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Abstract

This article studies a discrete-time Leslie-Gower two predator-one prey system with Michaelis-Menten type prey
harvesting. Positivity and boundedness of the model solution are investigated. Existence and stability of fixed
points are examined. Using an iteration scheme and the comparison principle of difference equations, we find
out the sufficient condition for global stability of the positive fixed point. It is shown that the sufficient criterion for
Neimark-Sacker bifurcation can be developed. It is observed that the system behaves in a chaotic manner when
a specific set of system parameters is chosen, which are regulated by a hybrid control method. Examples are
provided to illustrate our conclusions.
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1. Introduction

In the real world, the interaction between prey and their predator create a major interest to the researchers to explore the
dynamics of the system. Most of the existing predator-prey models come from the Lotka-Volterra system. The Lotka-Volterra
models cannot justify all the predator-prey interaction. For example, when the size of the prey decreases, then the predator will
search for other prey. This fact motivated Leslie to form an appropriate model known as Leslie-Gower predator-prey system to
investigate the behaviour of the system. Several studies have been done on modified Leslie-Gower model with various aspects
[11-[3].

In spite of the vast research over the last few years, the knowledge about the effect of non-linear Michaelis-Menten type of
harvest on one prey-two predator models is insufficient. We observe that the ecological system is often perturbed by the growing
human needs for more food and more energy. For example, the fish population has decreased due to the rapid progress of fishing
technology and substantial growth in human populations. Therefore, the exploitation of renewable resources, which associates
immediately to sustainable development. Clark [4, 5] introduced harvesting of species through mathematical models. There are
three types of harvesting namely constant rate, proportionate and Michaelis-Menten type found in the literatures [6]-[9]. Out of
these, non-linear harvesting is more realistic and exhibits saturation effects with respect to both the stock abundance and effort
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level. Das et al. [10] analysed a prey-predator model considering Michaeli-Menten type harvesting on both the populations.
They discussed boundedness, local and global stability of the proposed system. Gupta and Chandra [8] followed the similar
type of harvesting in prey and derived different bifurcations such as transcritical, saddle-node, Hopf and Bogdanov-Takens
in the Leslie-Gower prey-predator model. Hu and Cao [11] discussed stability and bifurcation for a predator-prey system
with Michaelis-Menten type predator harvesting. Ang and Safuan [12] investigated the dynamical behaviour of an intraguild
prey-predator fishery model with the non-linear harvesting of prey species.

Mathematical models followed by differential equations are reasonable for the species in which populations are overlapped. In
case of non-overlapping generations, discrete-time models governed by difference equations are more appropriate than the
differential equations. In real ecosystem, a discrete time system can be seen, for example, fish populations reproduce at specific
timed moments or for insect populations, for which non-overlapping generations are occurring. Moreover, discrete-time models
also allow more efficient computational results for numerical simulations and exhibit a rich dynamics as compared to the
continuous ones [13]-[16]. Even discrete time models can admit chaotic dynamics [13, 14]. More interesting and significant
results on discrete prey-predator models can be seen in [17]-[21]. Ajaz et al. [22] investigated the dynamical behaviour of
a modified Leslie-Gower prey-predator model with harvesting in prey population and showed the existence and directions
of period doubling and Neimark-Sacker at positive fixed point and also indicated chaos control when chaos emerge through
bifurcation. Khan et al. [23] discussed a discrete-time Michaelis-Menten type prey harvesting in the modified Leslie-Gower
predator-prey model and obtained the conditions for the existence of flip and Neimark-Sacker bifurcations. Chen et al. [24]
studied a discrete Leslie-Gower predator-prey model with Michaelis-Menten prey harvesting and observed that the system can
exhibit fold, flip and Neimark-Sacker bifurcations by the application of center manifold theorem and bifurcation theory.

The above studies are mainly confined into two species models. However, it is a common fact that several predators compete
for a prey in the real world. To our knowledge, there is limited works that highlight discrete-time non-linear harvesting in the
modified Leslie-Gower Holling type II two-predator one-prey model.

Now we first present a model which is a modified Leslie-Gower two predator- one prey system with Michaelis-Menten type
prey harvesting:

@—x(r P .. S 9E )
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where x, y and z denote the densities of prey, the first predator and the second predator respectively. 7,72, r3 stands for the
intrinsic growth rate of the prey and two predators respectively. a represents the intra-specific competition among the the prey
species. ¢ and ¢, denote the per-capita reduction of prey x. f; and f, carry the same meaning as of ¢y and ¢. h; and hy
signifies the environmental protection for predator y and z respectively. In the prey harvesting term %, q is the catchability
coefficient, d; and d, are the degree of competition in the harvesting business and handling time respectively. E describes the
harvesting effort.

For qualitative analysis, including global stability, bifurcation analysis and chaos control for a discrete analogue of system (1.1),
a piecewise constant argument is introduced to describe the following exponential form of nonlinear difference equations:

Xnt1 = Xpexp{ri —ax, — Wn_ _ C2t ___ 9E }
e " hi4x, ho+x, dE-+dox,’
flyn
=y ex — 1.2
Ynt1 = Yn€Xp{r h1+x,,}’ (1.2)
fZZn
= zaexp{r; —
Znt1 = Znexp{r3 h2+xn}

where x,, y, and z, represent the densities of prey and both the predator at generation n € N respectively.

