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Abstract

In this paper, a discrete-time biological model and its dynamical behaviors are studied
in detail. The existence and stability of the equilibria of the model are qualitatively
discussed. More precisely, the conditions for the existence of a flip bifurcation and a
Neimark-Sacker bifurcation are derived by using the center manifold theorem and
bifurcation theory. Numerical simulations are presented not only to validate our
results with the theoretical analysis, but also to exhibit the complex dynamical
behaviors. We also analyze the dynamic characteristics of the system in a
two-dimensional parameter space. Numerical results indicate that we can more
clearly and directly observe the chaotic phenomenon, period-doubling and
period-adding, and the optimal parameters matching interval can also be found
easily.

Keywords: host-parasitoid model; flip bifurcation; Neimark-Sacker bifurcation;
two-dimensional parameter space

1 Introduction

A host-parasitoid model with a lower bound for the host is given by [1] as follows:

1-HO)#(6)-c)
H(t +1) = H(t) exp[——f = — 400,

Pt +1) = H(®)[1 - exp(- {2205,

(1.1)

where H(¢) is the host population size in generation ¢, P(¢) is the parasitoid population
size in generation ¢, r is the intrinsic growth rate. k is the carrying capacity of the environ-
ment and c is the lower bound for the host. Many species abide by their own ecological
genetic rules, and all of them have their own lower bound. Once the population size goes
below the lower bound, the species would die out. Therefore, it is necessary to investigate
the interspecific interaction with a lower bound. In this model, a is a search rate, b is a
conversion factor, and m is a constant. These parameters r, k, ¢, a, b and m are all positive
constants.

The two-dimensional parameter-space has attracted considerable interest in recent
years. There have been some studies focusing on detailed treatments of this topic [2-8].
For example, in [2] Sun et al. investigate the emergence of quasi-periodic and mode-locked
states of an arbitrary period in pairs of coupled maps of a discrete system. Li et al. [3]
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study the dynamic behaviors of a discrete system with exponential terms, two control
parameters are involved in this system. In their paper, the authors show that there are
different kinds of fractal structures in both the attractive and the divergent regions. The
two-dimensional parameter space has also been reported by Paulo C Rech [4], who in-
vestigates a three quadratic discrete-time system in which transitions are followed by pe-
riodic, quasi-periodic, chaotic and hyper-chaotic states. The author uses the maximum
Lyapunov exponents, parameter planes, phase space portraits and bifurcation diagrams
to verify these transitions. In [8] a new method with a discrete physiological control sys-
tem is introduced and the dynamical behaviors of the discrete model are investigated. The
division diagrams are simulated to catch the dynamic behaviors of the system about two
parameters. The above-mentioned models in these literatures are parameter spaces of the
discrete system. Similar results are observed in [5-7], they demonstrate the complicated
behaviors of the continuous system, which is also controlled by two different parameters
numerically.

With the increasing application of ecological models in the real world, more and more
attention has been paid to the host-parasitoid models, and they have played an important
and fundamental role in the relationship among the biological populations. Although this
kind of model has been investigated by many scholars, little research has been carried
out on discrete systems [9-13]. In this study, the discrete host-parasitoid system (1.1) is
further investigated in detail. We mainly pay our attention to deriving the existence of flip
and Neimark-Sacker bifurcations. For simplicity, system (1.1) can be rewritten as follows:

r(1-§)(x—c) b
x = xexpl—T— - 5] 12)
, )
y — x[1 —exp(-52)].

Our objective is to study systematically the existence conditions of the flip bifurcation
and the Neimark-Sacker bifurcation, which will be derived using the center manifold the-
orem and the bifurcation theory (see [14, 15]). The effectiveness of these theoretical analy-
ses is determined by bifurcation diagrams with one control parameter. Furthermore, two-
dimensional parameter-space diagrams for system (1.2) are presented to clarify the re-
lationship between complex dynamic behaviors and two control parameters. In fact, the
problem considered in this paper and the obtained results can be regarded as a beneficial
supplement to the work of [1].

The general outline of this paper is as follows. In Section 2, we discuss the stability crite-
rion of the system at different equilibria in the interior of R?. We prove that under certain
parametric condition system (1.2) admits a bifurcation in Section 3. Numerical simula-
tions using MATLAB are applied in Section 4 to support the theoretical analyses and vi-
sualize the newly observed complex dynamics of the system. These findings prove that
there are possibilities for periodic and chaotic motions to exist in the parameter space. In
addition, the phase diagrams of two control parameters are also presented. Finally, com-
ments and conclusions are summarized.

