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ABSTRACT ARTICLE HISTORY

In this paper, a differential equation with piecewise constant Received 6 April 2016
arguments model that describes a population density of a bacteria Accepted 23 December 2016
species in a microcosm is considered. The discretization process of a KEYWORDS

differential equation with piecewise constant arguments gives us two Piecewise constant
dimensional discrete dynamical system in the interval t € [n,n + 1). arguments; difference

By using the center manifold theorem and the bifurcation theory, equation; stability; Flip and
it is shown that the discrete dynamical system undergoes flip and Neimark-Sacker bifurcation;
Neimark-Sacker bifurcation. The bifurcation diagrams, phase portraits Lyapunov exponents

and Lyapunov exponents are obtained for the discrete model.

1. Introduction

The differential equation with piecewise constant arguments includes both discrete and
continuous time and so combines properties both differential and difference equation.
These equations have attracted great attention from the researchers in mathematics,
biology, engineering and other fields [1-19]. Nevertheless, these equations have limited
application in biology because the effect of piecewise constant arguments in a population
dynamics is not well understood. So it is clear that further studies are needed for the
application of differential equation with piecewise constant arguments in a population
dynamics. Theoretical studies have shown that differential equation with piecewise con-
stant arguments are equivalent to integral equations and are very close to delay differential
equations [1-3]. It is well known that delay differential equations occupy a place of central
importance in the population dynamics because the rate of populations may depends on
the present size and the memorized values of the population. These biological phenomenon
may be described by using differential equations with piecewise constant arguments.

The original method of investigation of these equations was based on the reduction to
discrete systems. Using this method, many authors have analyzed various types of differ-
ential equation with piecewise constant arguments [2,4-15]. The existence and uniqueness
of solutions, oscillations and stability, integral manifolds and periodic solutions, and
numerous other issues have been intensively discussed [16-19]. In several papers [2,4-15]
authors have investigated different types of population models based on logistic equations
with piecewise constant arguments and have obtained mathematical results on oscillations
or chaotic behavior. In study [2,4], the simplest logistic equation with piecewise constant
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arguments
dox () x([tD)
— =rx(t)(1 — 1
3 = K (1)
has been considered as a semi-discretization of the delay logistic equation
dx(t) x(t—1)
dt:mmu— ) (2)

where [t] denotes the integer part of t € [0, 00). Gopalsamy and Liu [5], studied a more
general equation in the following form:

dx(t)
dt

= rx(t)(1 — ax(t) — bx([t])). (3)

They showed that all positive solutions of equation (3) converge to the positive equilibrium
points. The other studies about the equation (3) can be found in the studies [8-11].
Following these works, Gurcan and Bozkurt [12] studied the differential equation

dx(t)

T rx()(1 — ax(t) — Box([t]) — ix([t — 1])) (4)
where the parameters r, v, fp and ) are positive numbers. They obtained some theoretical
results for the local and global dynamics of the equation. In addition equation (4) has some
application in a population dynamics [13].

In the literature, there are limited number of studies discussing the qualitative behavior
of the logistic equation with piecewise constant arguments, which include bifurcations and
chaos phenomena [6,7,20]. May [6] obtained that difference equation (1) can be complex
and exhibits chaotic dynamics for the parameter values of r. In study [7], the authors
showed that for certain parameter values of a and b, equation (3) generates Li-Yorke
chaos.

The purpose of this paper is to investigate possible bifurcation type of model (4) such
us Flip and Neimark-sacker bifurcation using center manifold and bifurcation theory.

This paper is organized as follows: In Section 2, we first give the local stability con-
ditions of positive equilibrium point of the equation (4). In Section 3, we investigate
possible bifurcation type of model (4) and show that the model enters flip bifurcation and
Neimark-Sacker bifurcation. By using center manifold theorem and bifurcation theorem,
we obtain the direction and stability of the both Flip and Neimark-Sacker bifurcation.
Theoretical results are verified by numerical simulations for two examples which included
phase portrait, bifurcation diagrams, Lyapunov exponents. Finally, Section 4 draws the
conclusion.

