i fractal and fractional

[

Article

Bifurcation and Stability of Two-Dimensional
Activator-Inhibitor Model with Fractional-Order Derivative

Messaoud Berkal 1

check for
updates

Citation: Berkal, M.; Almatrafi, M.B.
Bifurcation and Stability of
Two-Dimensional Activator-Inhibitor
Model with Fractional-Order
Derivative. Fractal Fract. 2023, 7, 344.
https:/ /doi.org/10.3390/
fractalfract7050344

Academic Editors: Ivanka Stamova,
Asifa Tassaddiq, Muhammad Yaseen

and Sania Qureshi

Received: 17 March 2023
Revised: 15 April 2023
Accepted: 20 April 2023
Published: 22 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mohammed Bakheet Almatrafi >*

Department of Applied Mathematics, University of Alicante, 03690 Alicante, Spain; mb299@gcloud.ua.es
Department of Mathematics, College of Science, Taibah University,

Al-Madinah Al-Munawarah 30002, Saudi Arabia

*  Correspondence: mmutrafi@taibahu.edu.sa

Abstract: In organisms’ bodies, the activities of enzymes can be catalyzed or inhibited by some
inorganic and organic compounds. The interaction between enzymes and these compounds is suc-
cessfully described by mathematics. The main purpose of this article is to investigate the dynamics
of the activator—inhibitor system (Gierer-Meinhardt system), which is utilized to describe the in-
teractions of chemical and biological phenomena. The system is considered with a fractional-order
derivative, which is converted to an ordinary derivative using the definition of the conformable
fractional derivative. The obtained differential equations are solved using the separation of variables.
The stability of the obtained positive equilibrium point of this system is analyzed and discussed. We
find that this point can be locally asymptotically stable, a source, a saddle, or non-hyperbolic under
certain conditions. Moreover, this article concentrates on exploring a Neimark—Sacker bifurcation
and a period-doubling bifurcation. Then, we present some numerical computations to verify the
obtained theoretical results. The findings of this work show that the governing system undergoes the
Neimark-Sacker bifurcation and the period-doubling bifurcation under certain conditions. These
types of bifurcation occur in small domains, as shown theoretically and numerically. Some 2D figures
are illustrated to visualize the behavior of the solutions in some domains.

Keywords: stability; activator—inhibitor system; Neimark—Sacker bifurcation; period-doubling

bifurcation; fractional derivatives; numerical computations

1. Introduction

Enzymes (or biocatalysts) are defined as proteinaceous molecules that can catalyze
chemical reactions that occur within a cell. Enzymes act as catalysts for all types of chemi-
cal reactions occurring in human body, such as food digestion, blood coagulation, body
growth, healing processes, reproduction mechanisms, and mechanisms of DNA replica-
tion, protein synthesis, etc. [1]. Normally, enzymes combine with a substrate to create an
enzyme-substrate complex, which is then transformed into a final product. Then, the final
product is disconnected from the original enzyme. The new free enzyme acts to transform
another substrate into a final product [1]. Some inorganic and organic compounds known
as “modifiers” change the catalytic activity of some enzymes. In other words, modifiers
(or moderators) can increase or decrease the rate of an enzymatic reaction. Inhibition is a
process that reduces or totally inhibits the enzyme’s catalytic activity, while activation is a
process that increases the enzyme’s catalytic activity. In particular, compounds that reduce
a chemical reaction (or an enzyme’s catalytic activity) are called inhibitors (negative modi-
fiers), while compounds that help to speed up a chemical reaction and are not consumed
during the chemical reaction are called activators (positive modifiers).

Nowadays, enzyme inhibitors are very beneficial due to their use in the remediation
of many diseases. In many scientific specializations, such as biochemistry, biotechnol-
ogy, and medicinal chemistry, enzyme inhibitors are considered an active area for most
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researchers. Some studies on enzyme inhibition have successfully contributed to provid-
ing useful information about ambiguous biological mechanisms, such as inflammatory
reactions, blood coagulation, blood clot dissolution, etc. Moreover, enzyme inhibitors are
classified into three main categories, namely, reversible enzyme inhibitors, irreversible
enzyme inhibitors, and allosteric enzyme inhibitors. Reversible inhibitors (which can be
divided into three main categories, namely, competitive, non-competitive, or uncompet-
itive) prevent the enzyme’s catalytic activity and noncovalently bind to the enzyme [2].
Hence, a free enzyme is separated from the molecule after a limited time. These types
of inhibitors involve very weak interactions, such as hydrogen bonds and ionic bonds.
However, irreversible inhibitors (which can be divided into two main categories, namely,
suicide inhibitors and time-dependent inhibitors) covalently (strongly) bind to the enzyme
and slowly dissociate from the enzyme [2]. Finally, allosteric inhibitors combine with the
enzyme at an allosteric site and alter the structure of the active site of the enzyme [2].