2 Stability of equilibria

In this section, we first determine the existence of equilibria of system (1.2) and then in-
vestigate their stability by calculating the eigenvalues for the Jacobian matrix at each equi-
librium. At last, sufficient conditions for the existence of a flip bifurcation and a Neimark-
Sacker bifurcation are derived using a qualitative theorem and bifurcation theory [14, 15].
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We can get one equilibrium E((0,0) and the other positive equilibrium E; (x1, y;), where
x1, y1 satisfy the following equation:

qln £

X ==,
algIn é+bq—b]
(q—l)ln%

Y11= 2 <+bgb]’

(2.1)

[ r(1-x1/k)(x1—c) ] .

where g = exp o

The Jacobian matrix of system (1.2) at Ey is

em 0
]0(0’0):< 0 O>'

Accordingly, we can get eigenvalues

rc

Ap=em, A2 =0,

from which, we find that E; is a stable node (|11 < 1). The rigorous estimate of the result
can be found in [1]. Now we are interested in considering the stability of E;. The Jacobian
matrix of (1.2) at E; can be written as follows:

1+mG+H —l"f’T";l
Ji(x1,91) = aby; aby| .
1 —e T+axy _ He T+axq L
where G = =#1=9 -7 _ -9 _ a’bay L= b el‘ibTyxll
T k(xi+m) | x1+m (x1+m)2 T (Q+ax1)?’T T ltax .

The characteristic equation of the Jacobian matrix /; is given by
F(3) = 2% + P(xy, y1)h + Q(x1,31) = 0, (2.2)
with coefficients

P(x1,y1) =—(1+r G+ H + L),

abx,

Qx1,y1) =rx1LG + .
1+ax;

From (2.2) we have

b
F)= -2 H L (0,G-xLG)r,
1+ax;
abx;
F(-1)= +H+L+2+xG+x,LG)r.
1+ ax;

In order to discuss the stability of the equilibrium E;, we also need the following
lemma, which can be easily proved by the relationship between roots and coefficients of a
quadratic equation [9].

Lemma2.1 Let F(\) = A2+ P\ + Q. Assume that F(1) > 0, A, and k, are the roots of F(A) = 0.
Then we have the following statements:
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(i) [A1l<1, |Ap|l < Yifand only if F(-1) >0and Q< 1;
(i) A1l <1, |A2] > 1 (or|X1] > 1 and |Ay| < 1) if and only if F(-1) < 0;
(iii) |A1] > 1, [A2| > 1 ifand only if F(-1) > 0 and Q > 1;
(iv) A1 =-1, |Ao| #1 ifand only if F(-1) =0 and P #0, 2;
(V) A1, Ay are complex and |A1| = |Aa| = 1 if and only if P> —4Q < 0 and Q = 1.

Let A; and A, be the roots of (1.2), which are called eigenvalues of the fixed point (x1, y1).
The fixed point (x1, y1) is a sink or locally asymptotically stable if |11 | < 1, |A2| < 1. The fixed
point (x1,y1) is a source or locally unstable if |A1| > 1, [Ap| > 1. The fixed point (x1,y1) is
a saddle if |A1] < 1 and |Ay| > 1 (or |A;] > 1 and |A;] < 1). The fixed point (x1,y;) is non-
hyperbolic if either [A;] =1 or |A;] = 1.

Then we have the following theorem on the stability of a positive fixed point of system
(1.2).

Theorem 2.1 For the positive equilibrium E1, we have the following estimates:

24H+L+ £25L — {x)
. . . . . PR . _ +ax1 +ﬂxl .
(i) itis a sink if the condition holds: r > S Gmic and r < G
bx abx
2+H+L+ 1oL -2
' g e . ' . _ T+axy T+axy |
(il) it is a source if the condition holds: r > TTGIIC and r > HIG
N . . 2eHL+ fi)
(iii) it is a saddle if the condition holds: r < ———=——=+;
x1G+x1LG
(iv) it is non-hyperbolic if one of the following conditions holds:
bx
2+H+L+ 2oL
. _ T+ax| _1+H+L _ 3+H+L,
(IV.l) r= x1G+x1LG ﬂl’ld}’# x1G ’ x1G
1 abxy
. _ T Téaxg _3+H+L 1-H-L
(iv.2) r= T and TG <r<Sa