2. Local stability analysis

The discretization of the equation (4) in the interval ¢ € [n,n 4 1) can be obtained as the
following difference Equation [12,13]:

x(n)(1 — Box(n) — Bix(n — 1))
(1 — ax(n) — fox(n) — Prx(n — 1))e T0T—PoxM=Fx=D)  gx(n)’

x(n+1) = (5)
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If we introduce u; (n) = x(n) and uy(n) = x(n — 1), Equation (5) can be rewritten as

_ u1(n)(1—Poui (n)—pBiuz(n))
mn+1) = (1—auy (m)—Bour (m)—Bruz (n)) e~ 1=Porr =F112 () 4 qyy (n)’ (6)

upy(n+1) = uy(n).

Now the discrete dynamical system (6) reveals the dynamical characteristics of the system
of differential equations with piecewise constant arguments (4). Therefore, we will continue
to analyze the system of (6) instead of Equation (4).

The positive equilibrium point of system (6) is

(”1’“2)_(a+ﬂo+ﬂ1’a+ﬁo+ﬁl)' ’

Let u(n + 1) = Ju(n) is linearized system of (6) about (u7, %2). So, the Jacobian matrix J
can be calculated as

Bo\ ,aiheimr _ Bo Bi (avheiEr
__ 1 + _) eoz+,30+/31 _ PO Pl (eot+;‘30+,31 — 1)
A(r) =J(up,up) = << « . @« 0 (8)

which gives the characteristic equation

P()") — )\2 A (_ (1 + %) ea+ﬁo+ﬁ1 + '30) (ﬂl em — %) = 0. (9)

o

Using the characteristic Equation (9), the local stability conditions of the system (6) can
be obtained as the following theorem.

Theorem 2.1 [12,13]: Let By > o + B1 > 2. The following statements are true.

(a) Assume that 381 < o + Po. The positive equilibrium point of system (6) is local
asymptotically stable if and only if

0<r<a+'80+'811n<a+'30_'31>. (10)

o Po—a—p

(b) Assume that 361 > o + Po. The positive equilibrium point of system (6) is local
asymptotically stable if and only if

06+ﬂ0+ﬁ11n< B1 )

o B —«a

Example 2.2: The parameter values r = 2.3, « = 0.4, fp = 1.2 and B; = 0.1 satisfy
the condition of Theorem (2.1)a. Using these parameters values and the initial conditions
u1(1) = 0.4, up(1) = 0.45, we hold Figure 1 which shows that the positive equilibrium
point (uy, uz) = (0.588235,0.588235) is local asymptotically stable.

0<r<

(11)

3. Bifurcation analysis

In this section, we first investigate the existence of possible bifurcation type for the system
(6). Stationary bifurcation does not exist for the system (6) because we always hold p(1) =
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Figure 1. A stable equilibrium point for the system (6).

1+ % + %)( 1— e"‘+%iﬁl ) # 0 [21]. The other bifurcations such as Flip and Neimark-
Sacker bifurcation are studied in the following section.

3.1. Flip bifurcation

To study Flip bifurcation, the parameter r is chosen as a bifurcation parameter. By using
the bifurcation theory in [21,23-35], we will investigate the conditions and direction of
Flip bifurcation.

Theorem 3.1 [21,22]: For the system (6), one of the eigenvalues is —1 and the other
eigenvalue lie inside the unit circle if and only if

(@ p(1) =1+4+p1 +po >0,
® p(—=1)=1—-p1+po=0,
(¢) Df =1+po >0,

(d) Dy =1—p >0.

Lemma 3.2 (Eigenvalue Assignment): Let By > o + f1 > 2« and 381 < a + Bo.If

. _04+,30+,311n(06+ﬂ0—[31>
b a Bo—a—p1)’

then the eigenvalue assignment condition of Flip bifurcation in Theorem (3.1) holds.

