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This paper is devoted to the study of food chain predator—prey model. This model is given
by a reaction—diffusion system defined on a circular spatial domain, which includes three-state
variables namely, prey and intermediate predator and top predator and incorporates the Holling
type II and a modified Leslie-Gower functional response. The aim of this paper is to investigate
theoretically and numerically the asymptotic behavior of the interior equilibrium of the model.
The local and global stabilities of the positive steady-state solution and the conditions that
enable the occurrence of Hopf bifurcation and Turing instability in the circular spatial domain
are proved. In the end, we carry out numerical simulations to illustrate how biological processes
can affect spatiotemporal pattern formation in a disc spatial domain and different types of spatial
patterns with respect to different time steps and diffusion coefficients are obtained.

Keywords: Predator—prey model; local and global stability; Hopf bifurcation; diffusion driven
instability; pattern formation; chaos; circular domain.

*Author for correspondence

1550092-1


http://dx.doi.org/10.1142/S0218127415500923

Int. J. Bifurcation Chaos 2015.25. Downloaded from www.worldscientific.com
by UNIVERSITY OF LE HAVRE on 06/17/15. For personal use only.

W. Abid et al.

1. Introduction

In the last decades, the dynamical problems of preys
and predators associated with mathematical mod-
eling have become an important area of research
in ecology. One of the oldest and well known
mathematical model which describes the interac-
tion between two species of predator and prey was
introduced by Lotka [1925] and Volterra [1927],
this model is well known as Lotka—Volterra math-
ematical model. It consists of two differential
equations with a simple correspondence between
prey consumption and predator production. The
link between the dynamics of the two species in
predator—prey models is based on the trophic func-
tion, which describes the number of prey consumed
per predator per unit time for given number of preys
and predators.

The mathematical modeling of species inter-
actions has been extensively investigated for two
species in food chains, based on systems WithI

where f(u,v) and g(u,v) model the local activity
(absence of diffusion), with Q being a disk domain
and A, the Laplacian operator in polar coordi-
nates. The model parameters a,b,e; and ey are
assumed to be positive values. These parameters are
defined as follows: a is the maximum value of the
per capita reduction of v due to v, b describes the
growth rate of predators v, e; measures the extent
to which the environment provides protection to
prey u, es has a similar meaning to ey relatively
to the predator v and ¢ is the diffusion coefficient
of predator. g—f] and g—;; are respectively the normal
derivatives of v and v on 0f). The local and global
stabilities, the conditions for Hopf and Turing bifur-
cation in the spatial domain and the patterns for-
mation are studied.

Recently many researchers have studied the for-
mation of patterns for different three-species inter-
acting discrete or continuous systems and most of
the authors have considered a food chain model
with diffusion and investigated the diffusion driven

a modified version of the Leslie-Gower scheme.
The necessary and sufficient conditions for diffu-
sion driven instability which leads to the forma-
tion of spatial patterns, have been derived and
very interesting patterns have also been observed
from the numerical simulations see [Nindjin et al.,
2006; Nindjin & Aziz-Alaoui, 2008; Letellier & Aziz-
Alaoui, 2002; Jia & Jiang, 2011; Aziz-Alaoui &
Daher, 2003; Yafia et al., 2008; Wang & Wu, 2008;
Letellier et al., 2002] and references therein.

In [Nindjin et al., 2006; Camara & Aziz-Alaoui,
2008], the authors studied a prey—predator model
given by a reaction—diffusion system incorporating
Holling type II and a modified Leslie-Gower func-
tional response defined in a square domain. They
have demonstrated the qualitative analysis in terms
of local and global stability, bifurcations and pat-
terns formation.

In [Abid et al., 2014], the authors considered
the same model defined on a circular domain which
is given by:

ou av

A 1—u)— =A Q

T ot + u(l — u) u—i—elu rou+ flu,v) (r,0) €, t>0

@—5A v+b|1— v ="09Av+ g(u,v) (r,0) €, t>0 (1)
at_ 0 U+ e — Orf g\u, ) y

ou _ v _

on  on

|

instability in the spatial system defined on a rectan-
gular domain, see [Hong & Murray, 2003; Maionchi
et al., 2006; Wu et al., 2010; Zhao & Lv, 2009;
Shen & You, 2010; Baghel & Dhar, 2012a, 2012b;
Araujo & de Aguiar, 2007; Wang, 2004].

