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Abstract In this paper, complex dynamics of the discrete-time predator-prey system without Allee effect
are investigated in detail. Conditions of the existence for flip bifurcation and Hopf bifurcation are derived by
using center manifold theorem and bifurcation theory and checked up by numerical simulations. Chaos, in the
sense of Marotto, is also proved by both analytical and numerical methods. Numerical simulations included
bifurcation diagrams, Lyapunov exponents, phase portraits, fractal dimensions display new and richer dynamics
behaviors. More specifically, this paper presents the finding of period-one orbit, period-three orbits, and chaos
in the sense of Marotto, complete period-doubling bifurcation and invariant circle leading to chaos with a great
abundance period-windows, simultaneous occurrance of two different routes (invariant circle and inverse period-
doubling bifurcation, and period-doubling bifurcation and inverse period-doubling bifurcation) to chaos for a
given bifurcation parameter, period doubling bifurcation with period-three orbits to chaos, suddenly appearing
or disappearing chaos, different kind of interior crisis, nice chaotic attractors, coexisting (2,3,4) chaotic sets,
non-attracting chaotic set, and so on, in the discrete-time predator-prey system. Combining the existing results
in the current literature with the new results reported in this paper, a more complete understanding is given of
the discrete-time predator-prey systems with Allee effect and without Allee effect.
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1 Introduction

In this paper, we consider the following discrete-time predator-prey system in [2]

F:<x>_><x—|—m:(1—a:)—aa:y)7 (1)
y y+ay(z —y)

where r and a are positive constants, z and y can be interpreted as the densities of prey and
predator populations at time ¢, respectively. Here,  + rz(l — x) stands for the rate of the
increase of the prey population in the absence of predator, while the term axy represents the
rate of decrease due to predation, where the parameter a is the predation parameter, the term

y + ay(z — y) stands for the variation of predator density with respect to the prey population.
In the following, we call the system (1) as map (1).
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In the last few decades, the dynamics of predator-prey systems of various types have been
extensively investigated and developed by many researchers. In [4, 9, 10, 14], authors studied
the Holling type (II) prey-predator system with partial-dependent and with state feedback
control by using both theoretical and numerical ways, and gave the sufficient conditions for the
existence of limit cycle, stability of semi-trivial and positive periodic solution, and shown that
the positive periodic solution bifurcates from the semi-trivial solution through a fold bifurcation.
The predator-prey models with age-structure for predator are investigated in [15], where they
reported the dynamical complexities included quesiperiodic attractors and strange attractors
by using numerical analysis. The dynamics of discrete-time predator-prey systems are also
investigated in [7, 11, 15], where they gave the conditions of existence for flip bifurcation, Hopf
bifurcation by using center manifold theorem and bifurcation theory, and provided complex
dynamical behaviors by using numerical simulations. In [13] the author uses simulated data
from a simple host-parasitoid model to investigate the interaction of nonlinear dynamics, noise
and system identification, and to make a more ”true” host-parasitoid model. The dynamical
behaviors including the periodic solutions, bifurcations, chaos for the predator-prey systems
with delays are also reported in [5, 6, 18, 20-27]. Fan et all” proved the existence of periodic
solutions of nonautonomous discrete predator-prey system. Especially, the population dynamics
with Allee effect have been studied. For examples, Celik et all?l and Chen et all® provided the
conditions of existence for stability, flip bifurcation, Hopf bifurcation, and Marotto’s chaos and
found richer dynamics by using both theoretical and numerical analysis.

For the map (1), Celik et al® obtained the local stability conditions of the equilibrium
points. So, our main motivation in this paper is to investigate further the map (1) in detail.

In this paper, we give conditions on the existence of flip bifurcation and Hopf bifurcation by
using bifurcation theory and center manifold Theorem[®24, and the existence of chaos in the
sense of Marottol'617) are proved by using both analytical and numerical methods. Numerical
simulations are shown, including bifurcation diagrams, phase portraits, maximum lyapunov
exponents and fractal dimension!™'?], to verify the theoretical analysis and display new and
interesting dynamical behaviors of the system (1). More specifically, this paper presents the
finding of period-one orbit, period-three orbits, and chaos in the sense of Marotto, complete
period-doubling bifurcation and invariant circle leading to chaos with a great abundance period-
windows, simultaneous occurrence of two different routs (invariant circle and inverse period-
doubling bifurcation, and period-doubling bifurcation and inverse period-doubling bifurcation)
to chaos for a given bifurcation parameter, period doubling bifurcation with period-three orbits
to chaos, suddenly appearing or disappearing chaos, different kind of interior crisis, nice chaotic
attractors, coexisting (2, 3, 4) chaotic sets, non-attracting chaotic sets, in the system (1).

By analyzing both discrete-time predator-prey systems with Allee effect[®3] and without
Allee effect (see [2] and reported in this paper), we found similar dynamical characters for the
cases with or without Allee effect, such as Hopf bifurcation, flip bifurcation, Marotto’s chaos,
transient chaos, and different conditions of existences for various dynamical characters and the
important role played by the Allee constant[?3], Thus, a more complete understanding of the
discrete-time predator-prey system (1) is given.