The activator—inhibitor system (Gierer-Meinhardt system), which was developed
in [3], is used to describe the interactions of chemical and biological phenomena. The dy-
namics of the activator—inhibitor system of an enzyme plays a crucial role in understanding
the behavior of the catalytic activity of the enzyme inside a living organism. Therefore, some
scientists have investigated the dynamical behaviors of this system using mathematics.
For instance, Khan et al. [4] explored the stability of a unique equilibrium point, bifurcations,
and chaos control for the discrete activator—inhibitor system. Pasemann et al. [5] developed
a theory for diffusivity estimation for the activator-inhibitor model. Guo et al. [6] discussed
the Turing patterns of the activator—inhibitor system on regular lattice networks. In ad-
dition, several complex networks were also examined in [6]. Song et al. [7] investigated
the stability and the bifurcation of the activator—inhibitor system with a saturating term.
Furthermore, Chen et al. [8] analyzed the stability of the equilibrium point of a general
reaction—diffusion activator—inhibitor model. In [9], Chen investigated the long-time exis-
tence of solutions of the generalized activator—inhibitor model. Chen [9] also studied the
blowup properties and boundedness of some special cases. The moving mesh method was
used in [9] to approximate some numerical solutions for the generalized activator—inhibitor
model. Ni et al. [10] explored the stability of stationary solutions for the activator—inhibitor
system in higher-dimensional domains. More information about the qualitative behavior
of biological systems can be found in refs. [11,12].

Fractional derivatives were discovered in 1695. Then, researchers developed some
definitions for this type of derivative. For example, Laplace derived a beneficial concept for
fractional derivatives of functions using integrals in 1812. In 1812, Lacroix developed the
n-th fractional derivative of a given power function [13]. The first Liouville definition of the
fractional derivative was presented by Liouville in 1832 [14]. Then, Riemann discovered
his useful definition of fractional derivatives [15]. Furthermore, the Riemann-Liouville
definition of a fractional derivative of a given function was successfully shown in the 19th
century. Unfortunately, some of these definitions do not give accurate results for fractional
derivatives. Therefore, we will use the most recent definition of the fractional derivative,
which is the conformable fractional derivative [16].

Definition 1 ([16]). Let f : (0,00) — R be a function. Then, the conformable fractional derivative
of order 0 < o < 1of f att > 0is defined by

gf(t):hmf(t“(t_h)lw)_f(t), O<a<l, )

e—0 €

where T is a fractional derivative of the conformable type, and /1 > 0 is the discretization
parameter. It was shown in [17] that the following fact is evidenced from Equation (1).

Thf(t) = (t—h)' 7 f (1), @)

This derivative has been applied by many researchers [18-20].
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It is worth mentioning that the presented studies lack the usage of fractional deriva-
tives. Motivated by the studies presented in the literature review, we investigate the
existence of the equilibrium point and the stability conditions of the following activator—
inhibitor system with fractional order:

{ Tox(t) = p+ 50 - x(1),
T*y(t) = x*(t) — cy(t),

where 0 < & < 1is the fractional-order parameter, and ¢ > 0. The variables x(t) > 0 and
y(t) > 0 represent the concentrations of the activator and inhibitor, respectively. p > 01is the
strength of self-activation of the activator with the gross activation of the inhibitor, and ¢ > 0
measures the strength of the production of the activator and that of itself. The conformable
fractional derivative is used to obtain the corresponding ordinary derivatives. Then, we
solve the obtained ordinary differential equations. The discretized version of the considered
system will be analyzed in terms of bifurcations. Moreover, this study aims to discuss
the existence of the Neimark-Sacker bifurcation and the period-doubling bifurcation of
System (4) by selecting a suitable bifurcation parameter. Numerical computations are also
shown to verify the obtained theoretical results. The dynamical properties of the proposed
system will be clearly presented and explained via some figures.

