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BIFURCATION ANALYSIS AND CHAOS OF A
MODIFIED HOLLING—TANNER MODEL
WITH DISCRETE TIME

Qingkai Xu and Chunrui Zhang!

Abstract In this paper, we consider a classical Holling-Tanner model with
discrete time. The dynamical behavior of the model is given by using both
theoretical analysis and numerical simulation. We use the central manifold
theorem and bifurcation theory to demonstrate that the system will undergo
Hopf bifurcation and Flip bifurcation at the positive equilibrium point. By
using Lyapunov exponent, we show that the system can undergo the path from
stability to Flip (Hopf) bifurcation to chaos, and then we verify the correctness
of the theoretical results via numerical simulations.
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1. Introduction

The predator-prey model is a classical two-species biomathematical model and has
been extensively studied [10,11,23,28,33]. A typical class of predator-prey system
is called the Leslie model [3,7,38], and its general form is as follows (Mathsen and
Freedman [9,15], Huang and Hsu [14]):

dx T

— =rz(l - =) - p(x)y,

dt K

o W (1.1)
ar YV T )

where z(t) and y(t) represent the population densities of prey and predators with
respect to time ¢, and r and s describe the intrinsic growth ratio of prey and
predators, respectively. Moreover, K and h describe the carrying ability and the
food quantity index of the prey. The functional response [6,24] of predators to prey
density is represented by p(x). The term ;£ is called Leslie-Gower [5,35] term.
Some common types of functional responses include Holling I-IV functional re-
sponse [2,8,12,29], Crowley-Martin functional response [30], ratio dependent func-
tional response [18] and so on. When p(z) is selected as the commonly applied

Holling Type II functional response %% , then the system (1.1) becomes as the
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Holling-Tanner system [1,21,27]:

dx x mxy

%_mﬂ(l_g)_n—&—x’ (1.2)
W _ sy(1—-2)

dt hx’’

where m represents the maximum predation ratio and n is regarded as the semi-
saturation constant.

In models (1.1) and (1.2), predators have only a single food source to survive,
and when their particular prey is scarce, predators also become endangered. While
in nature, there are some special predators, in addition to hunting specific prey,
can also feed on other species as a food source, such predators are called generalist
predators. Based on the Holling-Tanner model (1.2), Daher Okiye and Aziz-Alaoui
[4,25] proposed the improved Holling-Tanner model:

dz (1_£)_mxy
ar K’ n+a’
(1.3)
dy _ 1-—2
dt h$+K2’

where Ko > 0 is the additional constant carrying capacity acquired by predators
from all other sources of food.

To simplify parameters, define v = Kz, y = hK7y, t = T, drop the bar and still
remember ¢ as the time scale, then system (1.3) becomes

dx axy

=2l —2) —

L

dt QZ‘+]€2 ’
mh Ky

where a = =, ¢ = 2, k1 = &, ko = 77, and all of them are positive.

The system (1.3) and (1.4) has been widely used and studied. For example, Li
and Song [36] used the Dulac criterion and Liapunov function to conduct a detailed
analysis of the global stability of a unique positive equilibrium point. Aziz-Alaoui
and Daher Okiye [4] provided several sufficient conditions to guarantee the global
stability of the unique positive trivial equilibrium point. However, most of these
studies are based on continuous models, and discrete models are rarely discussed at
present. Besides, many studies have shown that when the intergenerational relation-
ship of populations is non-overlapping, constructing discrete models by difference
equation will more closely align with the objective reality [37]. In addition, com-
pared with the continuous system, the discrete model has more complex dynamical
behavior [13,17], so it has more practical guiding value for us. In this paper, model
(1.4) is discretized by explicit Euler method [22], and then the dynamical properties
of the improved Holling-Tanner system will be discussed.

After discretizing model (1.4) by explicit Euler method, we can get the following
discrete modified Holling-Tanner model:

ATnYn ]

Tn + kl ’
Yn

eyl

Tpg1 = Ty + T (1 — ) —
(1.5)
Yn+1 = Yn + T[Cyn(l -
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where 7 > 0 refers to the step length of (1.5).

This article is organized as follows. In section 2, we study the existence and
stability of boundary equilibrium points and positive equilibrium points of system
(1.5) respectively. Then we discuss Flip bifurcation and Hopf bifurcation around
the unique positive equilibrium point when the bifurcation parameter 7 fluctuates
within a small region of specific curves in Section 3. In section 4, chaos scenarios
are discussed by numerical simulation, and the maximum Lyapunov exponent and
phase diagrams are provided to illustrate our theoretical results.

2. The existence and stability of equilibrium points

Here, the equilibrium points of model (1.5) and their types will be discussed. By
solving the following equation

r=x+7[x(l—2)— ary 1,

Ttk (2.1)
_ Yy
y=y+7ley(l I+k2)],

and through simple calculations, we can acquire the following Lemma 2.1.

Lemma 2.1. (i) The system (1.5) has a trivial equilibrium E; = (0,0) and two
boundary equilibria Es = (1,0), E5 = (0, k2);
(i) The positive equilibrium of system (1.5) must satisfy the following expression

x2—(1—a—k1)m+ak’2—k’1:0,

which can be seen as a quadratic equation with x as the root in the interval (0,1).

2.1. Boundary equilibria and their types

The Jacobi matrix of the linear equation of (1.5) at any equilibrium point E(z,y)
takes the following form:

L fr(l—op— %y, are
2
tk
J(,y) = o TR ey (2:2)
— 14+cr —
(@ + k2) z + ko

Suppose that the characteristic equation of the Jacobian matrix has two roots, A;
and A\o. By calculating the eigenvalues corresponding to each equilibrium point, we
can easily obtain the following theorems.