The rest of the paper is formatted as follows. Positivity and boundedness of solutions are presented in Section 2. The
existence and stability of the interior fixed point are discussed in Section 3. Global stability criterion is derived in Section 4.
Neimark-Sacker bifurcation and flip bifurcation are described in Section 5. Chaos control mechanism is presented in Section 6.
Numerical examples are given in Section 7. Section 8 concludes the paper.

2. Positivity and Boundedness of Solutions

In this section, we discuss positivity and boundedness of solutions of system (1.2). The first lemma follows immediately from
the system structure and its proof is omitted.
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Lemma 2.1. Solutions of system (1.2) with positive initial conditions remain positive.
To prove the boundedness of solutions of system (1.2), we require the following lemma:

Lemma 2.2. (see [25]) Suppose that x,, satisfies xo > 0 and x4 < xmexpla(1 — Bxy)] for m € [my,0) where 3 is a positive
constant. Then limsup,,_,,xXm < ﬁexp(a —1).

We now state the theorem which ensures that every positive solution of system (1.2) is uniformly bounded.
Theorem 2.3. Every positive solution {(Xu,yn,2,)} of system (1.2) is uniformly bounded.

Proof. Assume that {(x,,yn,2,)} be an arbitrary positive solution of system (1.2). From the first equation of system (1.2), we
get

Xnt1 < xpexp(r; —ax,),n=0,1,2,....
Assume that xo > 0, then following Lemma 2.2, we get limsup,,_, X, < éexp(rl — 1) := M. From the second equation of

system (1.2),

Ynt1 < ynexp(rz — ),n=0,1,2,....

1
hH-Mlyn

It follows from Lemma 2.2 that limsup,, ..y, < hl}'%exp(rz — 1) := M, whenever yp > 0. Assume that zy > 0. From the third
equation of system (1.2), we get

).

Zn+1 < zpexp(r3 — zZ
n+1 > <n P(3 h2—|—M] n

Applying again Lemma 2.2, we get

hy + M,

limsup,, 7, < exp(r3 —1) 1= M.

Then it follows that limsup,,_,.,(Xn,Yu,2x) < M, where M = max{M;,M>,M3}.
This completes the proof. O

3. Existence of Fixed Points

In this section, we determine the fixed points and their dynamics. Evidently, system (1.1) has at most twelve non-negative fixed
points Ey = (0,0,0). If ¢ < r1d; then the fixed point E; = (X, 0,0) exists uniquely where

P ridy —adE + \/(rldz —adlE)2 —4ad2E(q— Vldl)
N 2ad, '

If ¢ > ridy,ridy > ad\E and (rydy — ad E)?* — 4adyE(q — r1d;) > 0 then multiple fixed points exist Ej- = (¥+,0,0) where

ridy —adE + \/(rldz —ad]E)2 —4ad2E(q—r1d1)
o 2Cld2

There always exists E, = (0, rif}” ,0) and E3 = (0,0, %) If gfi +dic1ry < dir1fi then there exists a unique fixed point
E12 = (%,9,0) where

do(r1 i —c1r2) —afidiE 4+ \/(do(r1 fi — c1r2) —afid\E)* —dafidoE(qfi1 +dicir, —dyri fi)
2af\d;

_xA:

and

~

. 1r2(h1+x)
y=
i
If gf1 +diciry > diri fi,r1 fida > cirada +afidiE and {da(r1 fi —cir2) —afidiEY? > dafidoE(qfi +dicira —dir f1) then
there exists multiple fixed points E1p+ = (£+,9+,0) where

)ei - dz(r]fl —C]I’Q) —af1d1E:|:\/(d2(r1f| —C1r2) —afldlE)2—4af1d2E(qf1 —|—d1c1r2 —r1f|d1)
B 2afi1dy
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and
. n(h+iy)

L= .
Y N1

If g f> +dycars < diry f> then there exists a unique fixed point E13 = (%,0,7) where

dy(r1 fo — car3) —afpdiE + £/ (do(r1 fo — c2r3) — afod\E)? — dafodoE(qfo +dycars — dyry fo)
2af>d;

=

and

5) r3(h2 —|—x)
o
If gf> +dicars > diri fo, 11 fads > carsda + afodiE and {da(r1 f» — car3) —afpdi EY? > dafrdoE(qf> +dicars —diry f2) then
there exists multiple fixed points Ej31 = (%4,0,74 ) where
- dz(r]fz — C2r3) — af2d1E + \/(dz(rlfz — Czr3) — (lfzd]E)z — 4af2d2E(qf2 —|—d] Cor3 —rn fzdl)