In this paper, we consider a reaction—diffusion
model with three species, prey, intermediate preda-
tor and top-predator. One of the well known meth-
ods in biology or ecology which plays a crucial role
in regulating the balance of the ecosystem and also
control the dynamics of species, is the introduc-
tion of a further population called “top predator”.
However, the impact of this introduction should
be previously studied in order to minimize adverse
effects. Mathematical modeling provides a reason-
able solution at this step. The first species denoted
U is the only food source of the second V', and
the intermediate predator V is the only prey of a
top-predator W. Local interactions between species
U and V are modeled by the Lotka—Volterra type
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scheme (the predator population dies out exponen-
tially in the absence of its prey), the interaction
between species W and its prey V has been modeled
by the Leslie-Gower scheme [Leslie & Gower, 1960;
Leslie, 1948] (the loss in predator population is pro-
portional to the reciprocal of per capita availabilityl

of its most favorite food). While the model stud-
ied here is mainly based on a modified version of
Leslie-Gower regime. The diffusion term describes
the ability to move in a domain of R? and the model
is given by a system of three differential equations
with diffusion as follows:

U(T,z,y) is the density of prey species, V(T,x,y)
the density of intermediate predator species and
W(T,z,y) the density of top-predator species at
time T and position (z,y) defined on a circular
domain (or disc domain) with radius R (i.e. Q =
{(z,y) € R?*/2* + y*> < R?}). A is the Lapla-
cian operator. %—g, %—‘; and %—VX are respectively the
normal derivatives of U, V and W on 0. The
three species are assumed to diffuse at rates D;
(i = 1,2,3). ag, bo, vo, do, a1, v1, va, d2, 3, V3
and d3 are assumed to be positives and are defined
as follows: ag is the rate of growth of the prey U,
by measure mortality due to competition between
individuals of the species U, vg is the maximum
extent that the rate of reduction by individual U
can reach, dy measures protection that prey U and
intermediate predator V benefit through the envi-
ronment, a; represents the mortality rate V in the
absence of U, v; is the maximum value that the
rate of reduction by the individual U can reach, v
is the maximum value that the rate of reduction
by the individual V' can reach, vz is the maximum
value that the rate of reduction by the individual
W' can reach, dy is the value of V for which the
rate of elimination by individual V' becomes %, c3
describes the growth rate of W, assuming that there
are the same number of males and females and ds
represents the residual loss caused by high scarcity

of prey V' of the species W.

p
8U(T,.§E,y) UOV(Taxay)
——2 = D1AU(T — boU (T - T
oT 1 U( ,ﬂf,y)+ agp OU( ,ﬂf,y) U(T,x,y)+d0 U( axay)a
3V(T,x,y) UIU(Tvxay) ’U2W(Taxay)
— 2 = Do AV(T — — V(T
oT DAV e )+ \—at g d Vet ) DY)
8W(T7 €T, y) U3W(Ta €z, y) (2)
— 7 = D3AW(T -\ W(T
aT 3 ( 7$7y>+ Cc3 V(T,$,y)+d3 ( 7:[;73/)7
v _ov_ow
on  om O
\U(07x7y) = UO(%Q) 2 07 V(07x7y) = %([B,y) Z 07 W(07x7y) = W()(:U?y) Z 07

The initial data Uy(z,y), Vo(x,y) and Wy(z,y)
are non-negative continuous functions on ). The
vector 7 is an outward unit normal vector to the
smooth boundary 9€2. The homogeneous Neumann
boundary condition signifies that the system is self-
contained and there is no population flux across the
boundary 0f2.

The first model proposed in this topic is given
by ordinary differential equations [Aziz-Alaoui,
2002] and read as:

)

ou . wVU

ar ~ WU = bl = 5

ov UlUV UQWV
——aV _ 3

- Vg vig O

ow U3W2

IV e 3

A

where U, V and W represent the population densi-
ties at time T'. ag, by, vg, dgy, a1, vi, di, va, do, c3,
vg and d3 are assumed to be positive. dy measures
the extent to which the environment provides pro-
tection to prey U, d; has a similar meaning as dy,
ds is the value of V' at which the per capita removal
rate of V' becomes %, d3 represents the residual loss
in species W due to severe scarcity of its favorite
food V; the second term on the right-hand side in
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the third equation of (3) depicts the loss in the top-
predator population. Other parameters are defined
as parameters of system (2). The boundedness, exis-
tence of an attracting set, local and global stability
of equilibria are proved.