Theorem 2.1. For the trivial equilibrium FEy, the eigenvalues get Ay = 1 + 7,
A2 =1+ecr. So Ey is a source with eigenvalues |\1| > 1, |A2] > 1, and it is locally
unstable.

Theorem 2.2. For the boundary equilibrium Fo, the eigenvalues get Ay = 1 — T,
A2 = 1+cr, where 0 < 7 < 2. So Ey is a saddle with eigenvalues |A\1] < 1, |A2| > 1.

Theorem 2.3. For the boundary equilibrium Es, with the eigenvalues \y = 1+71 —

atk
ot Ao =1—cT.



3428 Q. Xu and C. Zhang

(A1) Ejs is a sink point, if 0 <71 < min(%, k:f’;}cz), and ko > %1, with eigenvalues

[A1] < 1, |A2| < 1, and Ej5 is locally asymptotically stable;
(A2) E3 is a source point, if ko < %1 and T > %, or ko > %1 and T >

max(2, kf’;}w ), with eigenvalues |A\1| > 1, |Aa| > 1, and Ej is locally unstable;
(A3) E5 is a saddle point, if % <7< k‘:—QI;]lCz and ki1 — aky < 0, with eigenval-

ues |A1| < 1 and [As| > 1; or ks < % and 0 <7 < 2, or k:_mé}ﬁ <T<?2
and ko > 5L with eigenvalues |\1| > 1 and [As| < 1;
—2k
0<7 <505
(A4) Flip bifurcation occurs at Es if 7 = % , with eigenvalues Ay = —1
kl — ak:g <0
and |M| <1, or 7= kl‘f’;}@ < 2 with eigenvalues \y = —1 and |\o| < 1;
N : L ) ki—akg=0
(A5) Transcritical bifurcation occurs at Es if , with eigenvalves
2
T =
(&

A =1 and |)\2‘ < 1.

2.2. Positive equilibria and their types

According to Lemma 2.1, the positive equilibrium E(z,y) of model (1.5) must
satisfy the equation in (7¢).Therefore, according to the range of values with different
parameters, the existence of the positive equilibrium point has different situations.

2.2.1. The existence analysis of the positive equilibrium point
By several calculations, we can acquire the following conclusions.

Lemma 2.2. The positive equilibrium point of model (1.5) has the following situa-
tions:

ky > (1—a—Fk1)%+4k;

(i) The model (1.5) has no positive equilibrium if da , or
ki<l—aa<l1
ko > %1
]411 Z 1—a

(i) The model (1.5) has a unique positive equilibrium

L—a—ky+1/(1—a— ki) —4(aky — ky)

2 b
17&7](114’\/(17(17]6’1)274((1]{327]{31)
2

E*l

+ k2)

ko = ko
if ke < or Eo(l—a—k,1l—a—k +k)if { = ° ,
ki<l—aa<l1

(iii) The model (1.5) has positive equilibrium E.s(:=%"1 1=0=K1 4 k) with multi-
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, = (1—a—Fk1)% 44k,
plicity 2 if da ;
ki<l—aa<l1
(iv) The model (1.5) has two positive equilibria

L—a—ky+1/(1—a— k1) —4(aky — k)

E*4( 2 )
1—a—]<:1—|—\/(1—a—k1)2—4(ak2—k1)
+ ko)
2
and
l—a—k —\/(1—a—k1)2—4(ak2—k1)
*H 2 9
l—a—kl—\/(1—a—k1)2—4(ak2—k1)
+ k2)
2
ky (1—a—Fk1)% 44k,
) <y </
if

ki<l—aa<l1

Remark 2.1. In biology, we are more concerned with the dynamic properties at
the unique positive equilibrium point, so the condition of (i¢) in Lemma 2.2 will be
satisfied in our future discussions. And furthermore, the equilibrium point F,; is
chosen without loss of generality.

To facilitate calculation, denote a=1—a—ky, 8= \/(1 —a—k)® —4(aky — ky),

then the unique positive equilibrium F,(z*,y*) of system (1.5) can be written in

the following form: F,(z*,y*) = (QTH;7 # +k) = (l_a_k1+\/(1_a2_k1)2_4(ak2_k1)7

17a7k1+\/(1ia;kl)274(ak27kl) + k2)

2.2.2. The stability analysis of the unique positive equilibrium F., (z*,y*)

The value of the Jacobian J(z,y) around unique point E*(QT‘H}, O’T% + kg) is

47l = (a+ B) - 2ekalat B+ 2k),  ar{atf)
cT 1—ecr
then the characteristic equation related to J(E,) is
FON) =22 — A+ 1, (2.4)
where
2 2
L=tr(J)=2+7[l—c— (a+8)— aki(a+ B+ 122)]7
(Oé + 6 + 2]{?1)

lg = det(J)
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2ak (a4 B8+ 2k2)]
(a+ B+ 2k1)°

2aki (o + B + 2ks) ala+ B)
(a4 B+2k)  a+pB+2k

=1l4+7[l—c—(a+p)—

+er?[-1+a+ B8+ ]

And we have
JO)=1=li+1, f(=1)=1+10+1.

Lemma 2.3. [19,31] Suppose that ¢(\) = N2 + PA+ Q, and ¢(1) > 0 with X\, A
are roots of (X)) = 0. Then the following conclusions hold:

(A1) A <1 and ‘5\‘ < 1 if and only if p(—1) > 0 and Q < 1;
(A2) A <1 and ‘5\‘ > 1 if and only if p(—1) < 0;
(A3) A > 1 and ‘5\‘ > 1 if and only if p(—=1) > 0 and Q > 1;

(A4) A and X are a pair of conjugate complex roots and |\| = ‘5\‘ =1 if and only if
—2<P<2and@=1.