From the above theorem, if the term (iv.1) holds, one can easily obtain that one of the
eigenvalues of E; is —1 and the other is 2 + rx; G + H + L, which is neither 1 nor —1. If the
term (iv.2) holds, then the eigenvalues of E; are a pair of complex conjugate eigenvalues
with modulus one. By Theorems 4.3 and 4.6 in [16], we can obtain that when the eigenval-
ues of the positive point are —1 and a pair of conjugate numbers, the system will undergo

a flip bifurcation and N-S bifurcation, respectively.

Let
2+H+L+ lﬁb:;
Fp= (V;ﬂ,WI,k,C,b):r:_—l’m>0
le+x1LG

The equilibrium E;(x1,1) can arise a flip bifurcation when parameters vary in a small

neighborhood of Fj.
Let
abxy
- -B+H+L 1-H-L
Hz={(r,a,m,b,c,k):r= Lvax ( )<r< ,m>0%.
leL le le

The equilibrium Ej (x1, y1) can lead to the bifurcation of Neimark-Sacker when parame-
ters are restricted to a small neighborhood of Hp. In the following section, we will investi-
gate the flip bifurcation of E; if parameters vary in a small vicinity of Fz and the Neimark-

Sacker bifurcation of E; if parameters lie in a small scope of Hp.
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3 Bifurcation

Based on the above-mentioned analysis, in this section, we mainly focus on the flip bifur-
cation and Neimark-Sacker bifurcation of E; because they are correlated with the local
and global stability of system (1.2). We choose r as a bifurcation parameter for studying
the bifurcations.

3.1 Flip bifurcation
We first discuss the flip bifurcation of system (1.2) at E1(x;,y1) when parameters vary in a
small neighborhood of Fj [10, 17, 18]. Select arbitrary parameters (a, r1, m, k, b, ¢) from Fp.
System (1.2) has a unique positive equilibrium Ej(x1,y1), the corresponding eigenvalues
are Ay = —1,Ay =2 + 121G + H + L with |Ay| # 1.

Letu =x—x1,v=y—y1, r* =r—ry, the equilibrium (x1, y;) is transformed to the origin
point (0,0). We consider the parameter r* as a new dependent variable, and we can get

11U + A1l + di3V + Aol + LUV + Axur* + asvrt + agu® + asu®v + agu’r*

u
| +a;uvr* + agV? + aguv® + aov® + O(4)
_r* ’
v asiu + assV + bou® + biuv + bau® + bsu®v + bgv? + bouv? + bigV® + O(4)
(3.1)
where
x1(1=2) (%1 — ¢ abx
an=1+mG+H, am:w, a3 = — - ’
m+x; 1+ax;
kG +1 H? H
ag=r G+GHx1—x1( +1) +x1 H+ a )
k(m + x1) 2 1+ax;
abx,1G abx1H ab
a, =— r— - ,
l+ax;  l+x1  (1+ax)?
_aby _ aby
ay = le’ as = 0, asy = 1 — He Tax1 — g T+ax; s asz = L,
a’by,G  a*b*x192G  m(1+kG) H(kG+1) a‘b*y:G
ag = + - - +
I+ax1)?® 20 +ax)* k(m+x1)? k(m+x) 2(1 + ax;)*
a’by, a’b’x1y?  a®bPxyy’
Q+ax)* (Q+ax)® 6(1+axy)e
abx1(1 + kG) abG a*b*x,y,G a*b
as=r - _
> k(I +ax)(m+x) A+ax)? 2(1+ax)? (1 +ax;)3
a’b*y, a*b*x,y, a’b3x,y?
_ _ _ , (3.2)
I+ax)* (A+ax)* 21 +ax)°
kG+1 —abx,G 2p?
=G4+ GHy - KGHD o _—abaG o abw
k(m + x1) 1+ax; 2(1 + ax;)?
a*b*x,G a?b*(1+xH)  a®b*x —a®bPx;
ag = r+ - , apg= ——,
’ 2(1 + ax;)? 2(1 + ax;)? (1 +ax;)3 10 6(1 + ax;)?
“ 2 472 .2 “ 372
by=e lfayxll a by, _a b x1y7 , b =e lfayxll a’bx1y; ab ,
A +ax)® 21 +ax)* A +ax1)®  (1+ax)?