Xy =

2af>d,
and
. nlh+iy)
=7
g
There exists a unique fixed point E3 = (0, %, %) To determine the positive fixed point E* = (x*,y*,z*) , we have to solve
the following system of equations:
c1y 22 qE
- —ax— - — 3.1
o x(rl @ hi+x hy+x dlE—I-dzx)’ @-1)
1
y = yr2-— hlfjx% (3.2)
22
z = z(n-— h2f+x). (3.3)
where x*,y* and z* are the positive solutions of equations (3.1), (3.2) and (3.3). Solving (3.2) and (3.3) we get y = W and
7= % and substituting the value of y and z in (3.1), we obtain the following equation:
A’ +Bx+C=0 (3.4)
where

A= fifady,B = fifhadrE — da(r1 fifo — cirafa — car3 1),C = E{fifag +di(c1r2fa + cor3 f1) — diri fif2}
If C < 0 then there exists a unique positive root x* of equation (3.4). In that case there exists a unique fixed point E* = (x*,y*,z*)
where
. —B+VBZ—4AC , ry(h+x¥)
X' = =
24 Y 7

and
% hy +x*
= 77”3 ( 2 ) .

12
If B < 0,C > 0 and B*> > 4AC then there exists multiple fixed points EX = (x*,y%,z% ) where

—B+VB2—4AC , rp(hi+x%)
Ve =
24 fi

XL

and
. nl+al)
o e e—

f2
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3.1 Stability of fixed points
To investigate the local stability of the fixed points of system (1.2), we require the following lemma.

Lemma 3.1. (/26]) Consider the cubic equation
2P+ piAt - pad+p3 =0 (3.5)

where p1, pa and p3 are real numbers. Then necessary and sufficient conditions that all the roots of equation (3.5) lie in an
open disk | 1| < 1 are |pi + ps| < 1+ pa,|p1 —3p3| <3 —paand p3+pr— p3p1 < 1.

The Jacobian matrix J(Ep) for system (1.2) is given by

exp(ri—4) 0 0
J(Ep) = 0 expr; 0
0 0 expr3
Then it follows from J(Ep) that Ey is an unstable fixed point for system (1.2). Again
- Edy 1% 7
I-ai+ Gy~ i
J(E1) = 0 expr, 0
0 0 exprs3

From J(E7), we conclude that that E) is an unstable fixed point for system (1.2). Similarly, it can be shown that E; are also
unstable. Now

exp(r; — Z}% — dq—l) 0 0
J(E2) = % 1—n 0
0 0 expr3
It is obvious from J(E;) that E> is an unstable fixed point for system (1.2). For E3,
exp(r; — % — ;—1) 0 0
= 0 expr: 0
J(E3) 2 pr2
f% 0 1 —r3
Again we see that from J(E3) that E3 is an unstable fixed point for system (1.2). For E|»,
PN c1y qEd X (923
I —%(a— (y Le)zz ~ @ETdR? ) TREE TR
= Ny 3
‘I(E12) (hll-ﬁ-)?)2 1- h]i)? 0
0 0 expr3

Again we see that from J(E);) that E}; is an unstable fixed point for system (1.2). Similarly, it can be shown that E, are also
unstable. For E;3,

~ 0z qEdy c1x X
I —%(a— I t02  (E+doi)? I s N
J(E3) = 0 expra 0
_2fh 0 |
(ha+3)? hy+%

It is clear from J(E}3) that E;3 is an unstable fixed point for system (1.2). Similarly, it can be shown that E}3. are also unstable.
Now

exp(r; — %2— % - dil) 0 0
J(Ex) = ;—i -, 0
z 0 1-r
If ry < 92204 +Jf12;22d’: 1490112 10 < 2 and r5 < 2 then it follows from J (Ea3) that Ey3 is locally asymptotically stable fixed point

for system (1.2). Let E* = (x*,y*,z*) be the unique interior fixed point of system (1.2). The Jacobian matrix for (1.2) at E* is
given by

Xt _ox*
(.11*12 hy+x* hy+x*
kK _k\ f1y _
J(x*,y*,7") = = 1—r 0
fzz*Z
0 1-— r3

(hy+x¥)?
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where
qEdrx* cox*z* c1x*y*
(d1E +dpx*)2  (hp+x*)2  (hy+x*)2°

a1 =1—ax*+

The characteristic polynomial of J(E*) is given by
P(A) =A%+ piA* + pad + ps (3.6)
where

p1 = n+r—2-ap,

afix'y??  cafaxizt?

(h1 +x*)3 (hz + x* )3’

i fixy?(rs—1) | cafix'z(rn—1)
(hn +x*)? (ho +x*)3

P = an2-—n-n)+1-n)(1-rn)+

3 = an(l—-n)(rn-1)+ (3.7)

We now use Lemma 3.1 to investigate stability of E*.

Lemma 3.2. Assume that C < 0 holds. Then, the fixed point E* is locally asymptotically stable if and only if the following
conditions are satisfied:

|1+ p3l <1+p2|p1 —3p3| <3—p2
and p% + p2 — p3p1 < 1 where py, py and p3 are defined in (3.7).

Remark 3.3. In case of multiple fixed points EX = (x%,y%,7%) , we can find similar type of conditions as in Lemma 3.2.