The delayed model of (3) (see [Nindjin & Aziz-
Alaoui, 2008]) is given by a system of three-delayed
differential equations:

&git) = u(t) <a1 —bu(t —r) —

Ov(t)
5 = v(t) (—az +

vou(t)
u(t) + do)

vlu(t — ’r‘12)
u(t — T‘lg) + dy

vow(t)
— bQ’U(t — T‘Q) — m)
w(t) _vw(t —73)
W _w<t> <a3 ’U(t*’r‘gg) +d3>

(4)
In system (4), 71, 72,73, 712 and rg3 are non-negative
constant. r; denotes the delay in the negative feed-
back. The authors assume that the prey growth
rate response to resources limitations involves delay
ri2, due to gestation of intermediate predator V,
that is, delay in time for prey biomass increasing
predator numbers. 733 can be regarded as a ges-
tation period. Furthermore, they assume that the
top predator growth rate response to resources lim-
itations involves also a delay, so, r3 has the same
meaning as r1. In addition, they have included the
term —byV (t — r2) in the dynamics of predator V,
to incorporate the negative feedback of intermedi-
ate predator crowding. The global stability and per-
sistence properties are studied by using Lyapunov
functional.
n [Zhou et al., 2009], the authors considered
a three-dimensional eco-epidemiological model with
delay. The stability of the equilibria, existence of
Hopf bifurcation and permanence are investigated.
Our goal, in this paper is to generalize the
results presented in (see [Nindjin et al., 2006; Nind-
jin & Aziz-Alaoui, 2008)) to a reaction—diffusion sys-
tem defined on a circular domain and those pre-
sented in [Abid et al., 2014] for two species. We
study the local/global stability and the occurrence
of Turing instability. In the end, we give some
numerical simulations illustrating our results.
The current work is organized as follows. In
Sec. 2, we give the spatiotemporal mathematical
model. Section 3 presents the local/global stability

analysis and Hopf bifurcation for the temporal sys-
tem. In Sec. 4, we derive the analytical conditions
for diffusion driven instability and we perform the
conditions of pattern formation. In Sec. 5, we illus-
trate our results by numerical simulations. In the
last section, a conclusion is given.

2. Mathematical Model and
Preliminaries

In this section, we present some preliminary results
on the boundedness of solution for system (2) on
the disc domain.

Firstly, we reconsider system (2) defined on
the circular domain 2, then we can write x and
y in polar coordinates as follows x = rcosf and
y = rsin 6. By applying the polar coordinate trans-
formation, we find I' = {(r,0) : 0 < r < R,0 <
0 < 2m}. R is the radius of the disk T', with
r = /22 +y? and 6 = tan~'(£). Without loss of

generalities we denote also

u(t,r,0),
u(t,r,6) and
w(t,x,y) = w(t,rcos(0),rsin(0)) = w(t,r,0)

u(t,z,y) = u(t,rcos(f),rsin(f)) =
v(t,z,y) = v(t,rcos(h),rsin(h)) =

are the densities of prey, predators and top preda-
tors respectively in polar coordinates.

Therefore, the Laplacian operator in polar coor-
dinates is given by:

0*u  10u 1 9%u

A= — + —— + ——.
ot or2 + r Or + r2 062 (5)

To simplify system (2) we introduce some transfor-
mations of variables:

2 3
agp a a
U=—u, V=-"Lvu W=_
bo bovo bovova
/
T=—, r=—, 0=¢
ap ap
and
body ay U1 dovobg
b — T c=—, d - 2 )
aq ag ap ag
2 dsvob
c3aq v3 30000
= = - S5
'U(]bO'U2 (%] ag
D; Dy D3
51 — ) 62 = 53 =
ag ap ag
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Then the spatiotemporal system (2) in polar coordinates is written as follows:

W = 51.09u(t,r,0) + f(u(t,r,0),v(t,r,0), w(t, T 0)) Y(r0) eT, t>0
W = 09 Avgu(t,r,0) + g(u(t,r,0),v(t,r,0),w(t,r6)) V(r,0) e, t>0
QL) _ 5y gt 1.6) + h(u(t,r,0),oft, . 0), i, 7,6) wroer, >0
8u((t9,7:, 0) _ av(g;, 0) _ aw(;,;,e) o, W(r, ) € or
\u(O,r, 0) = up(r,0) >0, wv(0,7,0) =uvg(r,0) >0, w(0,r,60)=uwy(r,d) >0
where
Flu(t,,0), v(t,r,0), w(t, . 0)) = <1 —ult,r,0) — %) u(t,r,0),
g(ult,r,0), v(t,r,0), w(t,r,0)) = <b+ U(C:f;”)i)a - Ué"(fg)e_z d) o(t, 7 0), (7)
h(u(t,r,0),v(t,r,0), w(t, T 0)) = <p - %) wlt,r,0).
Without diffusion, system (6) becomes
D (v ) o
B (o )

A steady state (ue, ve, we) of (8) is an equilibrium point of (6) which is a solution of the following system
51Ar9ue(ta T, 9) + f(ue(ta T, 9)a Ve (tv Ty 9)a we(tv Ty 9)) =0,
62A7“9U6(ta T, 9) + g(ue (ta T, 9)7 Ue(ta r, 9), We (ta T, 9)) = 07 (9)
03Argwe(t,7,0) + h(ue(t,r,0),ve(t, 7, 0), we(t,r,0)) = 0.

Then, we denote E = (u,v,w)’ and
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Then, problem (8) can be written as:
dE
— = L(F). 10
) (10)
It is obvious that, problem (10) has a positive
steady state if and only
gc>bg+p and qgc—bg—p>albg+p). (11)

The positive steady state is uniquely given by

b
wr = it p) ot = (1 — u*)(u* + a)
qgc—bg—p
. (12)
q

The conditions (11) ensure that the system (6) has
a positive equilibrium point corresponding to con-
stant coexistence of the three species. We need to
know the flow on the boundaries of R3 | system (10)
has four trivial boundary equilibria Ey = (0,0,0),
E1 = (1,0,0), E2 = (0,0,%) and E3 = (1,0,%)
and the nontrivial one is E* = (u*, v*, w*).

Remark 2.1. Biologically, if u = 0 or v = 0 (i.e. when
one of the populations of prey or predator dies),
the introduction of top predators is not necessary.
Using only the first two equations of system (10)
and removing the last term of the second member
of the second equation of (10), this system is written
on the uv-plane as follows:

du < v )
—=(1—u-— Uu,
dt u+a

dv b cu

dt < t + a> v
The behaviors of solutions of system (13) are stud-
ied in [Aziz-Alaoui & Daher, 2003]. The system has
two equilibria on the boundaries of Ri, Ey = (0,0),
Eq1 = (1,0). Obviously, these points are restrictions
of Ey, F1 in the uv-plane. The existence of an inte-
rior equilibrium of (13) in the positive first quadrant
Int R, is proved and the local stability of equilib-
ria of (13) is determined by computing the eigenval-
ues of the Jacobian matrix about each equilibrium
(see [Aziz-Alaoui & Daher, 2003; Camara & Aziz-
Alaoui, 2008])

B 1
10 1+a
J(EOO):<0 b>’ A= ¢—b—ab
0 -

1+a

It is easy to verify that Fpy = (0,0) is unsta-
ble if b > 0 and it is a hyperbolic saddle point
which attracts in the v-direction and repels in the
u-direction. For Eqq = (1,0), the eigenvalues of the
Jacobian matrix J(FE1;) are

1, c—b—ab (14)

1+4+a

If ¢ — b > ab, then Ey; = (1,0) is also a hyperbolic
saddle point. If ¢ — b < ab, then both eigenvalues
are negative and F1 is locally asymptotically stable
and if ¢ < b, Fq; is globally asymptotically stable
(see [Aziz-Alaoui, 2002]). If ¢ — b > ab, the corre-
sponding instantaneous system of (10) is uniformly
persistent which implies that system (10) must have
a positive equilibrium.