This paper is organized as follows: In section 2, we give the existence and stability of fixed
points. In section 3, conditions on the existence of codimension-one bifurcations, including
flip bifurcation and Hopf bifurcations are obtained. In section 4, conditions on the existence
of Marotto’s chaos are given. In section 5, numerical simulation results are presented for
supporting the theoretical analysis and exhibiting new and rich dynamical behaviors.
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2 Existence and Stability of Fixed Points

The fixed points of map (1) satisfy the following equations
re(l —x) —axy =0,
{ ay(z —y) =0.
By a simple analysis, it is easy to obtain the following Proposition.
Proposition 1. For any positive parameters, the map (1) has three fized points at z1(0,0),

22(1,0) and z3(z*,y*), where z* = y* = 1

+r’
We now discuss the stability of the fixed points z(x,y) of map (1). The Jacobian matrix J
of map (1) evaluated at the fixed point z(z,y) is given by

J— 1+r—2rx—ay —axr
o ay 14+ax—2ay )’
The characteristic equation of Jacobian matrix J can be written as
N +pA+q=0, (2)
where
p=—2—r+2rzr— ax + 3ay, qg=0+7r—2rz —ay)(1 + ax — 2ay) + a’zy.

The stability of fixed points was given by Canan Celik in [2], which is stated in the following

Proposition.

Proposition 212, The positive equilibrium point z3(z*,y*) of the predator-prey system (1) is

asymptotically stable if

4
2ot < Y 1 (3)
r a+r

3 Codimension-one Bifurcations

In this section, we give conditions on the existence of flip and Hopf bifurcations. The original
system (1) undergoing fold bifurcation requires » = —a, which contradicts to the conditions
r > 0 and a > 0. Hence the system (1) does not undergo fold bifurcation. We choose parameter
a as a bifurcation parameter to study the flip bifurcation and Hopf bifurcation of the positive
fixed point zo(zo, yo)-

3.1 Flip Bifurcation

The characteristic equation associated with the linearized map (1) at zo(xo, yo) is given by

A2+ p(a)A + g(a) = 0, (4)
where 5 -
2r° 4+ ar ar a‘r
=247, = (14r- - ) .
p(a) tr q(a) T a—+r )( a—+r +a+r
Let
2r(r — 2)

Cm:7‘2—27‘—|—4'
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Then the eigenvalues of the fixed point zo(xo(ao), yo(ao)) are

AL =-—1, A =3 —r.
We require |Ag| # 1. This leads to the fact that p(rg) # 0,2. So we get

r#2 and r# 4. (6)

Let w =2 — 1z, v =y —yo and a = a — ag. We transform the fixed point zo(zo,yo) to the
origin and consider the parameter a as a new dependent variable. Thus, map (1) becomes

w a1 a2 Qi3 w Ji(w,a,v)
al—1|0 -1 o0 a |+ 0 : (7)
v az31 0 as3 v fa(w,a,v)
where
3r—r2—4
ail = )
T
(r? —2r +4)2
ai2 = — 4 9
7
—2r+4
aiz = )
r
2r — 4
asy = ’
T
—r+4
ass = )
T
fi(w,a,v) = —rw? — xpav — agwv — Yoaw — awv,
fa(w, a,v) = —agv® + agwv — 2ypav + yoaw — av?® + roav + awv.
4
Let n = (Tg_(;;ji)z, we construct an invertible matrix

azs+1 =1 aszz— A

T = 0 n 0 ,
—az 0 —az1
and under the transformation
w X
a | =T p|,
v Y
the map (7) becomes
X -1 1 0 X RX, pnY)
vw|]—1 0 =1 0 wo|+ 0 , (8)
Y 0 0 Ao Y (X, uY)
where
AXpY)=, | (o’ awn)
1A, M1, Tt 1 rw Toav — QWU — YW — QWU
- A
+ 458 ’ (—a0v2 + apwv — 2ypav + yoaw — av? + roav + awv),

CL31(1 =+ /\2)
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1
B(XmY) == Ao+ 1 (—rw® — moav — apwv — yoaw — awv)
1
_ a;f?i 1_ A2) (—apv? + agwv — 2ypav + yoaw — av? + xoav + awv),
w :(CLBS + l)X — - (%‘3 _ )\Q)K
a =mn,
v=—a0a3X —az?Y.

By the center manifold theorem, the stability of (X,Y) = (0,0) near u = 0 can be deter-
mined by studying a one-parameter family of maps on a center manifold, which can be written
as:

W) ={(X,n,Y) € R* | Y = h*(X,p), h*(0,0) =0, Dh*(0,0) = 0}.
Assume a center manifold with
WX, p) =miX? +meXp+map® + 0(3), (9)

where O(3) is the sum of all terms whose order is great than 2.
Then the center manifold must satisfy

N(R* (X, p)) = " (=X +p+Fi (X, p, (X, p)), p) = Aeh™ (X, p) — Fo (X, p, ™ (X, p)) = 0. (10)
Substituting (8) and (9) into (10) and comparing coefficients of Eq. (10), one obtains
—167

T 2~ o 4 4)(r — ) (r — 2)°
2r(r® — 6r% + 24r — 56)
2T 2 _op 4 4)(r— 2)(r — 4)2
—2r(3r% — 12r + 4)
ms =

(r—4)2(r2 —2r+4)(r —2)
Thus the map restricted to the center manifold is given by
F*: X — — X 4+ 4+ h X% 4+ ho X+ hap? + hami X3 + (hamo 4 hsmy + he) X2
+ (hams + hsma + he) X pi? + hsmap® + O((1X | + [u))*), (11)
where
4r(r? — 6r + 12)

M= o ay(r— )
hy — — r(r® — 272 — 167 + 56)
(r—4)(r2 —2r+4) "’
hs :7‘(7"3 — 612 — 12r +8)
2(r —4)(r2 — 2r +4)’
B = — 2(r +4)(r? — 4r + 8)(r — 2)?
r(r2 =2r+4)(r—4)
he _(r=2)(r" = 8r® +20r% 4 24r — 64)
2(r —4)(r2 — 2r +4) ’
r3(r —2)(r —4)
he = — ;
(r2 —2r+4)2
. _2r%(rt = 8r® +161° + 8 — 32)