4. Global Stability

In this section, we will utilize the process of iteration scheme and the comparison principle of difference equations to investigate
the global stability of the positive fixed point of system (1.2). To establish global stability result, we require the following
lemmas:

Lemma 4.1. ([27]) Let f(u) = uexp(6 — nu), where 8 and 1 are positive constants. Then f(u) is nondecreasing for u € (0, %]
Lemma 4.2. ([27]) Assume that the sequence u,, satisfies
Upt+1 = unexp(5 - nun)vn =1,2,3,...

where & and M are positive constants and ug > 0. Then, (i) If § < 2, then lim,,_,out, = %
(i) If 6 < 1, then u,, < n,n*2,3,

Lemma 4.3. [28] Suppose that functions f,g : 74 X [0,00) satisfy f(n,x) < g(n,x) (f(n,x) > g(n,x)) forn € Z and g(n,x)
is nondecreasing with respect to x. If u, are the nonnegative solutions of the difference equations

Xp4+1 = f(nvxn)’un-H = g(”v“")

respectively, and xo < uy (xo > ug) then x, <u, (X, > uy) foralln > 0.

Theorem 4.4. Assume that C < 0, C‘rzhzfzdl(”h‘+r1)+62r3h1f'd' (@hptr)tahmahifa r<l1, f' <r<1and f2 <r3 <1 hold.
Then, the fixed point E*(x*,y*,z") of system (1.2) is globally asymptotically stable.

Proof. Assume that (x,,yn,z,) is any solution of system (1.2) with initial values xo > 0,yo > 0,70 > 0. Let

U, = limsup,,_, X, V1 = liminf,,_,c.x,,
U, = limsup,,_,..yn, V2 = liminf, ey,

Uz = limsup,,_,,2,, V3 = liminf,_c02,.
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In the following, we will prove that Uy = V| =x*,U, =V, = y* U3 = V3 = 7*.
First we show that Uy < M7, U, < Mf ,Us < Mf. From the first equation of system (1.2), we get

Xnt1 < xpexp(r; —ax,),n=0,1,2,...
Considering the auxiliary equation
Upt] = MneXP(Vl _aun) 4.1

by Lemma 4.2 (ii), because of r; < 1, we get u, < é for all n > 2. By Lemma 4.1, we obtain f(u) = uexp(r| — au) is
nondecreasing for u € (0, é] Thus from Lemma 4.3, we get x,, < u,, for all n > 2, where u, is the solution of equation (4.1)
with initial value uy = x;. By Lemma 4.2 (i), we get

. . ' a
U, = limsup,_, Xy < limy_eity = — = My.
a

Hence, for any sufficiently small € > 0, there exists a n; > 2 such that if n > ny, then x, < M7 + €. From the second equation
of system (1.2), we obtain,

i

—_— =0,1,2,...
h1+Mic+£yn)’n ) )

Vg1 < ynexp(ra —

Again considering the auxiliary equation

Si

_ 42
I +Mf+£u") 4.2)

Upt1 = upexp(ry
hi+M{+-¢

by Lemma 4.2 (ii), because of r, < 1, we get u,, < 7

h1+Mf+£}

forall n > 2. By Lemma 4.1, we obtain f(u) = uexp(r, — hﬁfﬁu)
1

is nondecreasing for u € (0,
with initial value uy = x,. By Lemma 4.2 (i), we get

. Thus from Lemma 4.3, we get x,, < u,, for all n > 2, where u,, is the solution of Eq. (4.2)

rz(/’ll +M)f+8)
fi

Hence, for any sufficiently small € > 0, there exists a ny > n; such that if n > np, then y, < M{ + €. Similarly, from the third
equation of system (1.2) for r3 < 1, we obtain

U, = limsup,,_, .. X, < lim,,_seolty, = =M.

. . r3(hy +M7+¢€
Uz = limsup,,_, .z, < limy,—seolty = M = M;.
S
Hence, for any sufficiently small £ > 0, there exists n3 > ny such that for n > n3,z, < M} + €. Next we show that Vi > Ny, V, >
le ,V3 > le. From the first equation of system (1.2), we have

Cl(M{-i-S) _ Cz(Mf-‘rE) g
hy hy di

Xpt1 = XpeXpla —ax, — l,n>n3.

Consider the auxiliary equation

c1 (M +¢ (M +¢€
Upt1 = upexplr) — au, — M +e) oMite) g

). 4.3)

hy hy d
. y Z
Since we have r| — ”(% +e) _ CZ(AZ;%) — dq—l < 1, by Lemma 4.2 (ii), we have, u,, < é for n > n3. By Lemma 4.1, we obtain
Yy Z
f(u) = uexp(ry — Cl(Mhll+£) — CZ(AZ;H) — 4 —au) is nondecreasing for u € (0, 1], Thus from Lemma 4.3, we get x, > u, for all

n > n3. By Lemma 4.2 (i), we get

M +¢ M€
Vi = liminf, sty > limy oty = L[y — LA FE)_x(Mi+E) g
a h] ]’lz d]