Using the second and the third equations of sys-
tem (10) and removing the second term of the sec-
ond equation of (10), this system becomes restricted
to the vw-plane R,

v _ - )
dt v+d)

dw _( _qw \
a \PT o s
sp

We can also compute explicitly Fa = (0, 7) is

(15)

the restriction of the boundary equilibrium Fs =
(0,0, %) of system (10) in the vw-plan and the Jaco-
bian matrix is

sp
—b——= 0
qd
J<E22) 82])2 2sp
qa  d

As % > 0 and b+ 25 > 0, the two eigenvalues are
negative and Fso has a stable manifold of at least
two dimensions.

For the equilibrium Fs3, using the first and the
third equations of system (10) and removing the
last term of the second member of the second equa-
tion of (10) and the term v in the second member
of the third equation of (10), this system becomes
restricted to the uw-plane R, as follows:

P (1 —u)u,
dw quw (16)
rol G
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We can also see that Fs3 = (1, %) is the restriction
of the boundary equilibrium F3 = (1,0, %) of sys-
tem (10) in the ww-plan and the Jacobian matrix
is

-1 0

J(E33) = 2sp

d

As % > 0, the eigenvalues are negative and FEs3

has a stable manifold of at least two dimensions.

Next from the standpoint of biology, we are
only interested in the dynamics of model (10) in
the closed first quadrant R3. We denote R = {(u,
v,w) € R3 ug > 0,99 > 0,wy > 0}. We will inves-
tigate the asymptotic behavior of orbits starting in
the positive cone int R3 = {(u,v,w) € R3, ug > 0,
vo > 0, wg > O}.

Throughout this paper, by saying that E =
(u,v,w) is positive, we mean that v > 0,v > 0 and
w > 0. Concerning the boundedness of the solution
for the model system (10), we state the following
theorem:

Theorem 1. If the condition (11) is satisfied, the
assembly defined by

0 =1[0,1 x [0,1 +a] x [0,§(1+a+s)] (17)

(i) is positively invariant region.

(i1) All solutions of (10) initiating in © are wulti-
mately bounded with respect to Ri and eventu-
ally enter the attracting set ©.

Proof. From Eq. (6)1, we have

.
ou(t,r,0) B

T = (51Ar@u(t,7',9)

+ (1 —u(t,r,)u(t,r6)),
ou(0,r,0) 0 (18)
on -
’LL(O, T, 0) = Up (Ta 9) S Up]p = max. uO(T’ 0)
(r,0)el’

By the comparison principle, we have wu(t,r,0) <

: N u : :
up < 1 with uy(t) = oo being a solution

of the following ODE:

du(t,r,0
dt (19)
ul(O) =ug < 1.
Then
limsup u; (t) = 1, (20)
t—+o0

from Eq. (6)2, we have

ov(t,r,0) cu w
Y soA _ _
at o2 ”v+< bt ira v+d)v
< 5 A +<C Q
> 028,90 - v,
ov(0,r,0) 0
on -
v(0,7,0) = vo(r,0) < vp; = max_vg(r,0).
(r,0)el’

By the comparison principle, we have v(t,r,6) <
. 1
v1 < 1 with vy(t) = —U01+(6_+(?li?i+a))t

tion of the following ODE:
dv(t,r,0) _ ( c b> o,

dt 1+a (22)
1)1(0) =y < 1.

being a solu-

Then
limsup vi(t) =1+ a. (23)

t——+o0

From Eq. (6)3, we have

ow(t,r,0) qu
TOLT) s A _
ot 3”w+@ U+Jw
L w
§53Ar9w+p ]_)(1+a+3) w;
q
ow(0,7,0) 0
on -
w(0,7,0) = wo(r,0) < wpp = max_wy(r,H).
(r,0)el’

(24)
By the comparison principle, we have w(t,r,60) <

. 2 (14a+s)wo1
wy < 1 with wy(t) = w01+(§(1+a+5)_w01)e,pt

being a
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solution of the ODE:

dw(t,r,0) 1o v
— = =p w,
dt (1+a+s) (25)

Sl k]

wl(()) = w1 < 1.
Then
lim sup wy (t) = ]—)(1 +a+s). (26)
q

t—+00

3. Analysis of Temporal System
on a Disk

In this section, we will study the dynamical behav-
ior of system (6) in the absence of diffusion, (i.e. tak-
ing diffusion coefficients d1, d2 and d3 equal to zero),

|

*

in terms of local/global stability of the positive
steady state E* = (u*,v*,w*) and the conditions
in which the strictly positive interior equilibrium
enters into Hopf bifurcation.