(r—4)(r2 —2r +4)2
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In order for map (11) to undergo a flip bifurcation, it is also required that

OF* 9°F* 0?F*

o] = [ du : X2 + 8X8,u:|’(0,0)

and
1 .(82F*)2 1 _ 83F*}
2 0X?2 3 0X3

£0

Qo = [
(0,0)

It is obvious that
2r(r® — 612 4+ 87 +8) 20
(r—4)(r2 —2r +4) ’

~32(r% —12r° 4 62r* — 148r° + 12872 + 961 — 128)
B (r —4)2(r2 — 27 4 4)2

a1 =

£0.

a2

From the above analysis, we have the following theorem.
Theorem 1. The map (1) undergoes a flip bifurcation at z(xo(ao), yo(ao)) if (5), (6) and the
following conditions are satisfied:

a1 #0 and as # 0.

Moreover, if ag > 0 (< 0), the period-2 points that bifurcate from this fixed point are stable
(resp. unstable).

3.2 Hopf Bifurcation

Next, a condition of the existence of Hopf bifurcation of map (1) is derived by using the Hopf
bifurcation theorem [7, 24].
The characteristic equation associated with the linearizated map (1) at the fixed point
z(xo(a), yo(a)) is given by
A+ p(a)X + q(a) = 0. (12)

The eigenvalues of the characteristic equation (12) are given as

Ma(a) = POF \/p;(a) —dq(a) (13)
where
pla) = =2 — r + 2rzg — axo + 3ayo,
q(a) = (1 + 1 —2rzg — ayo)(1 + axo — 2ayo) + a*xoyo.
The eigenvalues \; 2(a) are complex conjugate for p?(a) — 4¢(a) < 0, which leads to
(r—2rzo —azxo + ay0)2 < 4a’zoyo. (14)
According to inequality (14) and (20,%0) = (,1,, .1, ), We obtain
0<r<3a. (15)
Let ,
a=__ for r# 1. (16)



Complex Dynamics in a Discrete-time Predator-prey System without Allee Effect 361

We get that g(a) =1 and Ay 2(a) = 2;" + i\/4g_7’2 = a1 £ias.
Under the conditions (15) and (16), we have

_ d|/\172(a)| ’/‘2

- £0. (17)

[A1,2(a)] = (g(a))> and d da a=a  2(r+a)

In addition, if p(a) # 0, 1, which leads to

2r
2 d ) 18
a # an a # Lty (18)
then we obtain that AT 5(a) #1 (n =1,2,3,4).
w =z — X,
Let { The map (1) becomes
UV=Y— Yo-
fw r—2rzy —1 w fi(w,v)
(1) = ) Gin) w
where
fi(w,v) = —rw? — awv, fa(w,v) = awv — av®.
Using the transformation (f) =T (i), where T' = (al_;;m() _2‘2), then map (19)
becomes
X a1 —ao X F(X,Y)
()= (o) () (B 2
where

Fi(X,Y) =rX? —a(ar — r+ 2rz9) X? + aca XY,

a1 — 1+ 2rxg

F(X,Y) [rX? —a(og —r+2rzo) X2 + aaa X Y]

a2
1
+  [a(aq — 7+ 2rzo) + alay — 7+ 2rw)?| X2 + aqY?
o
—la+2a(a; — 7+ 2rzo)| XY.

Next, we study the Hopf bifurcation of map (20) using the method given in [7]. The
coefficients are given as follows:

2
1-2
llz—Re ( 1_/\)

/\/\ 511520} - ;|511|2 — |€02|? + Re (Aéa1),
§20 = ;[(me — Fiyy +2Fxy) +i(Faxx — Fayy — 2Fixv)],
&1 = i[(FlXX + Fiyy) +i(Faxx + Fayy)],
o2 = ;[(me — Fiyy = 2Fxy) +i(Faxx — Fayy + 2Fixv)],

1
£o1 = 16[(F1XXX + Fixyy + Faxxy + Fayyy)

+i(Foxxx + Foxyy — Fixxy — Fivyy)].
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Thus, some complicated calculation gives
1

32((1—a1)2 + a2

X (Foxx + Fayy)] + N2Fixx (Foxx — Fixy) + 2Faxy (Foxx + FQYY)]}

I = ){M[FIXX(FlXX +2Fxy) — (Faxx — Fayy — 2Fixy)

1
T 39 [Fixx + (Faxx + Fayy)?]
1
~ 64 [(Fixx —2Foxy)? + (Faxx — Foyy + 2Fixv)?], (21)

where

Fixx = 2[r2 —a(ay —r+2rzy)],
Fixy = aao,
2(aq —r —=2rz)(r + a)

Foxx = o )
2

Foxy = —a(l+ay —r+ 2rzy),
Foyy = 2aas,

2 3 4 2 2 4
M = o7 — 3a] + 207 — a5 + a105 — 205,

N = —az(a3 4 502 — 201 — 408 — 4aq03),
_2-r

Q] = ) )
_ VAr—r?

g = 9 .

From the above analysis, we have the following theorem.

Theorem 2. The map (1) undergoes a Hopf bifurcation at the fized point z(xo,yo) if the
conditions (15), (16), (18) hold and I # 0 in (21). Moreover, if Iy < 0 (resp. 13 > 0) and
d > 0, then an attracting (resp. repelling) invariant closed curve bifurcates from the fixed point
fora>a (resp. a < a).