The following Theorem 2.4 behaves the local dynamical properties of the unique
positive point E,(z*,y*) from Lemma 2.3.

Theorem 2.4. Assume that A1 and Ay are the eigenvalues of f(A). Then the
following propositions at E.(x*,y*) hold:

(A1) Ei(x*,y*) is a sink point if and only if Iy < |1+ 12|, andla < 1, so E.(x*,y*)
is locally asymptotically stable;

(A2) E.(z*,y*) is a source point if and only if 11 < |1+, and I3 > 1, so
E.(x*,y*) is locally unstable;

(A3) Ei(z*,y*) is a saddle if and only if 1y < min{1l + s, —(1+12)};

(A4) Flip bifurcation occurs at E.(z*,y*) if and only if 11 = —(14+12) and |la] < 1;
(A5) Hopf bifurcation occurs at E.(x*,y*) if and only if —2 <1y <2, and ly = 1.

Proof. According to Lemma 2.3, (A1), (A2) and (As) can be obtained easily.
112 — 4[2 >0
For (Ay4), Flip bifurcation occurs at E.(z*,y*) if and only if ¢ f(-1)=0 ,

A2l <1
then we can obtain [y = —(1 +l3) and |l2| < 1; For (A45), Hopf bifur|ca2t|ion occurs
f1)>0
at E.(z*,y*) if and only if < [, =1 , then we can obtain —2 < I; < 2, and
—2<li <2
lo=1. O

3. Bifurcation analysis at F,(z*, y")

In this section, the existence conditions and associated results of Flip bifurcation
and Hopf bifurcation of the model (1.5) around the unique equilibrium point E,
will be obtained by the central manifold theorem and bifurcation theorem [16,32].
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3.1. Flip bifurcation at F,

First, we point out how model (1.5) undergoes Flip bifurcation around its unique
positive FE, (a+ﬂ ‘H*B + ko) when 7 is selected as the bifurcation parameter. The
necessary condltlon for Flip bifurcation to occur is determined by the following
curve:

dy + /d% — 16d k
U1={(a,c,kl,kQJ)eRi;T:T* 2+ L] < 17k2<1}7
a

2d1

where Iy = det(J) = 14+ 7[1 — ¢ — (a+ §) — 2eklodBE2ha)) | 22 1 40+ 8 +

(a+B+2k1)
A+ ek and di = -1 +a+ §+ BRGEEER) 4 SO, dy =
2aky (a+L+2ks)
—2[1—6— (OZ—Fﬁ) - W}

3.1.1. Existence condition of Flip bifurcation at F,

The Jacobian matrix J(z, y) evaluated at the unique positive equilibrium E., (z*, y*)
is the same as that of (2.3).

Let X,, = z, — 2*,Y, = yn, — v*, which transforms the positive equilibrium
E.(z*,y*) to point (0,0) and model (1.5) to

Xn1 = Xn + 7[(Xp +29)(1 = X, — 2¥) — 2Euta)Futy’))

Xn+z*+ky (31)
Vg1 = Yy + 7le(Y + ) (1 — w22 )]
nt+l = tn nTY Xt +hs
Using Taylor expansion at the point E,(x*,y*) yields the following expression:
XnJrl Xn @(Xny Yn)
Tl | 7] +7 , 32)
Yn+1 Yn w(Xn; Yn)

where

O(Xn,Yn) = A13X2 + A1 Xn Yy + AisY,2 + A1e X2 + Air X2V, + A1 X, Y2
+ A19Y7§’ + O((|Xn| + |Yn|)4)a

V(X0 Yy) = Aoz X2 + Asu X, Yy, + Aos Y + Ao X2 + Ar X2V, + Ass X, Y,
+ AggY,? + O((1Xn] + [Yal)"),

akiy* aky akiy*
Ais=—-14+——F Au=-—"—""=,415=0,A16 = ——,
(z* + k1)® (z* 4 kp ) (z* + k1)
ak
Ay = 7137
(33* + kl)
A1g = 0,419 =0,
A 7 cy*2 2cy* c
23 (x* N L )33 4 (gj* I & ) 25 ($ + kQ)
2
cy* 2cy* c
A = Y 27 Y 28 Az =0
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We give parameter 7 a small perturbation §, i.e.,7 = 7" 4§, |0| < 1, and the system
(3.2) becomes

Knsr | _ [L+(+0)l-20" - ] 2 ) (X,
Yn+1 C(7’>‘< + (S) 1— C(’T* + 6) Y,
90 Xn, Yn
+ (" 4+9) ( ) ) (3.3)
(X5, Y,)

The characteristic polynomial of (3.3) is expressed by

9N =N = piA+ a1, (3.4)
where
. . akiy*
pr=2+4 (" +0)(1—-22* — ——F— —¢),
( )( (LL'* +k‘1)2 )

ac(t + 6)°z*
G=(-14+cd+c™)22" (7" +0) —(1+7"+0)]+ —————

kl + x*
n aki (7" +0)(=1+ (7" + 0))y*
The transversal condition with respect to F.(z*,y*) is
dg(A 2ak,y* kyy*
dg(A) =2 9c—dp"— 1 5 +2cr” (= 142" (2+ - - ny 5)-
dd |x=_15-0 (k1 +x*) ky+2* 7 (ky + %)
If dgd((;‘) ’A Lo # 0, then Flip bifurcation will appear around FE, (z*,y*).

