where

22 Z2 23

In Eq. (), z and Z represent the coordinates of center manifold Cy in the
direction of ¢* and ¢*, respectively. In fact, it is the help of center manifold which

we are enable to reduce (@) to the form of an ordinary differential equation with a
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single complex variable on Cy. In () and (), W is real if u, is real. Therefore,

we consider only the real solutions. For the solution u; € Cy of (@), we have

(3.13)

= iwgroz + ¢*(0) - F
= iwgToz + ¢*(0) - Fy (Z,E),

which can be rewriten as

(3.14) 2(t) = iwomoz + g(2,2),
where

_ 22 _ z2 2%z
(3'15> g(z, Z) = g20(9)§ + g11(9)zz + gog(é’)E + ggl(Q)T + -

According to () and (), we can obtain the coefficients of the expansion ()

as follows

8(2,2) = ¢ (0)F(2,7) = 7B(1, 0], a)

a13u3;(0) + brours (0)urs(—1) + araury (0)ug: (0)
(3.16) | 2e(0)20(0) + Baarisy (—1)uae(0) + aauzn (0)uz (0)
+bastg: (0)uz (—1)
azquar(0)uze (0) + assud, (0) + bagusy(0)uge(—1)

Notice that

u(t) = (u1e(0), uai(0), uzi(0)) = W(t, ) + 2(t)q(0) + Z(£)q(0),

— WQO(Q)% + WH(@)ZE + WO2(9)% + (1’ ai, a2)T€0inTOZ

—  —\T i —_
+(1’a17a2) GWOTOZ-I—"',
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and ¢(0) = (1, ay, ap)Te™0™? then we obtain

2 22
ue(0) = 2 + 7+ Wi (005 + Wi (0)% + Wy (0) 5 + 0(|z,z|3),

un(0) = anz + @z + W2 (0) =

2
. +W(0)2z + W2 (0)2 5 C L 0(]=2),

2 j—
gt (0) = oz + @52 + Wi (0) 5 + WY (0)27 + WEO)% + 02,7,

2

2
, . 2
uy(—1) = ze ™0 + Ze™0 + WQ%)(—l)E + Wl(ll)(—l)zi

=2

z
(3.17) + W (=15 +0(l=,2P),
2
. . z
Ugt(—1) = agze™™° + @ ze™° + W§§)(—1)5 + WP (=1)2z
@ E 3
+ Wos (_1)3 +O(|z,2]"),
2
U (—1) = anze ™ + @yze™® + ng")(—n% + WP (=1)zz
B2 i3
+ Woo' (1) 5 + O(]2, Z[°).

2
From () and (), we get

g(Z,E) = T()B [algui(O) + b12U1t<0)ult(—1) + a14u1t(0)u%(0)}

+ TOBOé_T agst1(0)uat(0) + bogtgr(—1)ug(0) 4 agque:(0)use(0)
(3.18) y
+ b25U2t(0)U3t(—1):|

—+ T()Ba_s CL34U2t(0)U3t(O> -+ a35u§t(0) -+ b34U3t(0)U3t(—1)] .

It follows that
= 1 2 1 2
g(2,%) = nB alg(z+z+wéo><o> +WiP(0)27 + WY (0 > +0(|z,2%)"

+b12(z+z+w2%>(o) +W1)(0)zz+W(1)( ) +0(yz zP)
—2

2
. . z
X (26740 4 Ze™o0 w2<3><_1>_ + W (=1)27 + w0<5><_1>_ +0(|2,2%))

+a14(z+z+W2% (0) —|—W1(11 (0)zz+W(§2)( )2 + O(|z, Z| ))

2
=2

z + W2(0)2z + W2(0 )2 +0(|2,7| >]}

X [anz +anz + Wz(g)(()) 5
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)~ = (1) i 1) = (1) z’ =13))2
+ 1089 [a23(2 +Z 4+ Wy (0)5 + Wi’ (0)2Z + Wy (O)E + O(|z, 7| ))
A @y am 1 D 3
X [ozlz + a1z + Wy (0)5 + W11 (0)2z + Woa (0)5 + O(|, Z| )}

. . 22 2
- baa(ze” 0z 4 Wag) (< 1) 5 + W (-1)22 + W (- 1) 5 + 0(1z.217)

2 =2
x [z +a77 + W (0) 5 + WP (0)22 + Wi (0) 5 + O(1z 2]

Z?