From the arbitrariness of € > 0, we have

1 ci(M{+e) co(Mi+e) ¢
Vi>Nf=~[r— 1 - 1 - =]
="M a[rl h ho dl]
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Hence for any sufficiently small € > 0, there exists nsy > n3 such that for n > n4,x, > Nj — €. From the second equation of
system (1.2), we have

%yn]mznm

By the same way, we can get

Y+l = y,,exp[rz -

.. . mh
V, = liminf, .y, > lim,_eu, = 27

fi
From the arbitrariness of € > 0, we have,

) r2h1
Vo >Ny =——

Hence for any sufficiently small € > 0, there exists n5 > n4 such that for n > ns,y, > Nf — €. Similarly, from the third equation
of system (1.2), we have

f2
Zntl > Zn€Xp[rs — =2z4],n > ns.

hy
with
. . r3h
V3 = liminf, ez, > limy,_colty, = 537
12
From the arbitrariness of € > 0, we have,
r3h
V3> Ni= 22
p)

Hence for any sufficiently small € > 0, there exists ng > ns such that for n > ng,z, > N; — €. Now we show that U; < M5,U, <
M and Uz < M5, where M} < M}, M5 < My and M5 < M respectively. From the first equation of system (1.2) for n > ng, we
get

ci(Nj—¢€)  (Ni—eg) qE

Xl < xp€xplry —ax, — - —
! pln h+Mi+e h+Mi+e dE+dy(Mi+¢)

!

Consider the auxiliary equation

Up+1 = Upexplr) — auy, — ci(Ni —¢) — (N —¢) — 9E
e A T M e A Mi+e diE+dy(M;+e)

]. 4.4)

Using the similar argument as in above, we can get

. 1 ci(Ny —g)  (Ni—eg) qE
U =1 el L - B
1 1IMSUp,,_yooXn = a[rl h _|_Mif—|—8 hy +M)f+£ d]E"‘d2(1W)16"_8)]7
since
B cl(N{'f&‘) )— c2(N; —¢€) _ qE <1
Y hi+Mivel mMite dE+dy(Mite)

From the arbitrariness of € > 0, we claim that

1 c1(N] —¢ cr(NF—¢€ E
UISMng[rl_ l( lx ) _ 2( lx ) _ q x ]
a h+Mi+e h+Mi+e d1E+d2(M1 +¢€)

Hence for any sufficiently small € > 0, there exists n7 > ng such that for n > n7,x, < M5 + €. Similarly, from the second
equation of system (1.2) for n > n;, we get

Ji

- h1+M§+£y”]'

Yn+1 < YnexP[r2

Similarly to the above argument, we get

, hi+M;+¢
UZSM%:W.
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Hence for any sufficiently small € > 0, there exists ng > n7 such that for n > ng,y, < M3 + €. From the third equation of system
(1.2) for n > ng, we get

S

_7/12—!-1\/15—1-8)}"]'

Znt1 < ZneXp[VS

Similarly to the above argument, we get

X
Uy <y - M)
2

Hence for any sufficiently small € > 0, there exists ng > ng such that for n > ng, z, < M5 + €. Now we show that Vi > N3,V >
N, and V3 > N3, where N3 > NY,N; > N; and N} > N7 respectively. Further, from the first equation of system (1.2) for n > ng,
we get

C](M§+8) _ (M5 +¢) _ qE
hi+Nf—¢e h+N—¢ dE+d(Ni—¢)

-

Xnt1 > Xp€Xplr) — ax, —

Using a similar argument, we get

3 ci(M5+¢) _aMjt+e) qE
hi+Nf—¢e h+N—¢e dE+d(Nf—¢)

[r1 | < 1.

.. 1
Vi = liminf,, _.ox,, > —
a

From the arbitrariness of € > 0, we claim that

1 aM+¢e) co(Mi+e E
V12N§C=*[F1—hl( 2x )_ ( 2x )_ q x
a 1+Nf—¢e h+N—¢e dE+d (N —¢)

].

Hence for any sufficiently small € > 0, there exists njg > ng such that for n > nj9,x, > N5 — €. Similarly, from the second
equation of system (1.2) for n > njo, we have

Ynt+1 = Yn€Xplra — #)’n]
- hi+N;—¢
with
. ra(hi +N; —¢)
V, = liminf,, .y, > ———.
h
From the arbitrariness of € > 0, we claim that V» > N = w Hence for any sufficiently small € > 0, there exists

ni1 > njo such that for n > nyp,y, > Ng — €. Similarly, from the third equation of system (1.2) for n > ny;, we have

f2

- mZn]'

Znt1 > Zu€XP|r3

with
hy+N5 —¢€
Vi = liminf, .0, > 22N &)
12
From the arbitrariness of € > 0, we conclude that V3 > Nj = %:VZLS) Hence for any sufficiently small € > 0, there exists

ni2 > nyy such that forn > ny3,z, > N3 — €. Repeating the above process, we ultimately get six sequences {M*}, {Mj}, {M}, {N*},
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{N;}, and {N?} such that for all n > 2,

M 1[ N, N, qE ]
= —\r1 — —_ —_ 5
" A T A ML M| diE+dM
M,y, _ ra(hy +Mif)’

f
M,Z, _ r3(h2+Mfl)7

f , (4.5)
N 1[ M) M- qE ]

= —\r; — — — ,
"Ta' m+N_, h+N_|  diE+dN_

N = ra(h +Nif)7

A
Nﬁ _ r3(h2 -‘rN,f).