b :e‘ﬁbayxll -a®bPx1y3  a’b’x1y? aby, ~ a*b*y?
! 6(L+ax))6  (L+ax)’ (L+ax)* 2(1+ax)t)

Page 5 of 15
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_a ( @3bPy, a’b a’bx1y?  2a*bPxiy
bS —e T+axq — + —
1+ax1)? Q+ax)® 20 +ax))® (1 +ax)?*
_abi g?h’x a*b®x,  _an
bS = —e Ttax] 71, blO - s T Traxy |
2(1 + ax;)? 6(1 + ax;)3
_abm ( g3b%x, a*b? a*bPx1y,
b9 = e I+tax] _ _
1+ax1)? 2(1+ax)? 21 +ax)*
If a;; + ass + 2 # 0, we make an invertible matrix T as follows:
Ao—a
-1- ass 1 —2a3133
T = 0 __ajj+asz+2 0
a2
asi 0 1
Using translation
u x
| =T1]~], (3.3)
v y

then system (3.1) reduces to

x -1 1 0 X f(x,5,7)
=10 -1 o0 |+ 0 , (3.4)
y 0 0 A/ \Jy g, ,r%)

where

*

ur

_ - bo(ro — az3) ao 2 b1(Ay —az3) ax as
f(x,y, r*) = - u+ - uy —
6131(1+}\2) 1 +)\,2 ﬂgl(l +)\,2) 1 +)L2 1 +)\,2

by(hy —ass) bs(ry —ass)  as 2 a5 4
+ u’v— u’r
a31(1+A2 1 +)\2 ngl(l +)\,2) 1 +)\.2 1 +)\.2

bg(hy — 6133) by(hy — 433) ag 2 as N
+ uv® — uvr
ﬂ31(1+)x2) 1+)\2 6131(1 +)\.2) 1 +)»2 1+)\.2
bio(Ay — az3) ao P4
- V3+O((|u|+|v|+‘r |) ),
6{31(1+)»2) 1 +)\2
- o= asiag  bo(l+ass)\ , (anar  bi(l+as;) az1dy
g(xy,r) = + u’+ + uv +
1+)\.2 1+)\.2 1+)\2 1+)\.2 +)\.2

L [ 9 b4(1 +ds3) B as1ds bs(l +ds3) ot as1dse
1+)\2 1+)\,2 1+)\2 1+)»2 1+)\,2

azias bs(l +ds3) az1dg b9(1 +ds3) 9  a3147
+ uv® + u
1+)»2 1+)\2 1+)\,2 1+)»2 1+)\.2

L (@140 bw(l +ds33)
1+ )\.2 1+ )\.2

*

2’,*

*

+O((lul + vl + [r*])"),

_ ~ )\,2—6133_ « d11+6l33+2_* _ _
u=(-1—-azy)x+r*+ , e p* V=dzX+}.
asi a2

Page 6 of 15
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Next, we search for the center manifold of (3.4) at the point (0, 0) in a small neighborhood
of r* = 0. By a center manifold theorem (Theorem 7 in [14]), we know that there exists a

center manifold W¢(0,0,0), which can be approximately represented as follows:
W(0,0,0) = {(%,7,7*) € R : 5 = 1 + coiir + e + O((Ix] + |[7])*) ),

where O((|x| + |r*])3) is the sum of all terms whose order is greater than 2.
After calculations, the following results can be easily obtained:

_ (1 + asg3)*[aziao + bo(1 + as3)] — az1 (1 + asz)[asiar + b1 (1 + azs)] + adi[azias + bg(1 + az3)]

(4]

1-23) ’
o - azi[aziar + b1(1 + as3)] — 2(1 + asz)[azi1ao + bo(1 + azs)]
? (1 A2)?
azias(1 + asz)(an + asz + 2)
a12(1 = 1y)? ’
oo D190+ bo(1 + azs) B az1as(an + asz +2)
° (1-Ay)? ara(1 — Ag)?

Therefore, we consider the following map originating from (3.4) restricted to the center
manifold W*(0,0,0).