4 Existence of Marotto’s Chaos

In this section, we prove that the map (1) possesses a chaotic behavior in the sense of Marrotto
(see 16,17]).

We first give a condition under which the fixed point zo(xo,yo) of map (1) is a snap-back
repeller. The eigenvalues associated with the fixed point zg(zo, yo) are given by

—p(z0,y0) £ /P2(0, y0) — 4q(z0, o)

Al = 9 ,

where

p(x,y) = =2 —r+ 2rz — ax + 3ay,
q(z,y) = (1 +r —2rz —ay)(1 + ax — 2ay) + a’zy.

We need to find a neighborhood U,.(zg) of zo(z0, yo) in which the norm of eigenvalues exceeds
1 for all z € U,(z0). This is equivalent to the condition

{ p2(a:,y) - 4Q(x7y) < 07
q(z,y) —1>0.
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Let
Si(z,y) = p*(z,y) — 4q(z,y) = a’y* + (201 — 4a’z)y + B7,

where 31 = r — 2rx — ax. Since
A1 = (201 — 4a’x)? — 4F%a® > 0,
the equation S1(z,y) = 0 has one real root with multiplicity 2 or two real roots denoted as

20z — 1 — \/4a2x2 —4daBx 20z — 1+ \/4a29c2 —dafrx
" .

a

Y1 and Y2
Since
A = (200, — 4a2a:)2 - 46%@2 >0,

we obtain that -
> .
= 2(a+r)
Thus, S1(z,y) < 0if 2 € Dy = {z|z > Q(GT_H)} and y € D3 = (y1,y2).
Let
Sa(z,y) = q(z,y) — 1 = 2a%y* — (a+ 202)y +r — 2rz + Pz,

where B2 = a + ar — 2arz. If Ay = (a + 202)? — 8a?(r — 2rx + B2x) > 0, then the equation
Sa(z,y) = 0 has one real root with multiplicity 2 or two real roots both denoted as

¢ a+2B2 — /A2 ¢+ 202+ /A
Y1 = A2 ) Y2 = 42 .

Since Ay > 0, we obtain that
16a%r(r + a)x? — 8a*(2r® + a + ar)z + 9a® + 4a®r + 4a*r* > 0, (22)

If A3 = 64(a?+ a?r? + 2ar — 9r2 — 473 — 9ar) > 0, from (22) we get that x > x1 or x < 2,
where
2r2 +a+ar + /A3 2r2 +a+ar — /b3
T = , Ty = .
! 4dr(r + a) ? 4r(r +a)

If A3 < 0 from (22), we obtain that z € R.
If A3 >0 and z2 < x < z1, then As < 0, so we have y € R.
Therefore, we obtain that Sa(x,y) > 0 if one of the following conditions holds:
(1) A3 >0, z € Dy = (_Oova) U ($17+OO) and RS Dé = (_007 yll) U (y2/,+00);
(2) A3<0, x € Randy e Dj;
(3) A3 >0, x € Dy = (x2,21).
According to the above analysis, we can get the following lemma.

Lemma 1. Leta >0, r > 0 if one of the following conditions is satisfied:
(Z) A3 >0, € D1NDy andy € D3ﬁDé,’
(it) A3 <0, x € Dy and y € Dg N D;
(i) Ag >0, x € DyN D)} andy € Ds.
Then p?(z,y) — 4q(x,y) < 0 and q(x,y) — 1 > 0. Moveover, if the fized point zo(xo,y0) of map
(1) satisfies
20(z0,y0) € Uz = {(z,y) | 2 € Dy N Dy, y € D3N D4}

or
z0(z0,y0) € Uzy = {(z,y) | € D1, y € DsN D4}
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or
30(330790) € UZO = {(ﬂ%y) | x €Dy mDI27 Y€ D3}7

then zo(xo,yo) is an expanding fixed point in U, .

According to the definition of snap-back repeller, one needs to find one point z1(x1,y1) € Uy,
such that 21 # 29, FM(z1) = 20, and |DFM(z;1)| # 0 for some positive integer M, where map
F is defined by (1).

To proceed, notice that

1 +rxi(l—xz) —ax = X9,
{ 1 1( 1) 191 2 (23)
y1+ayi(z1 —y1) = yo,
and
{ xo + rra(l — x2) — axays = o, (24)
Y2 + aya(x2 — y2) = yo.

Now, a map F2 has been constructed to map the point z; (1, y1) to the fixed point zo(xg, yo)
after two iterations if Egs. (23) and (24) have solutions being different from zg. The solutions
of Eq. (24) which are different from zy, satisfy the equation

—[xe — 20 + roa(l — 22)]2 + (22 + ax3)[x2 — 20 + r22(1 — 22)] — ayor3 =0,

1 25
Yo = [x2 — 2o + r22(1 — 22)]. (25)
axrs
Let
A=r*+ar, B=—(2r*+7r+a+ar),
C =712+ 1+ 2rzg + ayo + axo, D =z + 2rzo, E:x?).
From (25), one can get
Az + Bay 4+ Ca3 + Dxy + E = 0. (26)
Let
_ 8B ¢
T T2 T
g B? BC n D
843 242 A
__3B' BC _BD E
7T T 95644 T 1643~ 442 T A
o2
P=-" -
12 s
o  ay  B?
@="1s " 3 " g
_Q \/Q2 ps
R= 5 + 1 + 97
U= VR,
S P
= — _U-
=76 Tau
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If 3 =0 and oo < —24/r, then the equation (26) has four real roots denoted as

B —a+ Va2 —A4r
o

LT Ty P ’
. __B+ —a— Va2 —4r
12 — 4A 2 9

B —a+ Va2 —4r
r13 = 4A 2 9
. __B_ —a—+Va2 —4r
Y| 2 '