Proof: By considering the characteristic Equation (9), we obtain

P1=—(1+@>e‘”50n‘1“31+@, (12)
o o
po=%(1—eﬁ>. (13)
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The condition (a) Theorem (3.1) gives the inequality

o

p(l):<1+@+ﬂl>(1_ea+%im>>0 (14)
o

which always hold. Considering the condition (b) with the fact 8y > @ + B, we have

o

p(_l):a—ﬂ0+ﬂ1 +<Ol+/30_:31>ea+g(;iﬂl =0 (15)
o

which gives

1

_athth ln(Ol-Fﬂo—,Bl)
o Bo—a—pB1)’

From (c), we get that the inequality

DT=1+%(1—eﬁ)>O (16)

is always satisfied. Computing the condition (d) with the fact f; > «, we have

. B (17)
o o
which leads to
0<r<a+'80+'611n< A )
o Bl —«a

Under the condition 38; < @ + By, we have

at+po+pi, (at+Po—pi\ _ a+po+h P
rn = In < In . (18)
o Bo— o — B o B —«
This completes the proof. O

Now, it is easy to check that the Jacobian matrix J has the eigenvalues

2B

AM(r1)) =—1 and Ay(r) = oot B

which shows the correctness Lemma (3.2). We note that the condition 381 < o + By given
in Lemma (3.2) leads to |A;(71)| # 1 and under the conditions of Lemma (3.2), it holds
that |[X2(r1)] < 1.

To compute the coefficients of normal form, we convert the origin of the coordinates
to equilibrium point (u7,%2) = (3 - ﬂé P o 52 7 ) by the change of variables

(19)
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This transforms system (6) into

X (")-‘r% —Box1(m)—Prxz () + 52—
xi(n+1) = (1 +ﬂ0+ﬂ1)( o 12 +ﬂ0+l31> >

r( Box1 (M+B1x2 (W) — gt
VORI () @ o) o ) e 0 gty ) (20)

x(n+1) = x1(n) + rprg

This system can be rewritten in the form

Xpi1 = Fi(X1),i = 1,2. (21)
For map (20), we have
1 1 .
Xp1 = JXn + EB(Xn’Xn) + gC(Xan;Xn) + 0(X,), (22)
where
_atBotB _ 2B
J=A(n) = atpo—pr  at+Po—p (23)
1 0
and the multilinear functions B and C are defined by
2, 92F;(s,0)
1 > .
Bi(x,y) = Z 88]'—88k|€=0xjyk’l =12
Jik=1
and
2. 93F;(e,0)
C‘ > ) - 4 = i > | = 1, 2.
i(x,7,2) Z 9o ee0e I
jok, =1
For the system (20), the values of B and C can be obtained as
8181M1 + 82611m2 + 83€2m1 + 846
B(e,n) = ( 1€1M 28172 . 38271 4 2772>’ (24)
and
Ce,n,¢)
_ (81771(<P1§1 + 9282) + e1m2(@381 + @ala) + e2m1(@s81 + @el2) + e2m2(9781 + ¢8§2))
0 .

(25)
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where
Tots
8y = 2 (o + Bo) (e + fo + )
—e“TT (B + a(a + 1) + PoQRa — ra + B1))),
5= 8=
a_# o (26)
T (@ + o) (e + Bo + B) + e
(=24 ra® +280( = 2 +ra — fo) — 2B1(@ + fo))),
Zeot-*-_ﬁzﬁﬁl __re
b= ——r—(@+fo+ p1—e (o —ra+ fo+ ).
—3ra
@1 = e (a + o) (2 + Bo) (@ + o + B1)?
— 260 FA (@ 4 Bo) ( + Po + B1) (B + 2@ + f1) + Bo((3 — 2 + B1))
2ra
+ et a( = 2(= 1415 — 2Bo(( =3+ na — )@ + 1) + 2a(a + 1)’
+B3((6+ (— 4+ e —2(=2+ 1)),
Y2 =¢3 =5
—3ra ra.
= :%ewﬂoﬂﬂl (2e*tPoth (o + Bo)(— 3;}3 4+ a((—5+2r)a —58;)
+ Bo( — 8 + 6ra = 3B1)(e + fo + B1) + 6(e + fo)* (@ + fo + B1)°
2ra
+ e PP ( —2(— 2+ r)a’
+ BoQ(=3+ 1) (—2+na® + (124 r(— 14+ 3r)afy + (4 — 67)57)
— 2@+ o) (—4+na+ (—4+3npo)pi + 4+ fo) ),
Y1 = QY6 = <P37
2 —3ra
= Lo P (6(ar + o) (@ + fo + B)?
— 265701 (a + Bo + B1)(3Bg + 4a(a — ra + B1) + Bo((7 — 6r)a + 361))
2ra
+ e a(2+ (—4+nna + @2 —6npg+2p1(—2(—1+na + 1)
+ Bo((4 +7r( =104 3r))a + (4 — 67)B1))),
3 —3ra 2ra.
@8 = DL ew o i (507 rar( — 2+ r)a — 2o — 261)
+ 2050 ((— 14 2r)a — o — B) (e + Bo + B1) + 2(a + fo + 1))
(27)
Itis well know that A has simple eigenvalue A; (r;) = —1, and the corresponding eigenspace
E¢ is one dimensional and spanned by an eigenvector g € R? such that A(r1)q = —q. Let