3.1.2. The direction of Flip bifurcation at E.(z*,y*)

To facilitate discussion, define

|4 =gt - kY, aTe
A— (% +k)* o+ ks
cr* 1—ecr*
If the eigenvalue of A goes for A\ = —1, the corresponding eigenvector is given as:
at*x*
x* + ky
51 = *k,
2 41— 22% — — 4T

(z* + k1)

If the eigenvalue of A goes for A = \g, the corresponding eigenvector is given as:
at*x*
xr* + kl

1= Do+ 75(1 —2z* —

52 = ay*kl )
(z* + ky)?
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Then we have the invertible matrix

T=(& &)
ar*x* at*x*
. z* + k1 . z* + k1 .
2471 — 22* —Lklg) 1—A2+T*(1—2m*—L’“12) ’
(x* + k1) (x* + k1)

and its inverse matrix

(2" 4+ k) (=1 —77(1 —22* — Ry 4 n)

(z*+k1)?
T—l _ a7’*1’*(1+>\2) 1+)\2
- * * * *k
(@ Rt (-2 - gy
aT*ZL'*(].+>\2) 1+)\2
We use the translation
Xn-l—l —T Un+1 ’
Yn+1 Un+1

then system (3.3) can be changed into

Un+1 -10 Up, fl(XnaYna(s)
Un+1 0 >\2 Un gl(X'quru(S)

where

J1(Xn, Y2, 6)

=B11 X8+ B1aY 6 + C11 X% 4+ C19XY + C13Y? + O14 X? + C15 XY + C16XY?
+ C17Y? + D11 X265 + D12 XY 6 + D13Y?5 + O((|X| + Y] + [8))%),
91(Xn, Yn, 6)

=B21 X6 + BpoY 3§ + C1 X? + Coo XY + Co3Y? + C24 X? + Cos XY + Ca6 X Y?
+ Co7Y? + D1 X265 + Doa XY 6 + Doz Y25 + O((|X| + Y] + 18])%),

e (2GR (2 R )
Y a(l+ A7 ’
_ % o « __akiy”
By =— ¢ _ L+ —r(1-2 (k1+fv*)2)
1+)\2 (1+)\2)’T* ’
2
—cr*y*
Cll - G
(14 Ao) (kg + 2*)°
akiy™ * * akiy™ *
. (—1+ (kl_:g*)S)(—l + Ay — 7F(1 — 22* — (klﬁi’*)z))(h + z*)
a(l+ Ag)z* ’
* * akiy™
012 _ QCT*y* _ kl(_l + )‘2 -7 (1 —2x* — (kl_,'_lg*)2))
(14 Ag) (kg + a*)? (14 Xo)z* (k1 + z*) ’
ct*
Ci3 = —

(1 + )\2)(/€2 + LC*),
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. ey (14 e - (1207 - (k‘j’fﬁ;/*y )
(14 o) (kg + 2%)* (14 Ap)a*(ky + 2*)* ’
* * akiy”
Cys = —2ct*y* n ki(=1+ A —77(1 — 22" — (kl_,_lg*)z))
(14 o) (kg + 2%)° (14 Ag)a*(ky + 2*)° ’
cr*
Ci6 = ,
(14 Ag) (kg + 2*)?
017 - O,
_Cy*2
Dll =
(14 Xo) (ko + 2*)°
. (b + 2%) (=1 + G2 ) (~1+ Ag — 77(1 - 22° — g2
a(l 4+ Xg)z*r* ’
.- 2y k(LA (1L - 20— )
(14 M) (ko 4 2%)? (1+ Ao)a*7* (k1 + %) ’
C
Dys = — ,
BT T+ )k + 1)
¢ (Ao - R (1 - 20 - ) +a7)
. L+ A a(l+ Ag)T*z* ’
* * akiy™
Bye C 247 (1 - 22" — A7)
L+ X (L4 A)7* ’
Cot — CT*y*z i (kl + x*)(_l + (kailj_l;/:)?’)(2 + T*(l -2z — (kljﬁ_l;ljy))
T M) (ke + ) a(1+ ha)a” ’
* * akiy”
Oy — —QCT*y* B k1(2 +7 (1 — 22" — (kl_ﬁg*f))
(14 Ag) (kg + 2%)? (1 + Ag)a* (k1 + ) ’
ct*
Chs = ,
BT+ M) (kg + %)
024 _ CT*y*2 3 k1y*(2 + T*(l —2r* — (k(ilj_lg*y))
(14 o) (kg + 2*)* (14 Ao)a*(ky +2*)° ’
* * k11 *
Cos = 2ery” n M+ -2 - )
(14 Xo) (kg + 2*)° (14 Xo)a*(ky +2%)°
—cr*
026 = )
(14 Xo) (ko + 2%)?
Cyr = 0,
D ey . (k1 +a7)(-1+ (k‘j’“;;’f)a)@ +7(1 =22 - (,;j’f;;’f)z))
T 0 A (ke ) a(l+ Xy)r*z* ’
oy~ 9ey” k241207 - )

(14 Ag) (ks + 2*)? (14 Ag)r*a* (ki + %)
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c

Dos = .
BT+ A (b + 27)

To facilitate calculation, we set

at*x at*x
*+k x*+k
T == z + 1 *k 1 *k
247 (1—20" — — 2 Y1 A1 — 20t - —2
(x* + k) (x* + k)
| i ta2
a1 a2
n un
Using translation =T , system (3.5) becomes
Y, Up,
Un+1 -10 Un f2(un7vna6)
)= + , (3.6)
Un+1 0 Ag Un gQ(Una Un, 5)
where

f2(tny Vn,y 8) = M11Und + M120,8 + Mizul + M1atn Uy + M52 + MigUs
+ MUV + Mgt Up + Magvh + qr1Un S + Q12050 + q13Un VR0
+ O((lun| + [va] +10))"),