)

Clearly, we have for any integer n > 0,
N <V <U <M; N, <V, <Up <M} and N: < V3 < U3 < M-.

In the following, we will prove that {M:},{M;} and {M3} are monotonically decreasing and {N;},{N;} and {N3} are
monotonically increasing, with the help of inductive method. Firstly, it is clear that

M5 < M{, My < M{,M5 < M{,N5 > N{,N; > Nj,and N5 > Ni.
For n = k(k > 2), we assume that

My < My My < M My <My \Ng > Ni_ N 2 Ny and N > Ny

Now
wi gy = L el ORME ) N ) 4 NN ) (NI — N M) + ke (NE — N )
kel Tk a (hy+ M) (h + M) (ho + M) (ha + M)
N qEdy (M — M;_;) 1<0
(d\E+doMY)(d\E+dayMy )"~
X ra (MY, — MY
Mli-s—l_MZ _ 2 k+1 k)SO
fi
r3(M¥ , — MF
Miy - = PR <
2
XN — _l[cl{(leﬂlefl_Mlef)"‘hl(M/fﬂ_M/{)}+02{(le+1N1)f71_lele)+h2<M/f+1_le)}
ket Tk a (hi +N?)(hi +N7 ) (ha +NY)(ha + N7 )
N qEd> (N;_| — Ny) 150
(d|E+d2N]f)(d1E+d2N]){‘_l) -
, N —N¥
M-y = 2L,
fi
NE | —N?
M- = 2R g
2

This shows that {M.}, {M; } and {M?:} are monotonically decreasing and {N*},{N; } and {N3} are monotonically increasing.
Therefore, by the criterion of monotonic bounded, we have established that every one of this six sequences has a limit.
Let

. . . - . _ . X . . . s
lim, M, = x1, 1m0, = X2, limy, oM’ = x3,1im, 0N = y1,1imy 0N} = y2,1lim,N- = y3.
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Passing to the limit as n — oo in (4.5), we get

1 c1y2 €2y3 qE
xp=—[r — - - ],
a hi+x1 h+x dE+dx
h
Xy = ra(h +X1),
fi
h
= r3( 2+X1),
& (4.6)
1 ( c1x2 C2X3 qE ]
yi=-—|rn— - -
a hi+y1 ha+y1 diE+dy
(ki +y1)
n=——7—"
S
~ r(la+y1)
VB=——7F—:
f2
It is clear that x; = y;,x» =y, and x3 = y3. Thus we obtain x; = x*,x, = y*,x3 = z* as a solution of (15). Hence, the global
asymptotic stability of (x*,y*,z*) is obtained. This completes the proof of the theorem. O

5. Bifurcation Study
In this section, we discuss the parametric restrictions for obtaining Neimark-Sacker bifurcation at the interior fixed point E* of

system (1.2).

5.1 Neimark-Sacker bifurcation
To examine Neimark-Sacker bifurcation in system (1.2), we need the following result [29].

Lemma 5.1. Consider an n-dimensional discrete dynamical system Uy = f,,(Uy) where m € R is a bifurcation parameter.
Let U* be fixed point of f,, and the characteristic polynomial for Jacobian matrix J(U*) = (bjj)nxn of n-dimensional map
S (Uy) is given by

Pu(A)=A"+b A" Vo 4 by A+ b, (5.1)

where b; = bj(m,u),i = 1,2,3,--- ;n and u is a control parameter or another parameter to be deduced. Let A(j)E (m,u) =
I,A?E(m,u), -+, AE(m,u) be a sequence of determinants defined by Aii (m,u) =det(My =M,),i =1,2,3,--- ,n where

I by by --- b
0 1 by - bis
M= 0 0 1 - b |,
o 0 0 - 1
bnfﬁ+1 bn7i+2 o+ bp—1 bn
bn—i+2 bn—i+3 T by 0
M, = cee e
b”,1 bn 0 0
by, 0 0 0

Moreover, the following conditions hold:
Al Eigenvalue assignment

A, (mo,u) =0 At (mo,u) > 0,P, (1) >0,(=)"Ppy(—1) > O,Af(mg,u) >0,i=n—-3,n-5,---,1(or2),

’“n—1
when n is even or odd, respectively.

A2 Transversality condition: [W]m:mo #0.