p € R? be the adjoint eigenvector, that is, AT (r)p = —p. By direct calculation we obtain

g~ (—1,DT,

a+Bo—B \'
P ( 261 ’1> '
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To obtain the necessary normalization (p, g) = 1, we can choose

q:(_l’l)T’
p:<_<¥+ﬂo—,31 B 281 >T
a+Bo—3p1" a+pPo—3B1)

In order to determine the direction of the flip bifurcation, we compute the critical normal
form coefficient c(0) by using the following formula:

1 1
€0 = (P C(g:0.9) = 5 (p. Bq, (A = D7'B(g,9))). (28)

From the above analysis and Section 5.4 in [25], Section 3 in [31,32], we have following
theorem.

Theorem 3.3:  Suppose that (uy,uz) is the positive equilibrium point of the system (6).
If the Lemma (3.2) holds and c(0) # 0, then system (6) undergoes a flip bifurcation at
the equilibrium point (U1, u3) when the parameter r varies in a small neighborhood of r1.
Moreover if c(0) > 0 (respectively, c(0) < 0), then the period-2 orbits that bifurcate from
(u1, uz) are stable (respectively, unstable).

Now, we present the bifurcation diagrams, phase portraits and maximum Lyapunov
exponents for the system to confirm the above theoretical analysis and show the complex
dynamical behaviors by using numerical simulations.

Example 3.4: For the parameters values @« = 0.4, By = 1.2 and f; = 0.1, the critical
value of Flip bifurcation point is obtained as r; = 3.2391. Now, the Jacobian matrix
corresponding to the system (20) is

(29)

1 0

—1.13333 —0.13333
J=A(n) = ( )

Using the formulas (26) and (27), the values of §; and ¢; in the multilinear functions B and
C can be obtained as

81 = 0.971598,
8y = 83 = 0.211883,
84 = 0.02269.
and
@1 = 5.02537,
¢ = @3 = @5 = —0.0864671,
@4 = @ = @7 = —0.0181984,
@s = —0.00117201.
Now the eigenvectors g, p € R? corresponding to A1(r;) = —1 are

g ~ (—0.707107,0.707107)"
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Figure 2. Bifurcation diagram of system (6) in (r, u7) plane foree = 0.4, Bo = 1.2, 7 = 0.1.

0SS r—r———T T

Maximum Lyapunov Exponents

Figure 3. Maximum Lyapunov exponents corresponding to Figure 2.

and

p~ (—0.991228,—0.13216)".

To achieve the necessary normalization (p,q) = 1, we can obtain

q = (—0.707107,0.707107) T,
p=(—1.63178,—0.217565) .

Finally, using the formula (28), the critical normal form coefficient ¢(0) is computed as
c(0) = 0.736539. Therefore, a unique and stable period-two cycle bifurcates from (uy, i)
forr > r; = 3.2391.
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25

0 5 10 15 20 25 30 35
r

Figure 4. Bifurcation diagram of system (6) in (r, u7) planefora = 0.4, 8o = 1.2, 81 = 1.2.