92(Up, Uy §) = M1 upd + Mogv, 6 + mggui + Mmagty Uy + m25vi + m26u2
+ m27uivn + mggunvi + ngvf; + q21U$L5 + (I2zvi5 + q23unvyd
+ O(fun] +loal + 181,

mi1 = Biit11 + Biatos,

miz = Biiti2 + Biatas,

myz = Crit11? + Chatiiter + Ciatoar?,

mis = 2C11t11t12 + Cratiater + Cratiitas + 2C13t21t09,

mis = Chit1a® + Cratiates + Cratan?,

mig = Crat11® + Cisti1’tar + Cigtintar” + Crrtar®,

mar = 3C14t11°t12 + 2C15t11t1ator + Crgtiatar” + Crstin*tas + 2C16t11to1t0s

+ 3Ch7t21 *ta,
maig = 3C14t11t122 + 20 5t11t10t9s + Crgtiitas® + Cistia®tar + 2C gt 1ata1tas
+ 3Chrtartas’,

mig = Crat12® + Cistia’tas + Cigtiatan® + Crrtas®,

q11 = Di1t11® + Diatiitor + Distar?,

qi12 = D11t12% + Diatiatos + Diztan?,

q13 = 2D11t11t12 + Diatiatar + Diatiitas + 2D13t21t22,

ma1 = Baity11 + Baatoy,
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Moz = Boit12 + Baatao,

mag = Cort11? + Costirtar + Costar?,

maog = 2C21t11t12 + Coatiatar + Cootiitae + 2Ca3t21t22, Mas

= Cort12” + Castiatan + Costan?,

mae = Cast11® + Cast11*tar + Castiitar” + Cartar®,

mar = 3Ca4t11°t12 + 2Cast11tiator + Cogtiatar”® + Costir*tas + 2Cagt11to1tos
+ 3Cartar*tas,

Mas = 3Caati1t12” + 205t 1t1atos + Cagtintan” + Costi’tar + 2Cagt1atartan
+ 3Cartartan?,

mag = Cast12” + Cast1o’tas + Castiatas® + Cartas®,

g21 = Dart11” + Daotyitar + Dostor?,

@22 = Dait12” + Dastiotos + Dastan?,

@23 = 2Da1t11t12 + Dagtiatar + Daatiites + 2Da3t21t02.

The central manifold theorem [20,32] claims that there exists a three-dimensional
central manifold W¢(0):

Wcloc(o)
= {(Un,vn.6) € B 1 0 = h(un, 8) = 211un® + 23000 + 2002 + O(fual +10])°) }
and must satisfy the following quasilinear partial difference equation:
N(h(z)) = h(—un + fo(tn, h(un,d),d),0) — Aeh(un, 0) — g2(tn, h(un,d),0) =0,

where u,, and § sufficiently small.
It can be obtained by balancing powers of coefficients for each component:

o= s Cort11? + Caotyitar + Cogtar?

1—Xy 1— X ’
poo M2 BatutBwta
2 1+ Ny 1+ Ay R

Hence the system restricted to the central manifold W¢;,.(0) is expressed by:
F oty = =ty + 91U + 92und + 931,26 + 94und? + I5un® + O((Jun| +16))%),
where

V1 = miz = Ciit11”° + Cratintar + Cistar?,

Yo = my1 = Biiti1 + Biator,

Y3 = mi221 + Mmi1g20

Cort11? + Caoty1tar + Cogtor?
1— X

= (Bi1t12 + Biataa)

Bsit11 + Bastor

— (2C11t11t12 + Chatiator + Cratiitas + 2C13ta1t22) T
2

)
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Bait11 + Baatar

¥4 = Mgz = —(Biitiz + Biataa) T
2

)
¥5 = myg + miaz1
= Chat11® + Cis5t11tar + Crgtintar? + Crrtar® + (2C11t11t12 + Cratiater

Cart11% + Caoti1tar + Castor?

+ Chati1tas + 2C13ta1t22) Y
— A2

Then we need to calculate the following two coefficients at (u,v,d) = (0,0,0) :

_ (9P 10F O°F
M=\ 9u,06 T 206 0,2

_(1oF 1 82F)2
az= 6 Ou,3 2 Ou,,2

We can get the following theorem:

= 1927
(0,0)

=95 + 012

(0,0

Theorem 3.1. If a3 #0, as # 0, then the model (1.5) undergoes a Flip bifurca-
tion at the positive equilibrium point E.(x*,y*) when parameter T fluctuates within
a small region of Ujy. Furthermore, when ag > O(resp., aa < 0), model (1.5) bi-
furcates into a periodic two stable(resp.,unstable) orbit from the positive equilibrium
E.(z*, y%).

3.2. Hopf bifurcation at E,.(z*,y*)

Next, we study the Hopf bifurcation of E, (z*, y*) of model (1.5) and still select 7 as
the bifurcation parameter. The following curve determines the essential condition
for Hopf bifurcation to occur:

N.S

_ 5. o x _ (—1tctatB)(atB+2ki)>+2ak (atB+2ks)
- {(a7 ¢k, ka, T) ERYiT=17 = c[(a+ﬁ)2(—1+a+a+3)+4(—1+a+ﬁ)k112+4k1(Ea+ﬁ)(—l+a+o¢+ﬁ)+ak2)] )

3.2.1. Existence condition of Hopf bifurcation at E,(z*,y*)

According to (As) in Theorem (2.4), we can easily obtain the bifurcation parame-
(=1+cta+B)(a+B+2k1)>+2ak; (a+B8+2ks) :