A3 Non-resonance condition:

cos(2m/ j) # y,or resonance condition cos(2n/ j) = Y wherej = 3,4,5, -

and W =1—0.5P,,(1)A, 5 (mo,u)/A} ,(mo,u). Then Neimark-Sacker bifurcation occurs at m.
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Now we state bifurcation result by considering a as a bifurcation parameter of system (1.2).
Theorem 5.2. The fixed point E* of system (1.2) admits Neimark-Sacker bifurcation if the following conditions are satisfied:

1—pa+p3(p1—p3) =0,
14+ p2—p3(p1+p3) >0,
1+pi+p2+p3 >0,
1—=pi+pr—p3>0

(5.2)

where p1, p>» and p3 are defined in (3.7).
Proof. Following Lemma 4.1, we have found the following equalities and inequalities:
Ay (a*) =1—=par+p3(p1—p3) =0,
A (a*) =14 p2—p3(p1+p3) >0,
Pye(1) =1+p1+p2+p3 >0,
(=1)°Pp(=1)=1—pi+pr—p3 >0.

(5.3)

6. Chaos Control

Here, we examine chaos control for system (1.2). It is more pertinent for model related with biological species. It is normally
seen that discrete-time models are more chaotic and complicated than the continuous systems. Thus it is justifiable to execute
control method to prevent any uncertainty. We primarily apply hybrid control process discussed in [30]. This technique takes
a single control parameter which lies in the open unit interval. Various types of methods are available for regulating chaos
in discrete systems, for example, state feed back method, pole-placement technique and hybrid control method [31]-[?] in
which, hybrid control technique is most simple to apply. We use hybrid control technique to system (1.2) for controlling chaos
developed through bifurcation. Assume that the system admits Neimark-Sacker bifurcation at its fixed point (x*,y*,z*), then
the corresponding controlled system using the hybrid control method is given by:

C1Yn C2Zn qE

Xpt1 = PXyexp{ry —ax, — — — + (1 —p)x,,
n+1 PXn p{ 1 n hl Tx, h2+xn d1E+d2Xn} ( p) n
flyn
n = n - 1- ns 6.1
Yn+1 = Pynexp{rz i +xn}+( P)y (6.1)
nyn
= — 1 —
Zn+1 PZneXP{V3 o +x, } + ( p)Zn
where 0 < p < 1 is taken as a control parameter. The Jacobian matrix of controlled system (6.1) evaluated at E* is given by
* cy* 7" qEd: px*c px*cy
I=p¥la—gGrep _2<hzix*>2 T @rde?) i e
IOty 2) = <5f;5;§32 1—pr 0 6.2)
P
(ha+x2)2 0 1 —pr

The fixed point E* of controlled system (6.1) is locally asymptotically stable if all the roots of the characteristic polynomial of
(6.2) lie in an unit open disk.

7. Numerical Simulations

In this section, we present some numerical computations to justify our analytical results. We show the role of the intra-specific
competition coefficient among the prey species, harvesting effort and the maximum value of per capita reduction rate of y can
attain on the discrete system visually through numerical simulations.

Example 7.1. Suppose ri =0.8,r, =0.5,r13=0.4,c; =0.01,¢c0 =0.02,hy =1, =1,d1=1,dy =1, =02, =0.1,a=
0.1, =0.1,E =1 for system (1.2). Then all the conditions of Theorem 4.4 are satisfied. Thus the fixed point E* =
(6.878,19.94,30.72) is globally asymptotically stable (see Fig. 7.1). The Fig. 7.1) shows that initially all the population
increases and eventually all the interacting populations get their steady states and finally become globally asymptotically
stable.
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Example 7.2. Suppose ri =3.5,rn=22,13=2,c1=02,co=1,h=1,hp=1,di=1,do=1,i=15,=1,a=03,9g=
0.2,E =1 initial points (0.5, 0.5, 0.) for system (2). Then the conditions of Lemma 3.2 are violated. Thus the fixed
point E* = (3.894,7.196,9.813) is unstable. Moreover, system (1.2) admits chaotic behaviour (see 7.2(a)). In order to
show the effectiveness of hybrid control method implemented in system (6.1), we choose p = 0.5 and other parameters are
same as in Example 7.2. The 7.2(b) shows that the solutions initiating from (0.5,0.5,0.5) approaches to the fixed point
E* =(3.894,7.196,9.813). i.e., the steady state for controlled system (6.1) is a sink.

Example 7.3. Suppose ri =3, =22,r3=2,c1 =02, =1, =1l =1di=1,dy=1,fi=1,=1,g=02,E=1
and initial points (0.5, 0.5, 0.5) and a € (0.1,1.5) in system (1.2) with the initial condition (xg,yo,z0) = (0.5,0.5,0.5). When
a is considered as a bifurcation parameter, then at a = a* = 0.326, the interior fixed point E* = (1.46935,5.43257,4.9387)
becomes unstable and system (1.2) undergoes Neimark-Sacker bifurcation by Theorem 5.2. Bifurcation diagrams and maximum
Lyapunov exponents (MLE) respect to the parameter a of system (1.2) are depicted in Fig. 7.3. As a increases, we observe that
a transition from unstable to stable.