From Figure 2, we observe that the positive equilibrium point (u7, u3) of the system (6)
is stable for r < 3.2391 which shows the correctness of our theoretical results. The Flip
bifurcation occurs from the fixed point (0.588235,0.588235) at r; = 3.2391. In addition,
atr = ry, we have ¢(0) = 0.736539, which determines the direction of the Flip bifurcation.
It is well known that existence or non-existence of chaotic solutions for a dynamical
system is determined by calculating Lyapunov exponent. If the system has a positive
largest Lyapunov exponent, then the system exhibits chaotic dynamics. For the system
(6), the maximum Lyapunov exponents corresponding Figure 2 are calculated and plotted
in Figure 3 [36]. This figure demonstrates the existence of the chaotic regions and period
orbits in the parametric space . From Figure 3, it is observed that some Lyapunov exponents
are bigger than 0, some are smaller than 0, so there exist stable fixed points or stable period
windows in the chaotic region.

Now, we discuss the Neimark-Sacker bifurcation for the model (6) in the following
section.

3.2. Neimark-Sacker bifurcation

Theorem 3.5 [21]: A pair of complex conjugate roots of (6) lie on the unit circle if and only

if

@) p(1) =1+ p1 +po >0,
(b) p(=1) =1—p1+po >0,
() DY =1+po >0,

(d) D] =1—po=0.
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Lemma 3.6 (Eigenvalue Assignment): Let By > « + 1 > 2« and 381 > a + Bo. If

=05+,30+/311n( B1 >

)
o B —«a

then the eigenvalue assignment condition of Neimark-Sacker bifurcation in Theorem (3.5)

holds.
Proof: The proof is similar as in Lemma (3.2) and will be omitted. O

It is easy to see that the Jacobian matrix J has the eigenvalues

—__ra
e othothr

Ma(r) = ———(a+fo - et By)

ro
e_ a+Bo+B1 ra ra ra
b S e R T (= By + TR By) — (— o — fy + e fiy)2
20

and for r = r,, these eigenvalues become

a—Bo+ B il.\/4,3%—(<>l-|-,30—/31)2|:1
261 26

Under the condition 1 > « given in Lemma (3.6), we have

Ih12(r2)| = | —

d|ri(r)] —a+ B )
ey = XL Lo i=1,2
dr Ir=r. 2(a + Bo + B1) # l

In addition if tr] (r,) = —p; # 0, —1, which leads to

r #

a+,30+,311 (Ol-i-ﬂo) o+ Bo + 1 <a+ﬂo>
n ,1y In )

% Bo a Bo —

then we have
)\,5((7"2) # 1 fOI' k = 1) 2; 3)4

Let ¢ € C? be an eigenvector of A(r;) corresponding to the eigenvalue Aj(r;) such
that A(r)q = ¢%g, and let p € C? be an eigenvector of the transposed matrix AT (r;)
corresponding to its eigenvalue A1 (r2) such that AT (r)p = e~%p. By direct calculation,
we have

T

oot b VA~ po— B
2B : 2p1 ’

and
T

a+ Bo— P +i\/4/812—(0l+,30—/31)2 |
24 281 ’
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To obtain the normalization (p, q) = 1, we can take

T
—a—po+ i .\/4/312—(054-;60—;91)2
q= +1 , 1
201 26
and
p=<i b1 l—l—i a4+ Bo— P >T
V=@ +B =3B+ Bo+P) 2 2J=(@+Ppo—3BN+pBo+h)/)

Now we form
X =zq+zq.

In this way, system (20) can be transformed for sufficiently small |r| into following form:
z—> Mz +g(z,z,1),

where A1(r) can be written as A, (r) = (1 + ¢(r))e’?™ (where ¢(r) is a smooth function
with ¢(r2) = 0) and g is a complex-valued smooth function. The Taylor expression of g
with respect to (z,z) = (0,0) is

1 _
§@EN = ) gz,

kt+i>2
where
£0(r2) = (p,B(q,9)),
g1(r) = <P>B(q@>_, (30)
ng(r2) = (P) C(q’ q, q)))
g02(r2) = (p, B(q,9)).