_ _ - _ _ - -9 _ o=
Fi%— =%+ 7 + %% + hoxr + har*™ + x> + hsx*r

+ hexre + hyr + o((Ixl + |r_*|)4), (3.5)
where
hy = 1 +1A2 {(1+ as3)*[asia0 + bo(1 + as3)| — asi (1 + azs)[asiay + bi(1 + ass) ]
+ az%l [a31a8 +bg(1 + ﬂgg)]},
hy = 1 +1)»2 {asi[aziar + b1(1 + az3)] — 2(1 + ass)[asiao + bo(1 + ass) ]
+az1az(1 + ass)(an +ass +2)},
hs = {asiao + bo(1 + azs) — asiaz(ar +ass +2)},

1+)»2

1
ha = {[asia1 + b1(1 + as3)| (A2 — 1 - 2a33)cy
1+ )»2

= 2(1 + az3) (A — ass)[asiao + bo(1 + ass) |ar
+2az1[azias + bs(1 +azs)]|c1 — (1 + ass)*[as1aa + ba(1 + ass)]
+ a3, [asia10 + bio(1 + ass) ]

+ a3y (1 + azs)[as1as + bo(1 + azs)| + azi (1 + ass)*[asias + bs(1 + az3) ]},

hs =

[as1a1 + bi(1 + ass) | (A2 — 1 - 2az3)cy
1+ )»2

= 2(1 + as3)(ra — ass)[as1do + bo(1 + az3) e
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+ 2431 [Ilgldg + bg(l + &Zgg)]CQ + [61316!1 + b1(1 + 6133)]C1

B asaz Ay — aszs)(ay +ass + 2)C

a12a31

1

+3(1 + ass)’[as1aa + ba(1 + ass) | + asi[asiao + bo(1 + ass) ]

-2(1+ ﬂgg)[dg]ﬂs +bs(1 + 6133)]

. aza3 (1 +ass)(ay +ass +2) B agaz(ai +ass +2)(1 + ass)? }

aiz aiz

1
he = [as1a1 + by(1 + ass) (A2 — 1 - 2a33)cs
1+ )»2

= 2(1 + as3)(ra — ass)[asido + bo(1 + az3) s
+ 26131 [6131&3 + bg(l + 6133)]63 + [d?,l(ll + bl(l + d33)]C2

B aszazi(hy — ass)(an + ass +2)

¢y = 3(1 + ass)[asiaa + ba(1 + as3)]
a12431

2
azaz (an + ass +2)
+azy[asias + bs(1 + ass) | -

a1z
N 2a31a6(1 + azz(an + ass + 2)) }
a1z ’
1 az1as(ha — azs)(an + ass +2)
h7 = [asia1 + bi(1 + ass)|cs — 3
142 anas;

azas(ay + ass +2)
+ [a31a4 + b4(1 + ﬂgg)] - }

a2

In order to ensure that map (3.5) appears as a flip bifurcation, we require two discrimi-
natory quantities a3 and «; to be not zero, where

20°F  OF 9°F 193%F 1 [9%F\*
o=\ =art o ) w=\3o=31t5\| 532 . (3.6)
9xars  ar* 9x* / o) 30x° 2\ ox 0,0)

According to the above discussions and applying the bifurcation theory presented as
Section 3.2 in Guckenheimer [15], we state the following result on a flip bifurcation.

Theorem 3.1 If oy # 0, the parameter r* alters in the limited region of the point (0,0),
then system (1.2) undergoes a flip bifurcation at E1(x1,y1). Moreover, the period-2 orbit
that bifurcates from Ei(x1,y1) is stable (unstable) if ay > 0 (atp < 0).

3.2 N-S bifurcation
Next, we will give attention to recapitulating the conditions of the existence for a
Neimark-Sacker bifurcation (discrete Hopf bifurcation) by using the bifurcation theorem
[11, 12, 19].