Example 7.4. Supposeri =298, =22,13=2,c1=02,co=1,l=1hh=1,di=1,dy=1,fi=1,/=1,4=0.2,a=0.3
and initial points (0.5, 0.5, 0.5) and a € (0.5,1.5) in system (1.2) with the initial condition (xo,y0,z0) = (0.5,0.5,0.5). When E
is considered as a bifurcation parameter, then at E = E, = 0.978, the interior fixed point E* = (1.435,5.373,4.884) becomes
unstable and system (1.2) undergoes Neimark-Sacker bifurcation by Theorem 5.2. Bifurcation diagrams and MLE respect to the
parameter E of system (1.2) are depicted in Fig. 7.4. As E increases, we observe that a transition from unstable to stable.

Example 7.5. Supposer; =298, =2.2,r3=2,c1=02,co=1,lm=1lh=1,di=1,db=1,E=1,/=1,g=0.2,a=0.3
and initial points (0.5, 0.5, 0.5) and f € (0.6,2) in system (2) with the initial condition (xo,y0,z0) = (0.5,0.5,0.5). When f is
considered as a bifurcation parameter, then at fi = f; = 0.998, the interior fixed point E* = (1.534,5.584,5.066) becomes
unstable and system (1.2) undergoes Neimark-Sacker bifurcation by Theorem 5.2. Bifurcation diagrams and MLE respect to the
parameter f1 of system (1.2) are depicted in Fig. 7.5. As f increases, we observe that a transition from stable to unstable and
then bifurcation within a limit cycle to a periodic window and finally to chaos.

Example 7.6. Suppose ri =58, =213 =3,c1=1l,co=1 =1 =1,di=1,do=1,E=02,fi=1,=1,q=
1,a = 1 and initial points (0.5, 3, 4) ,we obtained two interior fixed points E*; = (0.523607,3.047214,4.570821) and E* =
(0.0763932,2.1527864,3.2291796) both are unstable (see Fig. 7.6). Fig. 7.6(b) represents the time series plot of system (2)
when E = 0.28
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z z
n n
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Figure 7.1. Time series plots of system (1.2) with parameter values
r1=0.8,rn=05r3=04,c1=0.01,c0=002,h =1l =1,d1=1,dy=1,f1=02,/2=0.1,a=0.1,g=0.1,FE =1 and
initial points (1, 2, 1) and (5, 1, 3).
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Figure 7.2. (a) Time series plots of system (1.2) with parameter values
ri=35rn=22r=2c=02,cc=1h=1h=1d =1,d=1,f=15,/=1,a=0.3,4g=0.2,E = 1 with initial
points (0.5, 0.5, 0.5) and (b) phase portrait of controlled system (6.1) for p = 0.5
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Figure 7.3. Bifurcation diagrams and MLE for system (1.2) with parameter values
r=3n=22rn=2c=02cc=1lhh=1Lh=1d=1,d=1,fi=1,/,=1,gq=0.2,E=1,a € (0.1,1.5) and initial
point (0.5, 0.5, 0.5).
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Figure 7.6. Time series plots of system (1.2) with parameter values

ri 25.8,1‘2 :2,7‘3 23,6‘] = 17C2 = 1,h] = 1,/’122 1,d1 = l,dz = 1,f1 = l,fzz l,a: l,q: 1 for E =0.2 and 0.28

respectively. initial point (0.5, 3, 4).

8. Discussion

In this article, a discrete-time Leslie-Gower two predator-one prey system with Michaelis-Menten type prey harvesting is
investigated. To our knowledge, there are a few works that address the impact of non-linear harvesting on System (1.2). It is
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shown that the system has at most twelve fixed points. Qualitative analysis shows that all the boundary fixed points, excepting
E»3 are unstable. Under certain restrictions on the system parameters, £»3 may be stable, which in turn implies that that the prey
population goes into extinction. As the trivial fixed point always exists and unstable, the three species cannot go to extinction
together. It is established that multiple fixed points exist due to the presence of non-linear harvesting term. It is shown that
Neimark-Sacker bifurcation occurs at the unique positive fixed point when the parameters a, E, f; are varied. The choice of
these parameters is arbitrary, one may find similar type of bifurcations for other parameters also. Numerical simulations show
that when the parameters a and E exceed a certain critical value, the system becomes stable (see Figs. 7.3 and 7.4) whereas
the opposite holds f is increased. In case of multiple fixed points, chaotic behaviour is observed. In particular, we observe
when the predator population is chaotic, the prey population ultimately tends to extinct. This fact is clear when we increase
the harvest rate from 0.2 to 0.28 (see Fig. 7.6 ). The proposed model admits more rich characteristics and more complicated
dynamics than that exist in the continuous case. We have derived the condition for global stability of the positive fixed point by
applying the iteration scheme and comparison principle of difference equations. Conditions of Theorem 4.4 indicate that when
the intrinsic growth rate of the three species remains below one, the positive fixed point is globally asymptotically stable.
Sometimes bifurcation and chaotic behaviour are in fact unwanted situations in discrete dynamical systems, because there may
be an extinction of the population due to chaos. So chaos control becomes a crucial issue. To prevent chaos, we have used the
hybrid control method so that the stability of the system can be regained.

To our understanding, the dynamical study of discrete time model considering a Leslie-Gower two predator-one prey system
with Michaelis-Menten type prey harvesting has not investigated yet.
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