IfB#0, a+2£ >0 and 3o+ 2£ <

real roots denoted as

226 or 3a+2¢ < — % then equation (26) has

V26t 26+

—\/a+2§:|:\/—(3a+2£—\/25 )

, a+2¢€
=t 2 ’

or
Vo + 26+ \/—(3a+2§+ \/jix)

[
=t 2 '

Substituting xs and ys into Egs. (23) and solving z1,y1, we get
—[x1 — 22 +ro1 (1 — 21)]2 + (21 + azx?)[z1 — 22 + 121 (1 — 21)] — aye2? =0,
(27)
= [x1 — 22+ 721 (1 — 21)].
axrq

Let

A=r*+ar, B=—(2r+7r+a+ar),

C:r2—|—r—|—2m:2—|—ay2—|—aa:2, D = x5+ 2rxo, E:x%,
2

a:_332+c7

g4~ A

B> BC D
P st o T
38" BC BD E
T Toseal 164°  aa? A

052
P==15=7
Q__a3 a’y_ﬂQ

08" 3 8’

2 P3

:gi\/a‘Lw’
U= VR,
5__504_’_P_U
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From (27), one can get
Az} + Ba} 4+ Ca? + Dz + E = 0. (28)

If 8 =0 and o < —24/r, then the equation (28) has four real roots denoted as

B +\/—a+\/a2—4r

x11:_4A 2 )
- __B+\/—a—\/a2—4r
12 — 4A 2 )
- __B_\/—a—l—\/a2—4r
13 — 4A 2 )
- __B_\/—a—\/a2—47‘
14 = AA 9 .

IfB#0, a+26>0and 3a+2€ <

real roots denoted as

226 or 3a+26 < — 2% then equation (28) has

Vet Vet

_ _ _ 2B
\/a+2£j:\/(3a+2§ \/a+2£)

' ——B—|-
W44 2 ’
or
a+26+, [—Ba+2e+ 2P
g VerxE Garae 2
Typ=— .t .

4A 2
By a simple calculation, we get

1 3 1 1 1
DF? ()| =4{ =yt + [ (w1 - 2)(“ Sty - 2“}“_ o™ (w1 - 2)T}
x { =14 (=247 +3z1y1)a® + [(#] — z1)r + 2y1 — z1]a}

1, ) 1
X {raa:lyl + 9 + (27 —x)r* + (— T1 + 2)1"}.

Obviously, if the condition in Lemma 1 is satisfied and the solutions of Eqgs. (25) and (27)
satisfy that z1(x1,91), 2(22,92) # 20(20,Y0), 21(21,y1) € U, and |DF?(21)| # 0, then 2 is a
snap-back repeller in U,,. Thus, the following theorem is established.

Theorem 3. Assume that the conditions in Lemma 1 hold. If

(1) —2azo < r(l —2xz0) < 2azg and (r — 2rze — 2axo)(1 — axo) > 0, and

(2) the solutions (x2,y2) and (xz1,y1) of Eqs. (25) and (27) satisfy that (x1,y1), (T2,y2) #

(z0,y0), (z1,y1) € Usy, (21,71) # (0,0) and |[DF?(z1)| # 0.

Then zo(xo,yo) is a snap-back repeller of map (1), and hence map (1) is chaotic in the sense
of Marotto.

Next, we give specific values of the parameters for illustrating the existence of conditions in
Theorem 3.

Example 1. Fora = 1.5and r =4, the map (1) has a fixed point zo(zo, yo) = (0.7272727273,
0.7272727273), and the eigenvalues associated with zg is A1 o = —0.514234591 + 0.95444733513.
Based on Lemma 1 and Theorem 3, we find that a region of zo is U = {(z,y) | 0.5 <
T <074, o' <y <y} CU, ={(z, y) |2z € D1, y € D3UDj}, and there exists a
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point 21 (71, y1) = (0.5110659317,0.8236756974) satisfying that F2(21) = 29 and |[DF?(21)| =
—2.405093121 # 0, where

Yo =8.3333333x — 2.66666667 + 0.6666666667\/9x2 —6(4—-9.512) z,
ys =1.833333333 — 2.666666667x + 0.1111111111

x /(16.5 — 24x)2 — 72 4 144z — 18(7.5 — 12z)x.

Obviously zg, z1 € U. Thus, zq is a snapback repeller.

Example 2.  For a = 1.55 and r = 4, the map (1) has a fixed point z(zo,yo) = (0.7207207,
0.7207207207), and the eigenvalues associated with zy is A1 2 = —0.4376068055+0.93071120973.
Based on Lemma 1 and Theorem 3, we find that a region of 2o is U = {(z,y) | 045 <
x <075, yo' <y <y} CU, ={(x, y) |z € D1, y € D3UDj}, and there exists a
point z(x1,y1) = (0.4910895415,0.7973518427) satisfying that F2?(z1) = zo and |DF?(z1)| =
—2.346889713 # 0, where

Yo =8.161290322x — 2.580645161 + 6.451612903 x \/9.61 22 —6.214 (4 — 9.55 z) x,
Y5 =1.774193548 — 2.58064516 = + 0.1040582726

x /(17.05 — 24.821)% — —76.88 + 153.76 — 19.22(7.55 — 12.42)z.

Obviously zg, z1 € U. Thus, zg is a snapback repeller.

5 Numerical Simulations

In this section, numerical simulations are given, including bifurcation diagrams, Lyapunov
exponents (ML), fractal dimension (FD) and phase portraits, to illustrate the above theoretical
analysis and show new and more complex dynamic behaviors in the map (1).