Considering system (1.2) with arbitrary parameters (a, ro, m, k, b, c) € Hg, we write sys-
tem (1.2) in the form

[rg(l—%)(x—c) aby ],

xX+m l+ax (37)

y— x[1 - exp(-22)].

x — xexp
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E;(x1,y1) is the only positive equilibrium of system (3.7) given by (2.1) and

1 abx1
ry = 1- .
x1GL 1+ax;

We consider the perturbation of (3.7), as shown below, with 7* as a bifurcation param-

eter.
Far)1-H)E—c)  aby
x— xexp[ x+m - 1+ax]’ (3 8)
b .
y— x[1—exp(-132)],

where |r*| <« 1, which is a limited perturbation parameter.
Let u = x —x1, v =y — y1. After shifting the fixed point (x;, 1) to the origin, we can get

(u) (auu + A3V + Aol + a1uv + aau® + asuv + agv? + aouv? + av® + O(4)>
- )
v

asiu + assv + bou® + biuv + bau® + bsu®v + bgv* + bouv?® + bigv® + O(4)

(3.9)
where a11, a13, ao, a1, aa, as, as, as, aio, as1, ass, bo, by, ba, bs, bg, be, by are given in (3.2),
and r = rp +*. The characteristic equation associated with the linearization of system (3.9)
at (0,0) is given by
A2 +p(r)r+q(r*) =0,

with coefficients

p(7) =—[1+ (ra+r*)Gxy + H+ L],

abx,

q(?*) = (r2 + r_*)leL + Tran’

Since the parameters belong to Hp, the roots of the characteristic equation are

_ ) i - .
nh= B2 2 fag(m) - p2(): (3.10)

Then we have

_ o _diM
r=yal), =25

In addition, it is required that if 7 = 0, we have A", A" #1 (m = 1,2, 3,4), i.e., nondegen-
eracy condition, which is equivalent to p(0) # -2, 0, 1, 2. Note that (a, m, k,r,, b, c) € Hg, we
have p(0) # —2,2. We only need to require p(0) # 0,1 which leads to

_ leG
7*=0 2

£0.

abx;

“LB+H+L),~-LA+H+L)#1~ (3.11)

1+ax;

Therefore, the eigenvalues A, A do not lie in the intersection of the unit circle with the
coordinate axes when 7* = 0 and condition (3.11) holds.
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)
Letting 7* =0, u = —@, o= M, we construct an invertible matrix
a 0
T = ( 12 ) , (3.12)
m—an -

and use the following translation:

(-+6)

Then system (3.9) becomes of the following form:
ot ) (7)) (P9, (3.14)
¥y o pn)\y g, y)

f(a_c,jz) = a—(aouz F AUy + agl® + asu’v + agV? + aouv® + alovs) + O((|u| + |v|)4),
12

1
2,9) = ——{[ao( — an) — arzbo |u® + [a1 (i — ar1) — araby Juv
ajppw

+ [ﬂs(ﬂ —an) - 6112178]1/2 + [M(l«b —an) - ﬂ12b4]bi3
+[as(u — an) — anbs|u*v + [as(n — an) — arnbo Juv?

+[aw0( — a11) — arsbio]v*} + O((lul + |v|)4),

and

u* = at, %,

wv = ap(u - an)x* — apwiy,

V2 = (1 - a11)’x%* = 20(un — an)xy + 0*5,

w = a},%,

u?v = aly(n — an)¥® - a,wx’y,

uv? = ap(p —an ) - 2a12w5cz)7 + auwza_c)_/Z,

V= (- 6111)9_63 - CUSJ_/s = 3w(p - ﬂ11)25€25’ + 30)2(# - ﬂu)?_@_’z-
Therefore

2ag(p — an)?

fiz = 2a12[ao + a1(u — an)| + ———,
a1z
- 2agw(i — a;) - 2ag0?
ﬁcy=—60611——, = >
ai ai

- 6
Sizz = 66112[%(# —an) + ﬂwu] + 20 [ﬂlo(,u —an) + anas(n - ﬂn)z],
12
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_ 6a 100
Sfaxy = —2waras — 4asw(in — ayy) — P (1 —an)’
12
- 6611()(0 - 66116()2
G55 = —— iy = 20%ay + (u —an),
ai 12

\S]

&z = » {ﬂlz[ﬂo(ﬂ —an) - 6112190] + (- 6111)[611(# —an) - 6112191]

—(u- ﬂ11)2 [ﬂs(,u —an) - ﬂubs] },
_ 2w
Gy = — [as(p — an) — anbs),
an
Gy = anbi - (n - a)[2as(n — an) + 2a12bs — a1,

_ 6a1> {

Gxxx = — 1412 [M(M —an) - 6112]94] + (- 6111)[615(M —an) - ﬂ12b5]