This article is outlined as follows. Section 2 illustrates the discretization process of
System (4). In Section 3, we analyze the stability of the obtained equilibrium point. Section 4
is devoted to discussing the bifurcation analysis of the considered system, while Section 5
presents the numerical computations and highlights the most important results. Finally,
Section 6 concludes this article.

®)

2. Discretization Process

In this section, we discretize System (3) by using the method of the piecewise constant
argument [21]. Since x(t) > 0 and y(t) > 0, System (3) can be written as

T*x(t) P x(t)

W0 s tye b W
Ty(t) _ K2 c
y() y(t)
Using the method of the piecewise constant argument, System (4) becomes
ra) _ o p oy x([a]n)
EO DR DA
2([t (5)
Ty _ 2([5]h)

<
—~
i
=
~—|
|
o
~

with x(t) > 0and y(t) > 0, where [£] denotes the integer part of t € [0, ), a is a fractional
parameter, and 4 is a discretization parameter. Applying Equations (1) and (2) to the first
equation of System (5), we find

e dx(t) _p x(nh)
(t —nh) )er(nh)

x(t)dt  x(nh
where t € [nh, (n + 1)h). Integrating the previous equation on the interval [nh, t) leads to

*(£) = x(nh) exp ( (x<Zh) + yEZ']g - 1) ’fx) .

*11

=
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This solution can be written in the form of difference equations by replacing y(nh)
and x(nh) by y, and x,, respectively, as follows:

htX
Xp+1 :xnexp<<xp+;"—1>(x).
n n

The second equation of System (5) is similarly solved to end up with

oo (3-9%)
Yn+1 = Yn€Xp Yn X )

Therefore, we obtain the following two-dimensional difference equations:

P )\
Xn+1 =xne<x"+yﬂ 1>“
P (6)
_ ) a
Yn+1 = Yne

3. Stability Analysis

This section investigates the local asymptotic stability of System (6). The unique
positive equilibrium point of System (6) is given by
2
P+ = <p+C,(p+CC) )

The Jacobian matrix of System (6) at the point P is given by

_ o« 21,0
T (vf(p i)f) = : BE
J(PT) = )
2(p+c)h® 1— ch®
o o
Then, the characteristic equation of the matrix J(P™) is shown as
Fu)=p*=Tu+D=0, ®)
where -
_y ez pP _
)
o W fc—p ch?
D_1+OC(FH—C_C> + 0(2 .
Hence,
Flen) —ar (e ) roy b, Fay = 92 s
B a \p+c a2’ - a2 '

Lemma 1 ([22,23]). Let F(u) = u?> — Ty + D, where F(1) > 0. Assume that y and p' are the
two roots of F () = 0. Then,

1. IfF(-1) > 0and F(0) < 1, then | u |< land | y' |< 1, which implies that both
eigenvalues have magnitudes less than 1.

2. IfF(-1) <O then|p|<land|y' |>1(or|p|>1and| y' |< 1), which implies that
one eigenvalue has a magnitude less than 1, while the other has a magnitude greater than 1.

3. IfF(-1) > 0and F(0) > 1, then | u |> land | y' |> 1, which implies that both
eigenvalues have magnitudes greater than 1.
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4. If|T| < 2and F(0) = 1, then p and y' are complex numbers, and | u |=| p' |= 1, which
implies that both eigenvalues are on the unit circle.
5. F(—1)=0and F(0) #0,1ifand only if y = —1 and |u| # 1.

Given that ¢ > 0, it follows that (1) > 0, and we can use Lemma (1) to state the
following theorem.

Theorem 1. For the fixed point PT of System (6), let

1
a((p=c)+e(p+o)F\/((p=)+e(p+e))? —e(p+oP) \ © a(p—c)\ 7
HI( (p+o) ) = (‘” c<p+c>) '

Then, the following statements are true:

1. If one set of the following conditions is true, then P is locally asymptotically stable (sink):

- ((p—c)+c(p+c)?—dc(p+c)?<0and0<h <N
i ((p—c)+c(p+c)?—4e(p+c)*>0and0<h<h".
2. If one set of the following conditions is true, then P is unstable (source):

i- ((p—c)+c(p+c)?—de(p+c)><0andh >N
ii- ((p—c)+c(p+c))>—de(p+c)®>>0andh > h~.
3. The fixed point P" is unstable (saddle) if
(p—c)+c(p+c))?—4c(p+c)*> <0, and h~ <h <h™.
4. The point P is non-hyperbolic and the roots of Equation (8) are y = —1and || # 1 if
(p—c)+c(p+c)*—dc(p+c)>>0, and h = hT.