The fractal dimension [1, 12] is defined by using Lyapunov exponents as follows:

i=j
2
dr, =j+ 1_];'
with Ly, Lo, -+, Ly,, which are Lyapunov exponents, where j is the largest integer such that

=] i=j+1
> >0and > <O.
i=1 i=1

= i=
Our model is a two-dimensional map which has the fractal dimension

Ly

drp, =1+ ,
t |Lo|

Ly > 0> Lo.

5.1 Numerical Simulations on Stability and Codimension One Bifurcations of

Fixed Points

The following two cases are considered:

Case 1. Bifurcation diagram of map (1) in (a, x) plane for 0.2 < a <1, and r = 2.9148 with
initial values (0.75,0.75) is given in Fig.1 (a), which shows that there are flip bifurcation (labeled
“PD”) emerging from the fixed point 2((0.7846,0.7846) with r = 2.9148, o; = 4.11476532 and
as = 84.39293744 > 0.
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Case 2. Bifurcation diagram of map (1) in (a,z) plane is given in Fig.1 (b) for 1.4 < a <
1.81 and r = 2.5 with initial values (0.75,0.75). Fig.1 (b) exhibits Hopf bifurcation (labeled
“HB”), which occurs at fixed point z¢(0.6,0.6) and a = 1.6665 with d = 0.7500750075 > 0,
Iy = —4.417416610 < 0. Fig.1 (a) and (b) verify the correctness of Theorem 1-2.

16 - - ; ; 0.8
14-
07
PD T
!/_ B | x 0.6~
0.5-
042 0.4 0.6 0.8 1 12 M3 1 s 19 2

Fig.1 (a) Bifurcation diagram of map (1) in (a, z)-plane for r = 2.9148 with (zo, yo) = (0.75,0.75).
(b) Bifurcation diagram of map (1) in (a, z)-plane for r = 2.5 with (zo,yo) = (0.75,0.75).

5.2 Numerical Simulations for Marotto’s Chaos

In this subsection, numerical simulations are shown for verifying the condition in Theorem 3.

(1) By Example (1), the bifurcation diagram in (a,z) plane is given in Fig.2 (a) for r = 4
and a € (1.495,1.505) with initial values (0.75,0.75). The maximum Lyapunov exponents
corresponding to (a) are computed as shown in Fig.2 (b). From Example (1) and Theorem 3,
one can see that the chaotic attractor is located in the chaotic region a € (1.499,1.5005). In fact,
for a = 1.5, zo(xo,y0) = (0.7272727273,0.7272727273) is a fixed point of map (1), the region
of zgis U= {(z, y) | 05 <z <0.74, o' <y <y2} CU,, ={(z, y) |z € Dy, y € D3U D4}
in which 2y is expanding, and the point zi(x1,y1) = (0.5110659317,0.8236756974) satisifes
F2(21) = zp and |[DF?(21)| = —2.405093121 # 0. Thus 2 is a snapback repeller. The Marotto’s
chaotic attractor is given in Fig.2(c) for u = 1.5, which verifies Theorem 3.

08 0.02 08

08
08

=
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Maximum Lyapunov Exponent
Y
¥

Blos rase ides 15 sz s 1506 Ohes aw s 15 sz taw s *4s o5, o7 o8 a8

(a) (b) (c)
Fig.2 (a) Bifurcation diagram of map (1) in (a, z)-plane for r = 4 with (zo,yo) = (0.75,0.75).
(b) Maximum Lyapunov exponents corresponding to (a).

(c) Chaotic attractor (ML = 0.0122, FD = 1.298) at a = 1.5 in (a).
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(2) By Example (2), the bifurcation diagram in (a,z) plane is shown in Fig.3 (a) for
r =4 and a € (1.54, 1.558) with initial values (0.75, 0.75), and the corresponding maximum
Lyapunov exponents is given in Fig.3 (b). From Example (2) and Theorem 3, one can find that
the chaotic attractor is located in the chaotic region a € (1.545, 1.551). In fact, for a = 1.55,
z0(xo, yo) = (0.7207207207, 0.7207207207) is a fixed point of map (1), the region of zg is
U={(z,y) 045 <z <0.75, yo' <y <ys} CU,, ={(z, y) | x € D1, y € D3UD}} in which
zp is expanding, and the point z1(z1,71) = (0.4910895415,0.7973518427) satisfies F?(21) = 2
and |DF?(z1)| = —2.346889713 # 0. Thus z; is a snapback repeller. The chaotic attractor is
given in Fig.3(c) for a = 1.55, which is verifies Theorem 3.

08 0.06 08

0.04

*
0.8. 988

e 002
01

Maximum Lyapunov Exponent

%71 1545 1.55

Fig.3 (a) Bifurcation diagram of map (1) in (a, z)-plane for r = 4 with (zo,yo) = (0.75,0.75).
(b) Maximum Lyapunov exponents corresponding to (a).

(c) Chaotic attractor (ML = 0.03725, FD = 1.6085) at a = 1.55 in (a).

5.3 Further Numerical Simulations for the Map (1)

In this subsection, new and complex dynamical behaviors are investigated as the parameters
vary.

The bifurcation diagrams in the two-dimensional plane are considered in the following eight
cases:

ai) Varying a in range 0 < a < 1.857 and fixing r = 2.7;
ail) Varying a in range 0 < a < 1.724 and fixing r = 2.8;

aiil) Varying a in range 0 < a < 1.4985 and fixing r = 3;

(
(
(
(aiv) Varying a in range 0.91 < a < 1.48 and fixing r = 3.5;
(bi) Varying r in range 0.945 < r < 3 and fixing a = 1.5;
(bii) Varying r in range 0 < r < 2.77 and fixing a = 1.9;
(biii) Varying r in range 0.1 < r < 2.71 and fixing a = 2;

(

biv) Varying r in range 0 < r < 2.24 and fixing a = 2.1.