@t B (—TFatatB)Ha(—1+at )k T+ 4k (ot B)(~1tatatB)raks] - Ve still con-

sider parameter 7 with a small perturbation §, and then the corresponding charac-

teristic equation can be written as:

ter m* =

M+ p(O)A +q(0) =0,

where

akiy*

p(d) =—[24 (" +)(1—2z2" — m

- C)]7

* * 5 2
0(0) = (=14 elm” + 82 (" +8) (14 "+ 8)) + ST O
1
Lok (0 4 )(=1 4 e(n” +0))

(k1 + z%)?
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Since parameters (a, ¢, k1, ke, 7) € N.S, the roots of the characteristic equation are

—p(8) £ ir/4q(6) — p(6)°
2 9

A2 =
and we have
|A1,2] = v/q(6),

d| 12|
dd

a(—142c71 ") k1y™
(k1 ta*)®

1—c—2em* 4+ 2*(-242e*(2+ o )+

*2 ok *(—14 *Vkqy* :
5=0 2\/“2711“? + (=14 em*) (=1 — 7 * + 2y *p*) ST YT ((k1+c;;1)2) -

The occurence of Hopf bifurcation requires the following conditions [34]:

(E.1) 4212l L PO
(E2) Mio' #1when § =0, i =1,2,3,4.

Obviously, (F.1) is identical to the following expression hold:

4@ a(—1+ 2em *)kyy*
ki + 2 (k1 + 2*)

1—-2cn™ —c+a*(—2+2cm (2 # 0,

which means that

1+ ¢4 20" 4 2

* ($*+k1)2
71 7& 2ackiy*

—2c+ (@ +k1)? +2ct(2+ I*GTM)

In addition, (E.2) is identical to p(0) # —2,0,1,2. Since |p(0)| < 2, the condition
becomes p(0) # 0,1, so we have

2 3
* *
T1 7{ . akiy® ° and T1 # akiy*
—14c+2x* + (li:x*)Q —1+4c+2x* + (lirlx*)z
3.2.2. The direction of Hopf bifurcation at F,.(z*,y*)
Let
*(1 _ « _ _akiy®

__po) _2Hm( -2 - o)

H=- Ty 2 ’
2

~\/44(0) — p(0)
Y= 2

:g\/z;(,;T + (1 em) (=1 = my* o+ 27y tat) 4 SECLEOR) (9 4 pya(1 - o - 2t — )Y
The invertible matrix T} can be expressed as

ati*z* 0

*+k
Tli r*+k1

3u—14+cn*w

we use the following transformation:
XnJrl B an+1

Y1 Up+1
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and then the system (3.3) transforms to

an-i—l i B —w U f( n n)

Up41 w i Un, Q(Xna n)
where

F(Xn, Y) =1 X2+ 102X, Y, + 13Y,2 + 14 X3+ 15 X2V, + L6 X0 Y2 + 117 Y2
+O((|Xn| + [Ya )Y,

Q(Xm n) = lzlxi + 192X, Y, + 12337112 + 124)22 + 125X2Yn + 126Xn}7n2 + 127377?
+O((| Xu] + [Ya )Y,

ki +a* kiy*

L + ary

fu aTy*r* (-1 (k1 +$*)3)7
112:k1+x*— akq 0.
am*z* - (ky + z*)
l13=0,
Iy = ki +x* (- akyy*
ary*x* (k1 + %)
Ly = ki 4+ x* aky
at*x* " (ky + x*)
le =0,
lhz =0,
Ly, — (k1 +x*)(1—3u—cn*)(_1+ akiy* - cy* N
awT *x* (k1 4+ x*) w(ky + %)
lyy — (k1 +$*)(1—3‘LL—C7'1*)(7 ak; )+ 2cy* N
awT*x* (k1 + x*) w(ke + x*)
log = ————,
w(ks + z*)
lpy = (k1 +2*)(1 —3p— 671*)(_ akiy* 4 cy* N
awT*x* (ky 4 z%) w(ks + %)
lys — (k1 +x*)(1—3,u—c7‘1*)( aky - 2cy* N
awT *T* (k1 + z*) w(ke + *)
lag = %7
w(ky + x*)
lar =0,

and we use the translation
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ie, X, = ‘;Tl+zl Un, Yn = (Bu — 1 4 e ™), + wo,, and then the system (3.7)

transforms to

Uy, —w )\ [ tn F(tn, oy
+1) H i ( ) ’ (3.8)
'DnJrl w Un Q(ﬂn, @n)

where

f(ﬁn, Up) = P11ﬂi + P12Un v, + P1317i +p14ﬁf’l +p15ﬂi17n +p16ﬁn17727, + pn@f;

+ O((Jtn] + [0])*),
G(Tn, By) = P12 + Po2linUn, + Pa3ls + P2atly, + PaslicVn, + PaglinTa + Parle
+ O((Jtin] + [0n])*),

ar*2x*2ly, am*z*li2(—1 4+ 3u + e ™)

P ) k1 + o ’
_war "z l2
P12 = W’
p13 =0,
ar*32*3 1, aﬁ*zx*2115(—1—|—3u—|—cn*)
D14 = 3 T ) )
(k1 + %) (k1 + %)
B war *22*21 ;5
P15 = n o)
P16 =0,
P17 =0,

ar*2x*%ly, a1 *x*loa(—1 4+ 3p + ¢ *)

po1 = (=14 3+ em ™)z +

(k1 +27)° kit ’
P22 = 2w(—1 4 3p + e *)las + %7
po3 = w’lag,
Car ey ar e los (14 3u+ent) | ar*atlag(—1 4 3u + e *)”
P ey kel b
B war *?2*%los  2war *x*lag(—1 + 3+ e )
P25 = (k1+$*)2 k1 + z* ’
_ wlar *x*log
P26 = W
pa7 = 0.