=2
S+ W 022+ W (05 +0(12,717)]

+ ags[rz + @z + W (0) 5

2 =2
x (anz + 37 + Wiy (0)5 + WY (0)27 + W3 (0)5 + O(12, %)
=2

2
+ bus (22 + 737 + W (05 + WP (0022 + W (0) 5 + O(|=, 7))

2
X (agze ™0 + apze™ + Wég)(—l)% + W (=1)2z

+%&4€+OWﬂwH

_ 22 =2
Hﬁﬁ@pm@ﬂ+mauwmm5+wﬁ%m%H%%m3+0Wzm)

2 =2
x (02 + a2 + Wi (0) 5 + WY (0)27 + Wi (0) 5 + O(12, 7))

2
+ ass (agze_’wo + qyze™0 + Wég)(—l)z— + Wl(f)(—l)zi

2
Z2 _ 2
+ Wi (=15 +0(2.2)
WO ME By 4 O N 3
+ ba (anz + @3z + Wy (0)5 + Wi (0)2Z + W, (0)5 +0(|2,z]))

, , 22 Z’
X (Ozzze_wo + aipze™ 4 Wé?(‘”? + Wl(f)(—l)ZE + Wés)(_l)E o )] }
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Comparing the coefficients of above equation with (), we obtain the following

relevant parameters.

20 — 2108 a3 + blgeileTO + a4 + o bQ OélOézeilonO
0 0 3 1 5

—iwoTo

—i > 2
+ bg4a1€ 1«woTo + Ao401 09 + aggoél) + ozz (bg4a26

2
+ 340109 + a35a2)] s

g11 = QTOB a3 + blgRe{e_ion‘)} + CL14R€{O./1}

+ 04_3{<525Re{a1042@—iw070} + b24Re{Oé16_iw0T0}

+ (124R€{041(12} + aggRe{Oél}) + OZ_§<b34Re{(X10[26_iw0m}
+ CL34R€{O&1Q2} -+ CL35|042|2>] s

go2 = 2708 |:a13 + b12€™°™ + a1, + o (basoraze ™
_2
+ bos01 €T + 9307 + asaliiaiz) + A (bgaliz €0

S —9
+ a340 0 + A35Q2 )} ;

o B (1) (1) |
319)  E T QTOB{CLB(WQO (0) + 2L (0)) + bua (5 (~1)

) 1 .
F W (e L WD (1) 4 5w (1))
1 1
+ana (530 (0) + Wiy (0) + WiP (0) + SaaWsy (0)
— 1 1
+ 0% aas (5 WA (0) + W (0) + WP (0) + Saawiy)(0)
1 : .
+ baa(GWA (=) 4+ WP (=)™ + aa WP (-1)
1 1
+ STWL (=) + aaa (FEWE(0) + WP (0) + a1 (0)
1 .
+ ST (0)) + b (T (-1) + @D (—)eom
+ o WP (=1) + W (-1)5%)} Ty [a (1a—w<3>(0)
1VV11 2¥V 20 ) 2| %34 9 1¥V20
@) ®) 1— 2) =)

+ 20(2W1(f) (0)) + b34< a2W2 ( ) + « Wl(f)( )e—iwm'o

1 .
+ WP (1) + smwid (~ e }
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In order to obtain the expression of g1 we need to calculate Wy (6) = (WQ% ), I/V2(02 ), WZ(S’))
and Wy (6) = ( 1(11), 1(12), Wl(f)) From Eqs.(@) and (), we have
W =1, — 2q — £q,
= A(p)ue + Ruy — [iworoz +7°(0)F(2,2)|q — [ — iworoz + ¢*(0)Fo (2, 2)] 7,
= AW + 2A Relzq] + Rus — 2Re[q"(0)Fy(2,2)q(0)] — 2Re[iwoTozq(0)],

= AW —2Re[q"(0)Fo(2,2)q(0)] + Ruy,
{ﬂW —2Re[7(0)F (2, 2)g(6)], _1<6<0
(3.20) =
AW = 2Re[q*(0)Fo(2,2)q(0)] + F, 6 =0.

Let rewrite Eq. () as

(3.21) W =AW + H(z,%,0),
where

22 z? 22z
(322> H(szu 9) = H20(9)§ + Hll(e)zz + HOQ(Q)? + H21<9)7 + .-

Differentiating of Eq. () w.r.t. t, we get the following expression on the center

manifold Cy near to the origin

(3.23) W =W,z + W:z.

Using Egs. ()7 () and (), we obtain

(324) (ﬂ - Q’iWQTo)WQ()(Q) = —Hgo(@),
(3.25) AW11(0) = —Hu1(0).