For case (ai). The bifurcation diagram of map (1) in (a,z) plane is shown in Fig.4 (a) for
r = 2.7 with initial values (0.75, 0.75), and the maximum Lyapunov exponent corresponding
to Fig.4 (a) is given in Fig.4 (b). In Fig.4, we observe that there are a stable fixed point for
a € (0.642, 1.588), and a Hopf bifurcation occuring at a ~ 1.588, the simultaneous occurrence
of two different routs (inverse period-doubling bifurcation and invariant circle) to chaos. One
can also see that inverse period-doubling bifurcation, which occurs at a ~ 0.642, changes into
chaos with interior crisis at a ~ 0.0265 and the chaotic behaviors suddenly appear at a ~ 0
and a ~ 1.86. Fig.4 (c)—(e) present the four-coexisting chaotic sets at a = 0.13, non-attracting
chaotic sets at a = 0.144 and the invariant circle at a = 1.6, respectively.
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Fig.4 (a) Bifurcation diagram of map (1) in (a, x)-plane for r = 2.7
and 0 < a < 1.857 with (zo,y0) = (0.75,0.75).
(b) Maximum Lyapunov exponents corresponding to (a).
Phase portraits:
(c¢) four-coexisting chaotic sets (ML = 0.051, FD = 1.9523) for a = 0.13 in (a);
(d) non-attracting chaotic sets (ML = 0.0225, FD = 1.4346) for a = 0.144 in (a);
(e) invariant circle (ML = 0) for a = 1.6 in (a).

For case (aii). The bifurcation diagram of map (1) in (a,z) plane is shown in Fig.5 (a)
for r = 2.8 with initial values (0.77,0.77), local amplification is given Fig.5 (b) and (c) for
a € (0, 0.2) and a € (1.6,1.7), and the maximum Lyapunov exponents corresponding to (a) is
given in Fig.5 (d). One can observe that there are a stable fixed point for a € (0.718, 1.335),
period-three orbits for a € [1.335,1.488), and the simultaneous occurrence of two different
routs (inverse period-doubling bifurcation and period-doubling bifurcation) to chaos. Moreover,
there is a great abundance of period windows in the chaotic regions with interior crisis at
a ~ 0.0645 and 0.14, and the chaotic behaviors suddenly appear at a ~ 0 and a ~ 1.725. Fig.5
(e)—(g) give the two-coexisting chaotic sets at a = 0.22, three-coexisting chaotic sets at a = 1.7,
chaotic attractor at a = 1.722.

For case (aiii). The bifurcation diagram of map (1) in (a,z) plane is shown in Fig.6
(a) for r = 3 with initial values (0.77, 0.77), are local amplification is given in Fig.6 (b)
for a € (1.48, 1.4985), and the maximum Lyapunov exponent corresponding to (a) is given
in Fig.6 (c). From the diagrams, One can observe that there is a period-one orbit region for
a € (0.858, 1.48624), the fixed point loses its stability as a decreases and inverse period-doubling
bifurcation which occurs at a ~ 0.858 changes into chaos with small complex period windows
and the chaotic behavior suddenly appears at a ~ 0. Moreover, as a increases, the period-
one orbit suddenly becomes period-14 orbits at a ~ 1.48624 and period-doubling bifurcation
changes into chaos with period-one windows, and the chaotic behavior suddenly disappears at
a ~ 1.4986. The nice chaotic attractors at a = 1.498 is shown in Fig.6 (d).
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Fig.5 (a) Bifurcation diagrams of map (1) in (a, z)-plane for r = 2.8
and 0 < a < 1.724 with (zo,yo) = (0.77,0.77).
(b) local amplification for a € (0, 0.2);
(¢) Maximum Lyapunov exponents corresponding to (a).
(d) Maximum Lyapunov exponents corresponding to (a);
Phase portraits:
(e) the two coexisting chaotic sets (ML = 0.05, F'D = 1.5055) for a = 0.22 in (a);
(f) three-coexisting chaotic sets (ML = 0.0468, F'D = 1.3824) for a = 1.7 in (a);
(g) chaotic attractor (ML = 0.05626, F'D = 1.4899) for a = 1.722 in (a).

For case (aiv). The bifurcation diagram of map (1) in (a,z) plane is shown in Fig.7 (a)
for r = 3.5 with initial values (0.77,0.77), the maximum Lyapunov exponent corresponding
to (a) is given in Fig.7 (b). The diagrams show that there are a period-one orbit region for
a € (1.135, 1.4), the simultaneous occurrence of two different routs (inverse period-doubling
bifurcation and invariant circle) to chaos with small period windows and interior crisis which
occurs at a ~ 0.999. The chaotic attractor at a = 0.92 and two-coexisting chaotic sets at a = 1
are given in Fig.7 (c) and (d), respectively.
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Fig.6 (a) Bifurcation diagrams of map (1) in (a, z)-plane for r = 3
and 0 < a < 1.4985 with (zo,y0) = (0.77,0.77).
(b) The local amplification of (a) for 1.48 < a < 1.4985.
(¢) Maximum Lyapunov exponents corresponding to (a).