To decide the stability of the invariant circle bifurcated from Hopf bifurcation of
the model (3.8), we are supposed to compute the discriminating coefficient a* [16],
which is expressed as:

(1 —2)\)\2

a” = —Re] T

1 _
Lq11Lgg] — §|Ln|2 - |Lo2|2 + Re(AL21),
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where
1. = = . s .
Lo = g[(faﬂ = foo + 2Guv) + i(Gua — Joo — 2fav)],

1. - ~ s -
Ly = Z[(fﬂﬁ + fos) + i(Gaa + Goo)

Los = g[( an fﬁf} = 20us) + (Gaa — Gov + 2fas)]s
1. = P ~ ~ . ~ 7 7
Ly = Tﬁ[( wua + favs + Gaas + Joos) + (Juwa + Javs — faas — foos))-

Some computations produce that

= 2p11, fﬂf) = P12, Nﬂﬁﬂ
(0,0)

fon
.}E’L_l/L_)’L_)

(0,0)

= 2p13, fou = 6p17,

(0,0) (0,0)
§ﬁﬁ|(0,o) = 2po1, §a5|(o,o) = pa2, Qaaa\(o’o) = 6poy, §aa7j|(0,o) = 2pos,

= 2p16, fz‘n‘)
(0,0)

gﬁ1717|(0’0) = 21926’ §1717|(0’(]) = 2]723; gﬁ'[‘n‘)|(0,0) = 6p27~

Assume that the transversal condition (F.1) and the non-degenerate condition
(E.2) of the model (1.5) are satisfied when parameter 7 varies in the small region
of 71* in the set of N.S. The following theorem holds:

Theorem 3.2. If a* # 0, then the system (1.5) undergoes a Hopf bifurcation
around the positive point E.(x*,y*) when the parameter T fluctuates within the
small region of T1* in the set of N.S. Furthermore, if a* < O(resp.,a* > 0), an at-
tracting(resp., repelling) invariant closed curve bifurcates from the point E.(x*,y*)
for T > 1" (resp., T < 11%).

4. Numerical simulations

In this section, the previous theoretical results will be analysed with the help of
numerical simulations to show the dynamical behaviour of the model (1.5) around
the unique positive equilibrium FE, (z*, y*).

4.1. Numerical simulation of Flip bifurcation

Firstly, we choose 7 as the bifurcation parameter in curve U; to study the dynamical
properties of system (1.5) at E.(xz*,y*). We choose the following parameters to
discuss.

The unique positive equilibrium point (zg, yo) = (0.3, 0.46666667) of the model
can be obtained by giving the parameters

T A2 2.22222222222 r = 0.1,s = 0.18, m = 0.35,n = 0.8, 2 = 0.3, K = 2, K5 = 0.1.
Then we can easily get the corresponding parameters in system (1.5):

a=1.05,c=18,k = 0.4,k = 0.16666667.
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By choosing the initial value of (Zo, o) = (0.309,0.466), we can calculate the coef-
ficients a1, g and we have

a1|(io7170) 70, 0[2‘(510,170) >0,
so according to Theorem 3.1, system (1.5) undergoes a Flip bifurcation around

(Zo, 7o) and bifurcates to a two-periodic stable orbit. The result can be obtained
by numerical simulation as Figure 1 and Figure 2.

100 150 200 250 300 350

(a)

0.36 06
0.34 ossh
L e

05F

03 A
T Bl T —

028f e e

04
0.26 .
0.24 035
0.22 03

20 40 60 80 100 120 140 160 180 200

t

(b)

0

20 40 60 80 100 120 140 160 180 200

t

(e)

Figure 1. Flip bifurcation appears around the positive point (Z¢, §0)=(0.309, 0.466). The tendency of
variables  and y with the transformation about time t is contrasted in (a). The period-two bifurcation
scenarios for the variables  and y are shown in (b) and (c), respectively.

4.2. Numerical simulation of Hopf bifurcation

We still choose 7 as the bifurcation parameter in curve N.S. The unique positive
equilibrium point (z1,y1) = (0.2280,0.4780) of the model can be obtained by giving
the parameters

=0.1509,r = 0.71,s = 0.15,m = 0.93,n = 0.71,2 = 0.5, K = 4, K5 = 0.5.
Then we can easily get the corresponding parameters in system (1.5):

a = 0.6549,c = 0.2113,k; = 0.1775, ky = 0.25.
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Figure 2. Phase diagrams at the positive point (Zo, §0)=(0.309, 0.466). There exists a 2-periodic stable
orbit around the point (zo,yo) =~ (0.3, 0.46666667).

By choosing the initial value of (Z1,91) = (0.2285,0.4785), we can calculate the
coefficient a*|;, -, and we have
a*|(5:1,z)1) > 0,

so according to Theorem 3.2, model (1.5) undergoes a Hopf bifurcation around
(Z1,71) and bifurcates to an attracting closed invariant curve.
The result can be obtained by numerical simulation as Figure 3 and Figure 4.

0.2288

0.2286

L Y

0.4785

0.4784 [}

0.4783

0.2284
0.4782

0.2282 0.4781

x 0.228 > 0.478

0.2278 0.4779

0.4778
0.2276

V v \/ \/ v \/ 0.4777
0.2274 V 0.4776 V v V V
0.2272 0.4775
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
t t
(2) (b)

Figure 3. Hopf bifurcation appears around the positive point (Z1,%1) = (0.2285,0.4785). (a) and (b)
are the variations of z and y with the time ¢, respectively.