3.1. Equilibria and local stability

The steady states are determined analytically by
setting Cﬁl—f = 0, by a simple computation, the triv-
ial steady states are

EO = (anao)a El = (1705 0)5

Ey = (0,0, @> and Ejz = <1,0, @>
q q

and a unique interior one E* = (u*, v*, w*).

The dynamical behavior of equilibrium points
can be studied by computing the eigenvalues of the
Jacobian matrix J of system (10) where

*

1 oyt av u 0
oyt _
(u* +a)? ut+a
acv* cu* dw* v*
EY) = v - - 2
J(ET) (u* +a)? ut +a (v* + d)? v +d (27)
0 q(w*)? dw* 2qw*
u* +a (v* + d)? v+ d

Then, the Jacobian matrix evaluated at Ey = (0,
0,0) and E7 = (1,0,0) are respectively

0
J(EO) = J(EOO) _0 ;
0 —b 0
(28)
0
J(E)) = J(En) | 0
0 —b 0

The eigenvalues of J(Ey) are 1, —b and 0, then Ej
is nonhyperbolic. Furthermore, as one eigenvalue is
a positive real, and another one is a negative real,
Ej is always unstable. Thus, for each orbit start-
ing in int(R3 ), the number of prey u and specialist
predator v will not tend to zero.

The eigenvalues of J(E;) are 1, Cji;ab and 0.
If ab > ¢ —b, two of the eigenvalues are negative, so
F1 has a stable manifold of at least two dimensions
and if ab < ¢ — b, Fj is nonhyperbolic and Ej is
unstable.

For the equilibrium Fs the Jacobian matrix
evaluated at this equilibrium is

110 0
J(E2) = |0 (29)
0 J(E22)
The eigenvalues of J(E») are 1, —b— 25 and —2%.

Hence the equilibrium E; = (0,0, ) is a saddle
with dim W#(E;) = 2 and dimW"(F3) = 1. For
the equilibrium Fs5 the Jacobian matrix evaluated
at this equilibrium is

~1 -1 0
1+a
c sp
JE)= |0 a-bmg O (30)
0 82p2 7@
q(1+a) d

1550092-8
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ph— P _25p

C
> 1+a 7 q_d7 d
respectively. Hence if b+ Z—Z > 115, the equilibrium

The eigenvalues of J(E3) are —1

Es = (1,0, %) is locally asymptotically stable. If
b+ ;—5 < 145 the equilibrium F3 = (1,0, %) is a
saddle with dim W#(E3) = 2 and dim W*(E3) = 1.

In the following, we shall discuss the local sta-
bility of the positive steady state E* = (u*,v*, w*)
for the ODE system (10).

Theorem 2. If condition (11) is satisfied and
a+1 2a
>
qge  qc—bg—p

and
(1 —w*)(u* 4 a) +5)°
q(u* +a)

dp((1 — u*)(u" 4+ a) + 5)
q((1 —w*)(u* + a) + d)*

> b+

Then, the equilibrium solution E* = (u*,v*,w*) is
locally asymptotically stable.

Proof. Define Lg(E*) by

ail a2 a3

and Lp(E*) = |a2z a2 a3
bt dp((1 — u*)(u” +a) + 32) cu” (31) asi azy ass
(1) Ta)+d2 @ +a
| according to (12), a direct calculation yields
a(l —u*) u*
ai u  +a)’ ai2 v ra W3 0,
dp Y (01
" ~ac(l —u") o — cut 7?«1_“)(” +a)+s) e — (1—u")(u*+a)
2T wrra) ) P v ta (I—u)w +a)+d)?2 " 27 (I—uw)(uw +a)+d
»’ 2 dp
;((1—u*)(u*+a)+s) ?((l—u*)(u*—i-a)—l—s)
asy ) a32 ut +a ((1 o ’U,*)(U* + Q) + d>2 ’
() ) )
5 (1—u*)(u*+a)+d ’
(32)
where
= ba+p)
qe—bg—p
The characteristic polynomial of Lg(E*) can be written as
©(\) = A3 + B1\% 4+ By + Bs, (33)
where
- 1 1—ut - 1 *
(1= u)(u" +a) = age(ge (bq+p>(c;+ ) (-w) _gqe—(gtp)letl) v _bgtp
(gc — bg — p) (u* + a) aqc (u* +a) qc