By Egs. () and (), we see that for § € [—1,0),

(3.26) = —g(z,2)q(0) — &(z,2)q(0).
Comparing the coefficients of Eq.(3.26) with Eq.(8.29) gives that
(3.27) Hao(6) = —(20)q(6) — 200 (9).

and

(3.28) Hiy(0) = —g(11)q(0) — 811q(0).

From Eqs.() - () and the definition of A, we obtain
W (8) = 2iworoWao(6) + 8204(6) + 8024(6),

(3.29) _
Wi (0) = g119(0) + g11q(9).
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where
W20(¢9> = i'gﬂq(())ewwom + igiq(())e—ié’wom + E1€2i9""070,

(330) WO‘f.'O . SoJ(i'O |
Wi (0) = — 82 g(0)efw0m0 4 BL () e=i0w0m0 1 [,

woTo woTo

Here, E; = (Efl), E£2), EF’)) and Fy = (Eél), E§2), Eég)) are constant vectors in R3.

These vectors satisfy the following equations:

QiUJO — (&11 + b11€_2iw0T) —ai12 0
_b21€721w0‘r 21wy — a99 —b236721w07
0 —as32 2iwy — (ass + baze207)
(3.31) A
X E£2) =2 Mgl s
EY Mz
where

My = aiz + biae™ ™™ + ayg0y,
My = basayoe™™07 + bygo e 0™ 4 agga g + agzoy,

_ 2 —iono 2
M3, = bssase + azq1 0 + azsQ;,

and
—aj; — by —ap 0 Eél) Ny
(3.32) —bay — @22 —bas Eéz) =2| Ny )
0 —azy —azz — bz EY N3y
where

N11 = a3+ blgRe{eiiWOTo} + CL14R€{O&1},
Ny = bysRe{ayase ™™} 4 byyRe{ae 0™} 4 agRe{ajan} + agsRe{ay ),
N3 = b34Re{041a26_i‘”°T°} + azgsRe{ajan} + a35]a2|2.

By the Cramer’s rule, we can get the solution of () as

9 My, —ai2 0
Eil) N My 2iwg — ag —boze 2T )
M3, —asy 2iwy — (ass + baze 2407
) 2iwg — (ayy + bye 2%07) My, 0
E£2) _ Z _b21e—2iwor Moy, _b236—2iw07 ’
0 M31 21&10 — (a33 -+ b33€_2iw07—)
5 2iwy — (a@yq + bype 2407 —aq2 My,
EF) N —byre BT 2iwg — agy My |,
0 —as2 M,

where
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2iwg — (ay1 + bype~2wom) —a19 0
A = —b21€_2iw07— ino — 922 —b23€_2iw07—
0 —agy 2iwy — (ags + bzze 2407
Similarly, solution of () is given by
Ny —ane 0 —a;; — by Ny 0
(1 _ 2 2 _ 2
E2 - Z Noi  —age —bags ’ E2 - Z —ba1 Ny, —bas )
N3i  —azy —asz — bss 0 N3i  —ags — bsz
—aj; — b —a1z Nn
3 _ 2
E2 - Z —byy —agzy Nop |,
0 —azz N3
where
—aj; — by —an 0
A= —b21 —Q22 _b23
0 —azy —asz — b3z

Therefore, all g;; can be expressed in terms of parameters. By using Eq. (), we

3D view of phase portrait Time series without delay

0.6

x10° : 0.5

044

034

0 50 100 150 200

FIGURE 1. System (@) is locally asymptotically stable in the absence
of delay. (A) Three-dimensional view of phase portrait. (B) Time series
solution. The initial condition is (0.12,0.54,0.0024).
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can compute the following values:

C1(0) = 2;070 <g11g20 —2 |g11|2 - %) + %7
DR
By = 2Re(C1(0)),
T, — _ﬁ Im{Co(0)} + paIm{N (7)}].

These expressions determine the quantities and qualitative behavior of bifurcating
periodic solutions on the center manifold of system (@) for the critical value 7 = 7.

Therefore, we can conclude the following main result.

Theorem 3.1. For system ), the following conclusions hold:

(1): If pu2 > 0 (u2 < 0), then the Hopf bifurcation is supercritical (subcritical), i.e.,
the bifurcating periodic solutions exist for T > 1y (T < 19).
(ii): The bifurcated periodic solutions are orbitally stable if B < 0 and unstable if

ﬁg > 0.
(iii): The period is increasing if To > 0 and decreasing if Ty < 0.