4.3. Chaos analysis

In this section, chaotic cases at bifurcating points are analyzed using numerical
simulations. We give bifurcation diagrams, maximum Lyapunov exponents, and
phase diagrams for a set of parameter to verify the chaotic cases.
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X

Figure 4. Phase diagrams at the positive point (Z1,91) = (0.2285,0.4785). There exists an attracting
invariant closed curve around the point (z1,y1) = (0.2280, 0.4780).

According to chaos theory, we have the following Lemma 4.1 and Theorem 4.1.

Lemma 4.1. [26] The expression of maximum Lyapunov index is given by:

n—1

.1 df (wn, 1)
A= 1 — In | —————=|.
- ZO n’ o

n—o00 N

Theorem 4.1. [26] If A < 0, the neighboring points of the system are stable fized
points or generate periodic behavior. If A > 0, the neighboring points are local
instability and generate chaotic situations.

4.3.1. Chaotic behavior near the Flip bifurcation point

In the following, we still select the set of parameters
T A 2.22222222222,r =0.1,s = 0.18, m = 0.35,n =0.8,2 = 0.3, K = 2, K5 = 0.1,

and we get
a=1.05,c=1.8,k = 0.4, ks =0.16666667.

After selecting the internal equilibrium point (0.309, 0.466) and the perturbation
0 € (0,0.06) with parameter ki, we analyze the trend of x with § by numerical
simulation and obtain the chaotic bifurcating cases (see Figure 5). It can be seen
that when the perturbation § € (0,0.042), the value of the maximum Lyapunov
exponent always oscillates around zero, so we cannot accurately describe the chaotic
dynamic behavior of the parameter in this range. But when the perturbation § €
(0.042,0.054), we can notice that there exists period-7 solutions, this shows that
the system becomes to achieve a dynamical balance in this range and no chaotic
situations occur. However, when the perturbation ¢ continues to increase, that
is, § € (0.054,0.056), then the chaotic behaviors will occur with the value of the
maximum Lyapunov exponent is greater than zero. From an ecological perspective,
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chaotic behaviors mean that the system will fail to maintain a stable state or a
periodic balance, leading to a state of disorder.

When we take a particular parameter § = 0.0569, that is, k&1 = 0.4569, the
relevant phase diagram of the model (1.5) is displayed in Figure 6, which shows
that the chaotic behaviors occur with the increase of the perturbation 6.

Maximum Lyapunov Exponent
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-3
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(e) ()

Figure 5. ¢ € (0,0.06)—bifurcation diagram at the fixed point (0.309, 0.466) contrasted with the max-
imum Lyapunov exponent. (a) and (b) show that the bifurcation diagram corresponds to the maximum
Lyapunov exponent in the range of § € (0,0.06). From figure (c) to figure (f), the two different dy-
namical behaviors will be shown by comparing the amplifications of the bifurcation diagrams and the
maximum Lyapunov exponent in the same range of §.

4.3.2. Chaotic behavior near the Hopf bifurcation point

In this subsection, we still choose the set of parameters in section 4.2 to consider
Hopf bifurcation with chaotic cases. That is

7 =0.1509, a = 0.6549, ¢ = 0.2113, k1 = 0.1775, ks = 0.25.
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Figure 6. The phase diagram of the model (1.5) at the fixed point (0.309,0.466). This indicates that
chaos occurs when the perturbation § = 0.0569.

After choosing perturbation parameter 6 € (—0.2,2.1) with step length 7, we can ob-
tain bifurcation diagram and the corresponding maximum Lyapunov exponent(See
Figure 7). When the maximum Lyapunov exponent goes from negative to positive,
the stability of the system is gradually destroyed and eventually enters a chaotic
state within this set of parameters.
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i “‘h‘\ 4“\ / |
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Maximum Lyapunov Exponent
°
2

-0.005 L L L L L

Figure 7. The bifurcation diagram and maximum Lyapunov exponent corresponding to perturbation
6 € (—0.2,2.1) for x.

5. Conclusions

In this paper, we study local dynamical behaviors of the modified Holling-Tanner
system with discrete time. We prove that the system (1.5) has a trivial equilib-
rium and two boundary equilibria. We pay more attention to the unique positive
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equilibrium point

1—a—k1+\/(l—a—k1)2—4(ak2—k1)

2 b)
1—a—k1—|—\/(l—a—k1)2—4(ak2—k1)
2

We prove that if Flip bifurcation and Hopf bifurcation occurs at E,(z*,y*), the
bifurcation curve U; and N.S must be satisfied respectively. Then the corresponding
results of bifurcation behavior are obtained. Next, we provide numerical simulations
to verify our theoretical discussions. We can see there exists a 2—periodic stable
orbit from the positive point when we choose a set of parameters. Similarly, an
attracting closed invariant curve bifurcates from the positive equilibrium in Hopf
circumstances. By numerical simulations, it can be found that both Flip bifurcation
and Hopf bifurcation will produce chaos.

Biologically, the predator in system (1.5) is called generalist, which have several
alternative food sources by increasing an additional carrying ability K. According
to the discussion in Lemma 2.2, the positive equilibrium E, (z*,y*) must meet the
condition kg < %, which is equivalent to Ky < 27 in system (1.2), and n,r,m are
constants. Therefore, the condition we propose is of practical significance. Further-
more, the occurrence of Flip bifurcation indicates that the densities of predators
and prey will be stable around a 2—period state eventually. And the appearance
of Hopf bifurcation implies that predators and prey will coexist with periodic os-
cillations. By regulating the range of bifurcation parameters, we can acquire the
desired densities of the system and avoid the occurrence of chaotic cases.

In future work, the system can be studied using different discrete methods, such
as the improved Euler method. In addition, new bifurcation parameters will be
chosen. We also hope to do further discussions on codimension two bifurcations,
such as strong resonances.

E.(z",y") =(

+ k2).
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