5. The point P* is non-hyperbolic and the roots of Equation (8) are complex numbers with
modulus one if

(p—c)+c(p+c))?—4c(p+c)?> <0, and h=1H.

4. Bifurcation Analysis

In this section, we discuss the existence of a Neimark-Sacker bifurcation and a period-
doubling bifurcation [4,22,24-30] for System (6) by taking & as a bifurcation parameter.

4.1. Neimark=Sacker Bifurcation

This subsection is devoted to analyzing the Neimark-Sacker bifurcation for System (6)
at the equilibrium point P when the bifurcation parameter varies in a small neighborhood
of the set

(c,p,hu) € R4’((p —c)+c(p+c))r<dc(p+c)?

Bst 1
o a(p—c)\*
h=h _(a+c(p+c)> , a€(0,1]

Assume that (¢, p, h, ) € Bys. Then, System (6) can be written as

P _q) (WA -
Xn41 :xne<""+yz 1> * = Hy(xn,yn h),

40w ©

- HZ(xn/ yn/ h)/

Yn o

Yn+1 = ]/ne<
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where 1 is a small perturbation from /’, and i < 1. By using changes in the variables

zZn = Xp— (p+¢)and w, = y, — (M), we can shift the equilibrium point P* to

c
the origin. Then, we expand H; and H, at the origin by using the Taylor series. Hence,
System (9) becomes
— 2 2
Zn4l = 01120 + A12Wy + 4132y + A14ZnWn + A15W;+
1623 + 0172500 + a182n Wy + a19105, + Oz (|2ul, |wa)*,
— 2 2
Wyl = 212 + AWy + 4232y + A24Zn Wy + 250wy +

a2675 + ag722Wy + A28Zn W2 + azws + Oa(|zy, |wnl)?,

where

=pirsh) = —EWEh) o 2Apro) ()t

1 c(W+h)*
(p+c)a 7 &« ! & o

a1 =1+ , ap =1————

Note that the values of a13, a14, - -+, a19, 423, 24, - - - , A29 are given in Appendix A,
with h = (W' + h). The characteristic equation of the Jacobian matrix of System (10), which
is evaluated at the new shifted point, is given by

1> — T (h)u+D(h) =0, (11)

where

D(R) =1+W(C_”—c)+c<h/+mza.

2
Since (¢, p, h, ) € Byg and since Equation (11) has a pair of complex conjugate roots
with a unit modulus, given by

w@ i ®) =TE L [apmy — Twme),

d|p(h)|

dh

=0 dh

The condition 7 (0) # 0,1 leads to

' (%) (p—c(it&)m) (12)

which is equivalent to (' )k, yk # 1fork =1,2,3,4. In order to obtain the normal form of
System (10) at 1 = 0, we use the following transformation:

Zn a1z 0 Xy
Wy B 0—ay —¢€ Tn ’

withé = R(u) = @ and € = S(u) = 11/(4D(0) — 7(0)2). Using this transformation,
System (10) reads as

Xpi1 = 0%y —€fn + Hi(%,9,1),
(13)

Uni1 = €Xp+ 60+ Ha (%, 7, 1),
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where
= = a13 a14 ais 16 aiz
/ 2 w2 23 2
Hy (%, G, 1) =~y 4 =2ty + 2wy + 22, + =2,
a2 a2 a2 a2 a2
a19
wy + O1(|znl, [wa])*,
. - ﬂ11 _ a3 ﬂ14 0111
!
Hz(xn/ Yn, h (
€a1p €a1p
a15 — 6111 ﬂ16 - 1111
€12 €d1n
a7(6 —an)  ay - m18(d — a11)
€a1p € €d1o
ap9(d —a11) a9\ 3 | 4
— wn+02(|zfl‘f|wn|) ’
€a1p €
and

Zp = A12%n, Wy = (5 - ﬂll)fn — €Y.