+ [619(M —an)® = abo(u — a11)* + aro(p — a11)* — arzbro(p - ﬂn)] },

ajpw
_ 2
&y = 2a12[a12b5 —as(n - ﬂu)] T {Zﬂlz(M - ﬂ11)[6l9(M —an) - ﬂ12b9]
12

+3(n — an)’[ar0(p — an) — arzbio]},

iy = 260{[@(# —an) - 6112199]6112 +3(n — ﬂu)[ﬂlo(ﬂ —an) - 0112]910]},

_ 6w?
&y = —— [6110(# —an) - 61121710].
a2

In order to ensure that map (3.9) undergoes a Neimark-Sacker bifurcation, we require

the following discriminatory quantity 6 to be not zero.

1-20)A2 -
0 = —|:Re<( - )3 520%’11) - —|§11|2 |E02]* + Re()u’,&zl)jl )
-0

where

&y = %[ﬁcx —J;jzjz + 2855 + (@ — Gy — 2]%)],
1= i[f_;cx +fv + i@ + 33
02 = é[};xx —fi5 = 285 + i@ — Gy + 2f5) ]
§n1 = 1—16 [fass + fos + Gy + i@z + &5 — 2) -

Therefore, by the above analysis and the theorem presented as Section 3.4 in Gucken-

heimer [15], we obtain the following result.

Theorem 3.2 System (1.2) undergoes a Neimark-Sacker bifurcation at equilibrium E; if
the conditions (a,r,m,k,b,c) € Hg, 0 # 0 hold and r* varies in a small vicinity of the ori-
gin. In addition, if 0 < 0 (or 6 > 0), then an attracting (or repelling) invariant closed curve
bifurcates from E; for v* > 0 (or r* < 0).
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4 Numerical simulation

In this section, we draw the bifurcation diagrams of model (1.2) to validate the previous
theoretical analysis and show the new interesting complex dynamical behaviors by using
numerical simulations.

The bifurcation parameters are considered in the following two cases.

Case 1: Varying r in range 1.8 < r < 2.8 and fixing k = 5, ¢ = 0.2, m = 0.00001, b = 100,
a = 0.001. From the above data, we find that model (1.2) has only one positive fixed point
(6.8196,7.3943) and (r1,a,m, k,c,b) = (2.079,0.001,0.00001, 5,0.2,100) € F. By calculat-
ing, we see that the flip bifurcation emerges from this equilibrium at r; = 2.079 with
o1 = —0.463538 and ap = 0.014119. This verifies Theorem 3.1.

From Figure 1(a), we see that the stability of a fixed point E; happens for r < 2.079 and
loses its stability at the flip bifurcation parameter value r = 2.079. We also observe that
there is a cascade of period doubling. Moreover, a chaotic set emerges with the increase
of r.

Case 2: We fixk = 5,¢ = 0.2, m = 0.00001, b = 100, a = 0.008, and let the parameter r vary
in the range [3.475, 3.495]. By calculating, we see that model (1.2) has a unique endemic
equilibrium (2.5089, 2.0006) and (ry,a, m, b, ¢, k) = (3.482,0.008,0.00001, 100, 0.2, 5) € Hp.
By a direct calculation, we know that the Neimark-Sacker bifurcation occurs at r, = 3.482
with / =1.353496 > 0 and 0 = —8.147308 < 0. This shows the correctness of Theorem 3.2.

The bifurcation diagram shown in Figure 1(b) demonstrates that the stability of a fixed
point (2.5089,2.0006) happens for r < 3.482 and loses its stability at r = 3.482, and an at-
tracting invariant closed curve appears if r > 3.482.

In order to accurately catch the dynamic behavior of system (1.2) with respect to two
parameters, the division diagrams are drawn in Figures 2-4. These parameters are com-
bined arbitrarily. Lyapunov exponents are calculated in order to perform some numerical
experiments. Figure 2 displays the division of this region by a pseudo-colored map, in
which different attractors are identified by different colors. Figures 2 and 3 show a global
view of the a x c or ¢ x r parameter planes, respectively. For each point (4, ¢) and (c, r), the
orbit corresponding initial condition successively converges to a chaotic, antiperiodic, or
periodic attractor. In Figure 2, two parameters a and c are varied synchronously, while the
other parameters are fixed as follows: k = 5, r = 0.2, m = 0.00001, b = 100. Then we can