Now, the coeflicient a(0), which determines the direction of the appearance of the invariant
curve in a generic system exhibiting Neimark-Sacker bifurcation, can be computed via

e gy — Re (1 — 2¢')e= 2t
2 2(1 — efto)

! 21 2
a(0) = Re[ gzogu] — 5 lenl” = 7 lgo2l". (31)
For the above argument and Section 4.7 in [25], we have the following theorem.
Theorem 3.7:  Suppose that (uy, uz) is the positive equilibrium point. If the Lemma (3.6)
holds, ry # w In (O‘E—Oﬂo), ry % w In (Oﬂf:—_ﬂg) and a(0) < 0 (respectively a(0) >
0), then the Neimark-Sacker bifurcation of system (6) at r = r, is supercritical (respectively,
subcritical) and there exists a unique closed invariant curve bifurcation from (u,uz) for
r = 1y, which is asymptotically stable (respectively, unstable).
Example 3.8: For the parameters values « = 0.4, By = 1.2, 81 = 1.2, we have critical
Neimark-Sacker bifurcation point as r, = 2.83826. In this situation, the eigenvalues are

| A12(r) |=| —0.166667 + 0.986013i | .
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In addition it is easy to check that

d)2.;
Al (i’(r” lr=r, = 0.142857 #0 and Af(r) #1 for k=1,234.
p

For r, = 2.83826, the Jacobian matrix ] at the fixed point is

(32)

= AG) = (—0.333333 —1)

1 0

and has the eigenvalues
A12(r2) = —0.166667 + 0.986013i = %, 0y = 1.73824.
Let ¢, p € C? be complex eigenvectors corresponding to A ; respectively.
g ~ (0.707107, —0.117851 — 0.697217i) "

and
p ~ (0.707107,0.117851 — 0.697217i) "

satisfy

A(rz)q — el.73824iq,

AT(rZ)P — 6_1'73824ip.
To obtain the normalization (p, g) = 1, we can take the normalized vectors as
g = (0.707107, —0.117851 — 0.697217i) "

and
p = (0.707107 — 0.119523,1.249x10~ 6 — 0.717137i) .

By using the formula (30) the coefficients of the normal of the system (20) can be computed
as follows.

Q0(r2) = —1.47428 — 0.64862i
g11(r2) = 0.12624 4 0.0213385i
21(r2) = 3.48349 + 0.492895i
g02(r2) = —1.60556 + 0.1280311.

From (31), the critical real part is obtained as a(0) = —0.86466. Therefore, a supercritical
Neimark-Sacker bifurcation occurs at r, = 2.83826 (Figure 4).

The bifurcations diagrams of system (6) in the (r — u;) is given in Figure 4. Numerical
studies show that the Neimark-Sacker bifurcation occurs from the equilibrium point
(i1, 12) = (0.357143,0.357143) at r, = 2.83826. For r, = 2.83826, we have |A,,| =
| — 0.166667 £ 0.986013i] = 1 and a(0) = —0.86466 which show that the Neimark-
Sacker bifurcation is supercritical. The phase portrait of the system for increasing value of
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r is obtained in Figure 5. This figure demonstrates the process of how a smooth invariant
circle appears and then disappears from the fixed point. When r exceeds 2.83826, there
appears a circular curve enclosing the fixed points. In addition the maximum Lyapunov
exponents corresponding to Figure 4 are given in Figure 6.

4. Conclusion

The present study deals with the dynamics of a discrete model, which is based on the
discretization of a differential equation with piecewise constant arguments model. The
discrete model (6) exhibits the dynamic behavior of the system of differential equations
with piecewise constant arguments (4). Therefore, we will continue to analyze the system
of (6) instead of equation (4). The stability of fixed point and bifurcations of discrete
dynamical system are investigated. The Flip bifurcation and Neimark-Sacker bifurcation
of this discrete dynamical system are studied by using center manifold theorem and
bifurcation theory. We choose the parameter r as a Flip bifurcation and Neimark-Sacker
bifurcation parameter and show that bifurcation happens at certain bifurcation parameter
r and under some conditions on parameters «, By and B;. The Lyapunov exponents are
numerically computed to confirm further the complexity of the dynamical behaviors.
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