Wy + —znw +
a12

_ a4
€

a26)z +
€

1128
e>%ﬁ+

)znwn+

Finally, in order to determine the conditions under which the Neimark-Sacker bifurca-

tion exists, we consider the following nonzero expression:

1—2pu)(p')? 1
L=Rp'tn) - %(thﬁl) - E\t1l|2 — |toa]?, (14)
where

o A[RH R PR (R R P
V78l o2 92 | ooy o2 a2 “oxav )|l

1[0%H, 0°H;  .[0°H, 0°H,
th= 7|53 - = T =52 p

4| ox2 972 9x2 972 =0

1[RH, o°H, _o°H, (9*H, &*H, _o°H,
te=c|l5z — 53 23=-Til 53— 53 T2

8| 9x2 912 0xdy 9x2 972 0297 / | |5 _o
o L[ Pm P PR (PR PH,  PH_PH
2= 0x> ' oxog? | ox2oy | op° 0x> | dxa2  ox2oy P )|l

Theorem 2. Assume that Condition (12) is satisfied, and let (c,p,h,a) € Bng with L # 0.
Then, System (10) undergoes a Neimark—Sacker bifurcation at the equilibrium point PT =

(p +c, (’Hc) ) when the bifurcation parameter h varies in a small neighborhood of

1
W_(a+<p—@)a
(p+o)
Moreover, if L < 0 (L > 0), then an attracting ( respectively, repelling) closed invariant curve
bifurcates from the equilibrium point P* = (p +c, p+c i ) for h > W (respectively, h < I').

4.2. Period-Doubling Bifurcation

In this subsection, the period-doubling bifurcation [28] is studied at the equilibrium
point Pt when the bifurcation parameter varies in a small neighborhood of the set

1
(c,p,h,a) € R* =) +e(p+0)? >de(p+e) h# ("‘ + ifﬁ:ﬁ;)ﬁ

a e (0,1], ((p

(a«p—o+«@+w»—¢«p—a+

c(p+c))?—4c(p+ c)z) :
c(p+o)
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It is worth noting that one can similarly use the bifurcation parameter h = h™ when
it varies in a small neighborhood of the set Bpp. Suppose that (¢, p,h,a) € Bpp. Then,
System (6) can be written as

Py | (T _
Xp+1 = xne(xn T 1) “ = H (xn/yn/ h)/
(15)

(Ln_c> (ES) )
Yny1 = Yne . = Ha(xn,Yn, ),

where /1 is a small perturbation from 1, and i < 1. By utilizing changes in the variables

2
zpn =Xy — (p+c¢)and w, =y, — (@), we can translate the equilibrium point P* to

the origin. Then, we expand H; and Hj at the origin using the Taylor series. Achieving this,
System (15) becomes

Znpl = @12 + A12Wy + 41325 4 01420 Wy + A15W5 + bi1zalt + biowah + 41625+
bish? 4 biazih + biswih + ay7z5w, + 41820 w5 + bigznwyh + byyh3+
blBZnEZ + 17195‘)71}_12 + ‘119w?l + O2(|zul, |wnl, |}_1D4,

2 2 ” . 3 (16)

Wyl = A21Zn + AWy + 42325 + A24Zn Wy + Ao5Ww5; + by1znh + bopwyh + ax¢z;+

by3h? + boyz2hi + boswih + +ax;z2wy + axgznw? + bagzpwnh + byy i3+

bzgznflz + bzgwnrlz + azgw% + 02(|Zn|, |wn\, |fz\)4,

where

h™4h)~ —c2(h=+h)* 2 h™+h)~ h™+h)*
_1+(C }(g;);grc)+)' ap = c(a+)’ y) = (p—&-c)fx +)/ azzZl—C( ;).

It is worth noting that the values of a13, 414, - - - , @19, @23, 24, - - - ,a29, b11, b12, - - - , b19,
b1, bay, - -+, by are given in Appendix A with h = (h~ + h). Now, we determine the
normal form of System (16) at /1 by using the transformation:

( w ) < 1 l a K 1‘1 ) ( )
n 11 ! 11 yﬂ .
Hence, System (16) becomes

Xup1= 0%y —e€fn + Hi(%,7,h7),

_ _ _ - (17)
Uni1 = €Xy+ 07y +Ho(X,7,h7).
where
~ T ! _ ! __ _ _15 ! __ _
By (5,9, 1) = ("UERRTTE )2 4 (MR et )2, 4 (SRR )]

bi (¢ —a11) —anbn

+ ayp (1+p')

bip (4 —a11) —apba ﬂlé(ﬂ/*ﬂu)*ﬂlzﬂ%) 3
ol (PR Yk + (MR ) 2

b13 —ﬂn ﬂ12b23
ain 1+]/l

(M)
(" )i
<a17 W —an) a12a27>z Wn (ﬂ]g W—an)— auazg>znw% + <bls(y’fan)faubzf,)znwnﬁ
(* G
(* )