4. NUMERICAL SIMULATIONS

In this section, some numerical simulation results are presented to verify our
analytical analysis obtained in the previous section by using the calculation tools
MATLAB 2013a and Maple 2017. For the system (@), we choose the parameter
values as provided in Table B, i.e. the system ([l.2) has only one positive equilibrium
E* = (0.14105,0.60087,0.00385), which is feasible for these set of parameters. By

TABLE 2. The set of parameter values for simulating the dynamics of

the system (@)

Parameter aq by c1 ao by Co as b3 C3

Value 3.12 082 5 035 248 0.05 025 032 15

Eq. () or direct computation of Eq. (), we have obtained the critical value
of 7 ie. 1 = 0.10544. Thus based on Lemma @ and Theorem @, the interior
equilibrium point E* becomes asymptotically stable for 7 = 0 and 7 = 0.065 < 79,
that is, the population of prey-A, prey-B and the predator population have stable
dynamical behavior (see Figs.m and E) Moreover, when the time delay 7 crosses the
critical value 79 = 0.10544, E* losses its stability and a Hopf bifurcation occurs, i.e., a

family of periodic solutions bifurcations from E*. Therefore, E* is destabilized when
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3D view of phase portrait View of phase plane
0.7 T T

x10°

0.52 L L L L
0.1 0.12 0.14 0.16 0.18 0.2

0.8
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0.65 06 l\l\]\[\/\/\/\/\/\/\/\A/\/\/\/\AWAM_
= .
W
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01l o o 50 100 150 200
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FIGURE 2. E* is locally asymptotically stable when 7 = 0.065 <
7o = 0.10544. (A, B) phase-portraits in xyz-space and in xy plane,
(C) phase-portrait in txy-space, (D) time series evolution of species.
The initial value is (0.12,0.54,0.0024).

7 =0.11 > 79 and a stable limit cycle appeared beyond of 5. Simulation results are
depicted in Figure B, indicate a stable periodic solution which emerges around the
coexisting equilibrium point. According to Lemma @, the transversality condition
is verified, i.e.

d(Re\(r)) |

] 1 d(ReA(r))
~ 00134942 >0, |

dr

T=T70

dr

] ~ 74.1055468 > 0,
T=To

and by the algorithm derived in previous section, we get

g0 ~ —0.63006 + 0.5348, g11 ~ 0.0076 + 0.5261i,

802 ~ 0.6453 + 0.5174i, o1 ~ —87437.69876 + 1492.66643i,
N (7o) ~ 57.96749 — 30.585661,  Cy(0) ~ —43718.74485 + 745.99226i,

pio ~ 754.19420 > 0, By ~ —8T7437.48970 < 0,

T, =~ —15206.23002 < 0.
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3D view of phase portrait View of phase plane
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(a) (B)
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FIGURE 3. Simulating solutions of system (@) E* is unstable when
7 = 0.11 which indicates that an stable periodic solution bifurcates
from E*. (A, B) existence of periodic solutions, (C') time series evo-
lution of species, (D) phase-portrait in txy-space. The initial value is
(0.12,0.54,0.0024).

According to Theorem @, we see that the Hopf bifurcation is supercritical. In addi-
tion, the numerical results imply that the bifurcated periodic solutions are orbitally

asymptotically stable and its period is decreasing, as 2 < 0 and T < 0.

5. CONCLUSION

In this article we have analyzed the dynamical behaviors of a three species
predator—prey model with time delay. It is shown that the time delay has great
impact on the dynamics of the system and makes the system more realistic. Usually
the dynamical system involving time delay can exhibit rich biological and dynamical
properties. It is observed that when the magnitude of delay increases, the system
dynamically becomes richer and leads to produce periodic solutions. In fact, this

work extensively study the effect of time delay around the interior equilibrium point
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of a predator-prey system consisting of three species which represent the population
densities of two prey and one predator species.

By analyzing the linearized system and related characteristic equation, some
necessary and sufficient conditions for asymptotic stability of the interior equilibrium
point and occurrence of Hopf bifurcation are proved. Based on the values of the se-
lected fixed parameters, we theoretically investigate the value of the time delay and
it has been shown that the existence of a time delay in a certain interval causes to
change the system stability and exhibits limit cycle oscillations. This implies that the
considered delayed system converges to a stable state when the delay parameter is
less than its critical value and a Hopf bifurcation occurs when the parameter 7 passes
the critical value 75. Furthermore, an explicit algorithm with sufficient criteria for
the stability, direction and other characterization of a Hopf bifurcation are derived
by means of normal form method and center manifold argument. Our theoretical
work as well as numerical simulations indicate that time delay plays a major role in
destabilization of stable equilibrium point and has a great impact on the nature of

the system dynamics.
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