(d) Chaotic attractor (ML = 0.1089, F'D = 1.7559) for r = 1.498 in (a).
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Fig.7 (a) Bifurcation diagram of map (1) in (a, z)-plane for r = 3.5
and 0.91 < a < 1.48 with (z0, yo) = (0.755, 0.755).
(b) Maximum Lyapunov exponents corresponding to (a).
Phase portraits:
(¢) chaotic attractor (ML = 0.13, FD = 1.2640) for a = 0.92 in (a);

(d) two-coexisting chaotic sets (ML = 0.05, FD = 1.1786) for a = 1 in (a).
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For case (bi). The bifurcation diagram of map (1) in (r,z) plane is shown in Fig.8 (a)
for @ = 1.5 with initial values (0.75,0.75), the maximum Lyapunov exponent corresponding
to (a) is given in Fig.8 (b). From Fig.8 (a)—(b), one can see that there is a large stable
region for r € (0.945, 2.72), period-one orbit becomes period-three orbits suddenly at r ~ 2.72
and period doubling bifurcation changes into chaos with period-one windows, and the chaotic
behavior suddenly disappears at  ~ 3. The three-coexisting chaotic sets at r = 2.9321, chaotic
attractor at r = 2.998 are exhibited in Fig.8 (c)-(d), respectively.

14 0z 1

Maximum Lyapunov Exponent

is 7 5, 2 25 3

(a)

Fig.8 (a) Bifurcation diagram of map (1) in (r, z)-plane for a = 1.5
and 0.945 < r < 3 with (z0,y0) = (0.75, 0.75).
(b) Maximum Lyapunov exponents corresponding to (a).
Phase portraits:
(c) three-coexisting chaotic sets (ML = 0.08, FD = 1.4043) for r = 2.9321 in (a);
(d) chaotic attractor (ML = 0.1176, FD = 1.7576) for r = 2.998 in (a).

For case (bii). The bifurcation diagram of map (1) in (r, z) plane is shown in Fig.9 (a) for
a = 1.9 with initial values (0.1,0.1), Fig.9 (b) is the local amplification for r € (2.5, 2.77) in (a).
The maximum Lyapunov exponent corresponding to (a) is given in Fig.9 (c). The diagrams
show that there are a wider period-one orbit region for r € (0, 2.11) and sudden appearance of
invariant circle as r increases and that the invariant circle suddenly becomes to period-7 orbits,
the onset of chaos at r ~ 2.6507, and complex period windows in the chaotic region, and the
chaotic behavior suddenly disappears at r ~ 2.771. The period chaos at » = 2.652 and period
windows at r = 2.69 are plotted in Fig.9 (d) and (e), respectively.
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Fig.9 (a) Bifurcation diagram of map (1) in (r, z)-plane for a = 1.9
and 0 < r < 2.77 with (zo,y0) = (0.1,0.1).
(b) The local amplification of (a) for 2.5 < a < 2.77.
(¢) Maximum Lyapunov exponents corresponding to (a).
Phase portraits:
(d) (d) chaos (ML =0.0074, FD = 1.0312) for » = 2.652 in (a);

(e) period window for r = 2.69 in (a).

For case (biii). The bifurcation diagram of map (1) in (r,z) plane for a = 2 with initial
values (0.51,0.51) is shown in Fig.10 (a), and the maximum Lyapunov exponent corresponding
to (a) is given in Fig.10 (b). The diagrams show that there is a period-one orbit region for
r € (0.1, 2), the fixed point loses its stability as r increases, period-one orbit to period-4 orbits,
which occurs at r ~ 2, changes into chaos with complex period windows, and the chaotic
behavior suddenly disappears at r ~ 2.711. The four-coexisting chaotic sets at r = 2.25,
chaotic attractor at r = 2.4 are exhibited in Fig.10 (c¢)—(d), respectively.

For case (biv). The bifurcation diagram of map (1) in (r, z) plane for a = 2.1 with initial
values (0.1,0.1) is shown in Fig.11 (a) and the maximum Lyapunov exponent corresponding to
(a) is given in Fig.11 (b). One can see that there is a stable fixed point for r € (0, 1.91), the
fixed point loses its stability as r increases, the sudden appearance of invariant circle occurs
at r ~ 1.91, the invariant circle suddenly becomes chaos at r ~ 2.069 with complex period
windows, and the chaotic behavior suddenly disappears at r ~ 2.241. The non-attracting chaos
at r = 2.091, chaotic attractor at r = 2.109, period orbits at » = 2.13, chaotic attractor at
r = 2.225 are shown in Fig.11 (¢)—(f), respectively.
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Fig.10 (a) Bifurcation diagram of map (1) in (r, z)-plane for a = 2
and 0.1 < r < 2.71 with (zo,yo0) = (0.51,0.51).
(b) Maximum Lyapunov exponents corresponding to (a).
Phase portraits:
(¢) four-coexisting chaotic sets (ML = 0.0433, FD = 1.1666) for r = 2.25 in (a);
(d) chaotic attractor (ML = 0.0457, FD = 1.6160) for r = 2.4 in (a).
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Fig.11 (a) Bifurcation diagram of map (1) in (r, z)-plane for a = 2.1
and 0 < r < 2.24 with (z0,%0) = (0.1,0.1).

(b) Maximum Lyapunov exponents corresponding to (a).

Phase portraits:

(¢) non-attracting chaos (ML = 0.012, FD = 1.1471) for r = 2.091 in (a);
(d) chaotic attractor (ML = 0.0283, FD = 1.4104) for r = 2.109 in (a);
(e) period orbits (ML = —0.00025) for r = 2.13 in (a);
(

)
f) chaotic attractor (ML = 0.071, FD = 1.8461) for r = 2.225 in (a).
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