Jr

2 big (' —an)—anbu \ 27, bis (' —a11) —anbys 27
+ < ap (1+p') )Z”h + ( ap (1+p') wyh

_|_

ap(14+p') app(1+p') app(1+p')

byy (' —an1) —abay
a2 (14+p)

+

( big (' —a11) —ainbag )Z 24 (bw(ﬂ —a11)—a12bx9 ) w2

ap(1+u') a2 (1+4')

+

Bl )09 ) 3 O (Jz), fonl, )Y,
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s = 7\ [ ms(1—ay)+a1pa03 ) 2 a14(1—a11)+a12a24 a—15(1—ayy)+apaos \ . 2
Hz(x, Y, h) = ( an(1+4) )Zn + ( a2 (1) ZpWn + a2 (1 0) Wy

1(1- ﬂ11 +11121721 T bip(1—a11)+aipby 7 a16(1—a11)+a10a26 \ .3
+( ap(1+p') )Znh + ( a12(1+p) Wt + ayp(1+p') Zn
3(1—ay1)+abrs \ 7.2 b14(1—aq1)+a1nb, 27 bi5(1—aq1)4a1bos 27
( 11 12 )h 4+ (s wtaizba ) 2 4 15(1—a11)+arp w2

ap(1+p') ap(1+p') ap(1+p')

a17(1-a11)+a12a97 \ 2 a18(1—aq1)+aia08 2 ( bis(1—a11)+a1zbre 7
+( TR BT N KTl N T ) R KT S e e R

(b17(1 a11)+aipbyy ) i3 (hls(l a11)+aibys )Z 72 (bw(l a11)+aiaby ) w2
ap(1+p') app(1+p) app(1+p) n

o (el ) od 1 Op([zal, wal, 1)),
with
zp =app(X+7) and w, = —(1+ap)%+ (4 —an)y.

Thus, the approximation of the center manifold M¢(0,0,0) of System (17) within the
neighborhood of i = 0 is evaluated at the origin to obtain

M*(0,0,0) = {(x,y) €R?: § = m x> + moxh + mah® + (9(:?,12)3},

where
my = (a13a12 — a12a24) (1 4 a11) — a3,a03 — (14 — a6) (1 + a11)? n a16(1 + a11)3
(1—()?) app(1—(p)?) )’
— ((bu —bpn)(1+an) —apbyp | bi(l+a1)? )
(1—(@)?) ap(1—(W)?))’
and

s = bi3(1 — a11) — a12bo3
a2 (1= (u')?)
Thus, System (17) is restricted to the center manifold M¢(0,0,0) as follows:

¢ X — %+ 5182 4 5p%h + 53520 + 5470 + s5%° + O(%, h)*,

where ,
_ (¢ —ann)(a13a12 — a14(1 + a11)) + 12 (a24(1 4 a11) — az3a12)
51 = 7
(1+4)
s a11)*(a15(p' — an) — azaa1)
ap(1+ p') '
5y = (' +a11) (212011 — b12(1 + a11)) + a1a (b2 (1 + a11) — borarn)
au(l + ]/l/) ’
53— (W' + a11) (412014 — b1(1 + a11)) — a12(a12boa + (1 +a11)boe) — bos (1 +a11)?
(1p)
bis(p' +a11) (1 +a11)?
ap(1+p') ’
6 — bis (i’ +an1) — bagaro +boo(1+a11)  bio(p' +an)?
(1+4) ap(1+p)
55 (W — a11) (@140, + 216 (1 + a11)* — a15a12(1 + an)) — aa3, + azsaiy (1 + g11)

(14w
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az7a12(1 + a11)° — azeaty (1 + a11)? — arz (0’ — ap1) (1 + ap)®
+ ; .
1112(1 + 12 )
Suppose that
%9  10¢?
X = 19099) =,
1 (axah toan ax2> o
and )
1% [(13% )
= <6ax3+ <zax2> = 55 ST
(0,0)

Theorem 3. If X1 # 0and X, # 0, then System (6) experiences a period-doubling bifurcation

at the positive fixed point P* = (p +c, @) when the parameter h changes within a small

neighborhood of Bpp. If X, > 0, then System (6) bifurcates from the fixed point P to a stable
two-periodic orbit. If X, < 0, then System (6) bifurcates from the fixed point P* to an unstable
two-periodic orbit.