3.475 3.48 3.485 3.49 3.495
r r

() (b)
Figure 1 Numerical simulations of equation (1.2). (a) Flip bifurcation of model (1.2) for k=5,c=0.2,

m=0.00001, b= 100, a=0.007; (b) NS bifurcation of model (1.2) for k=5, c=0.2, m = 0.00001, b =100,
a=0.008. Initial value (xo,¥0) = (5.0,2.5).
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Figure 2 Attractor region of different periods. (a) The 2D projection onto the (a,¢) plane of equation (1.2);
(b) The magnification of (a). In this and further similar plots, different attractors are identified by different
colors and numbers. For the sake of beauty, the period-1 is shown in white for (b).

(a) (b)

Figure 3 Attractor region of different periods. (a) The ¢ x r parameter plane of equation (1.2); (b) Local
amplification of (a) for ¢ € [0,0.2299].

see that the periodic motions of the system appear alternatively. In Figure 3, we change
two parameters ¢ and r simultaneously, while the other parameters are selected as follows:
k =5, a =0.008, m = 0.00001, b = 100. By observing the diagrams of two parameters, we
can find that different color intensities represent different periodic values, the color bar on
the right-hand side specifies the correspondence between colors and periods. Meanwhile,
the periodic solutions are plotted in different colors and marked by the corresponding
numbers (e.g., the number 4 represents period-4, painted in yellow; the number 9 repre-
sents period-9, painted in red; and the chaos phase appears when the number is equal to
30, painted in black).

In Figure 2, it is an interesting phenomenon that there is a chaotic region embedded in
period regions. That is to say, when the searching efficiency a is changed from 0 to 0.001,
the lower bound ¢ will appear with abundant dynamic behavior accordingly. The cycle be-
havior appears alternately in the chaotic area, which can be clearly seen from (b). These cy-
cle windows demonstrate the characteristics of the period-doubling and periodic-adding.

From Figure 3, we can see that there exists a chaotic region filled in period-1 area, which
is quite different from what is seen in Figure 2. Compared to Figure 2, there are many
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Figure 4 Numerical simulations of equation (1.2) with two parameters. (a) The a x r parameter plane of
system (1.2); (b) The phase diagram for ¢ x k.

periodicities between 2 and 26 embedded in period-1 regions, and the detailed periodic
orbits can be found from (b). It can be explained that the hosts’ intrinsic rate r has a very
rich behavior when the lower bound c is changed from 0 to 0.2, as shown in Figure 3.
Therefore, in this discrete system the lower bound plays an important role. The frequent
occurrence of crisis is seen when ¢ increases from 0 to 2. In addition, these cycle windows
illuminate the characteristics of the period-doubling and periodic-adding.

Furthermore, we can also observe abundant dynamic behaviors when more parameters
vary at the same time, such as a and r, ¢ and k. The corresponding phase diagrams are
shown in Figure 4. In these two plots, there also exists a chaotic region embedded in period
areas.

From Figure 1, we can observe the flip bifurcation and the Neimark-Sacker bifurcation
when the hosts’ intrinsic rate r has different values, which is entirely consistent with the
results in Theorems 3.1 and 3.2. Numerical results illustrate that the theoretical analysis is
effective. The results obtained in this paper are interesting and useful and may be applied

to a variety of the life systems.

5 Conclusion

The dynamic behavior of a host-parasitoid system is examined. We algebraically show
that system (1.2) undergoes a bifurcation (flip or Neimark-Sacker) at a unique positive
fixed point if r varies around the sets Fg and Hg. Many forms of complexities, such as the
cascade of period-doubling bifurcation and Neimark-Sacker bifurcation, are observed by
numerical simulation. The numerical simulation results not only show consistency with
the theoretical analysis but also exhibit unpredictable behaviors of the system through the
bifurcation. Furthermore, we present the system’s parameter spaces which are restricted
by two control parameters. Regardless of the combination of parameters, the different
phase diagrams indicate that a variety of extraordinary geometries exist in the parameter
plane. It can be told from our analysis that there exists a chaotic region in the periodic
areas. Now, the new results reported in this paper give us more complete understanding
of the discrete host-parasitoid system. However, it is still a challenging problem to explore
a multiple parameter bifurcation in the system. We expect to obtain some more analytical

results on this issue in the future.
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