5. Numerical Computations and Discussion

This section presents the numerical computations of the obtained theoretical results.
We also discuss the most important results obtained in this article.

Example 1. In this example, we take p = 0.26, ¢ = 0.3, « = 0.5, h € [0,1.4], and the initial
conditions My = (0.6,1.06), M1 = (0.56,1.045). Then, System (6) undergoes a supercritical
Neimark-Sacker bifurcation as h varies in a small neighborhood of

1
! _ “(pfc) « _
h = (“+c(p+c)) = 0.1451.

The bifurcation diagrams for x,, and y, are shown in Figure 1a,b, respectively. Moreover,
the maximum Lyapunov exponent (MLE) is plotted in Figure 1c. It is easy to observe that the
equilibrium point of System (6) is locally asymptotically stable for 0 < h < 0.1451. At h = 0.1451,
the equilibrium point P loses its property of local asymptotic stability. As a result, a closed invariant
curve appears around the equilibrium point P and inside the interval h € [0.1451,0.7901] due to
the Neimark—Sacker bifurcation (see Figure 1d). Furthermore, when h € [0.7901,1.4], it is easy to
observe the appearance of 10-, 20-, and 40-period orbits, quasi-periodic orbits, and attracting chaotic
sets. In addition, the Jacobian matrix of System (6) under the above-mentioned values is given by

1.0544 —-0.2187
. )

0.8533 0.7714

whose eigenvalues are y = 0.9129 — 0.4081i and y’' = 0.9129 + 0.4081i. These eigenvalues
definitely confirm that System (6) undergoes the Neimark—Sacker bifurcation at the point P™. In
Figure 2a—c, we present local magnifications of Figure 1a—c, respectively, whereas h changes in
[0.7901, 1.013]. It is easy to see that 10-, 20-, 40-period cycles appear when h passes through the
value h = 0.7903 in the chaotic region. Figure 3 is presented to illustrate the phase portraits of
System (6) for different fixed values of h and the initial conditions My, My. When h < i’ = 0.1451,
System (6) has a positive equilibrium point that is locally asymptotically stable, as demonstrated
in Figure 3a,b. Moreover, when the value of the bifurcation parameter h reaches h' = 0.1451,
the stability of the system is lost, resulting in an attracting closed invariant curve Ag encircling
the fixed point P (see Figure 3c—e). All the orbits starting from the initial conditions both inside
and outside of the invariant curve, with the exception of the equilibrium point P™, approach A
asymptotically (see Figure 3d,e). Some 10-, 20-, 40-period orbits are also plotted in Figure 4a—e.
Finally, chaotic attractors are produced for h = 1.4, as illustrated in Figure 4f.
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Example 2. We assume that p = 3.5, ¢ = 0.1, « = 0.25, h € [0,0.245], and the initial
condition My = (3.2,129). Then, System (6) undergoes a period-doubling bifurcation when the
bifurcation parameter h~ = 0.0808. System (6) has a unique positive point P* at (¢, p,a,h™) =
(0.1,3.5,0.25,0.0808). The Jacobian matrix of System (6) is given by

—1.0141

—0.0016
J(P7) = < 15.3549 )

0.7867

where its eigenvalues are y = —1 and y' = 0.7726, with |y'| # 1. Hence, (c,p,a,h™) =
(0.1,3.5,0.25,0.0808) € Bpp. The bifurcation diagrams of System (6) are shown in Figure 5a,b,
while the maximum Lyapunov exponent (MLE) is plotted in Figure 5c. In Figure 5a,b, we observe
that the fixed point P™ of System (6) is asymptotically stable for h < h~ = 0.0808. This local
stability can be also observed in Figure 5c, in which the system also loses its stability when h = h~
via a period-doubling bifurcation. Further, when h > h™, there is a period-doubling cascade in orbits
of 2,4, 8, 16, and 32 periods (see Figure 6a,b). The maximum Lyapunov exponents are computed,
and the existence of chaotic regions in the parameter space is clearly depicted in Figure 5c.

100 F

90 -

80

70

60 -

> 501

40

30 -

0 .
0 0.1451 0.4

0.1451 04 0.6 08 1 1.2 14

20

15

Maximal LE

1.0453
0

Bifurcation point

0.7901

(c) (d)

Figure 1. Bifurcation diagram and the maximum Lyapunov exponent for System (6) versus € [0, 1.4]
with the initial condition My and bifurcation diagram in (h — x, — y,) space for h € [0,0.1451].
(a) Bifurcation diagram for x,, (b) bifurcation diagram for y,, (c) maximum Lyapunov exponent
(MLE), (d) bifurcation diagram in (h — x,, — y) space for h € [0,0.1451].



Fractal Fract. 2023, 7, 344 12 of 18

(a) (b)

N A /\/\ﬂ

w

— -0.05F

®©

£

x

©

= -0.1f
-0.15F
-0.2f 1

0.7901 0.85 0.9 0.95 1.013 1.05

h

(©)
Figure 2. Bifurcation diagram and the maximum Lyapunov exponent for System (6) versus
h € [0.7901,1.013] with the initial condition My. (a) Bifurcation diagram for x,, (b) bifurcation
diagram for y,, (c) maximum Lyapunov exponent (MLE).
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Figure 3. Phase portraits for h € [0,0.7901] of System (4). (a) Phase portrait for i = 0.049, (b) phase
portrait for i = 0.13, (c) phase portrait for 1 = I’ = 0.1451, (d) phase portrait for i = 0.148, (e) phase
portrait for i = 0.151, (f) phase portrait for # = 0.23.
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Figure 4. Phase portraits for i € [0.7901, 1.4] of System (4). (a) Phase portrait for & = 0.84, (b) phase
portrait for i = 0.94, (c) phase portrait for 1 = 1.009, (d) phase portrait for 1 = 1.1, (e) phase portrait
for h = 1.15, (f) phase portrait for h = 1.4.
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Figure 5. Bifurcation diagrams and the maximum Lyapunov exponent for System (6) with the initial
condition M. (a) Bifurcation diagram for x, with h € [0,0.245], (b) bifurcation diagram for y,, with
h € [0,0.245], (¢) maximum Lyapunov exponent (MLE) with i € [0,0.3].
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Figure 6. Bifurcation diagrams for System (6) with i € [0.081,0,22]. (b) Bifurcation diagram for x,,
(a) bifurcation diagram for y;,.
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6. Conclusions

This work has successfully investigated the qualitative behavior of System (3). In par-
ticular, System (3) has been discretized using the method of the piecewise constant argu-
ment and has been converted to a system of difference equations, as shown in System (6).
Theorem 1 has shown that the equilibrium point Pt becomes a sink, a source, a saddle,
or non-hyperbolic under certain types of conditions. In Theorem 2, we have proved that
System (10) undergoes a Neimark-Sacker bifurcation at the equilibrium point P* when
the bifurcation parameter h varies in a small neighborhood of /’. This can be clearly seen
in Figure 1a,b, which have been plotted with the values p = 0.26, ¢ = 0.3, « = 0.5,
h € [0,1.4], and i’ = 0.1451. In Figure 1lc, we illustrate the maximum Lyapunov exponent
(MLE). Furthermore, the first Lyapunov exponent for these parametric values is given by
L = —0.000456 < 0, which proves the correctness of Theorem 2. Our findings in Section 4.2
indicate that System (6) encounters a period-doubling bifurcation at the equilibrium point
Pt when the parameter h changes within a small neighborhood of Bpp. Moreover, Sys-
tem (6) bifurcates from the fixed point P to a two-periodic stable orbit if X> > 0, while this
system bifurcates from the fixed point P™ to a two-periodic unstable orbit when X> < 0.
The bifurcation diagrams of this system are plotted in Figure 5a,b with the parameter values
p=35,c=0.1,a=0.25and h € [0,0.245] and the initial condition My = (3.2,129). We
can conclude that the proposed techniques are reliable and powerful and can be utilized to
deal with other biological systems.
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Appendix A
This part gives the values of some coefficients of System (16).

) 71 %+x*h2a i_ﬂ 2 Sy _Zx*htx_ B2 (x*)z_
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4022 3h2u 2ch? 2ch*
ﬂ24 = - s

(p+0a?” P T 2p+0%? T 3(p+o)a?
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