Hence

By = —tr(Lp(E")) = —(a11 + age + as3)

Y S dp(qe — bq — p)?(age(qe — (bq + p)(a + 1)) + s(gec — bg — p)?)
- @ u*a)“’+ alage(qe — (b + p)(a + 1)) + d(gc — bg — p)?)

2paqc(qe — (bg +p)(a + 1))

age(qe — (bg + p)(a + 1)) + d(gc — bg — p)?

>0,

1550092-9
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By = ayya22 + a11a33 + a2a33 — as3asz — a12a21

cu by

ur ta (1= u*)(u* +a) + d)? ae (1 —w)(u +a) +d

N <2p((1 —u*)(u* + a) —i—s)) <2u* ~ (bg+p)(a+ 1)) N <ac(1 - u*)u*>

(1—u*)(u*+a)+d qc (u* 4 a)?

p—2((1—u*)(u*—i—a)—l—s)2 dp((l—u J(u" +a) +s) (1 —u")(u" +a)
Tl Sy ((1u*><u*+a>+d>

u +a (1 —u*)(u* + a) + d)?
>0,
Bs = —det(Lg(E™))

= 012021033 + 011023032 — 011022033

_ (ac(l—u) ) <2p(<1_u*>(u*+a)+s>>

(u* + a)? (1 —u*)(u*+a)+d
p_2 — " (uF a 82 dp —u) (u* a S b a
+(q((1 (" +a) +5) L, - () +a)+ )) <2u*_(q+126( +1)>
u* +a (1 —u*)(u* + a) + d)?

+b+

L-uw)(w +a)+d Cw+ta (1 —w*)(u* +a)+d)?

qc

" <( (1 —u*)(u* + a) >+ ( ot OZ)((I —u )(u*+a)+s)> <2u* ~ (bg+p)(a+1)

(R o)
(1—u*)(u*+a)+d

>0,
B1By — B3
= @%1<—a22 — asz) + a§2(—a11 — ass)
+a3z(—a11 — ags) + ar2as1(a11 + aze) + aspags(ass + agz) — 2a11a22a33

= [a}, — azpa93](—ag — az3) + [a35 — ai2a91](—a11 — ag) + ady(—a1y — azs) — 2a11a22a33

ut +a (1—u u* 4 a) + d)? 1—u)(u +a)+d
(1—u (u* +a) p_ (1 —u*)(u* +a)+s)? dp((l—u)(u*Jra)Jrs)
x |aty + q q
{ ((1 (u*+a) +d ( T a —-b— (o) 1a) 707

(bg +p)(at1)  2p((1 = u)(u’ +a+d)>+[2 +<acu*(1u*)>]

+ a3, ( 2u* — a
. < qe (1 —w*)(u* +a) s (u* + a)?

1550092-10
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—u)(u" +a)+s)

(1 —w)(w* +a) + d)?

%
X gy batp)latl) cu Lby 4
qc u* +a
dp ()
» cut —((I=u")(u" +a) +s)
+b+

S wf+a (1 — u)(u* 4 a) + d)?

> 0.

Using the conditions (31) we see that BBy —
B3 > 0. From the Routh—Hurwitz criterion, £* =
(u*,v*, w*) is local asymptotically stable. W

Next, we will study the conditions under which
the positive interior equilibrium enters into Hopf
bifurcation.

3.2. Hopf bifurcation

We consider p as a parameter of bifurcation and
per the critical value or the bifurcating value of the
concerned parameters. Recall that the characteris-
tic equation (33) of (10) at E* = (u*,v*, w*) is given
by

©(A) = A° + B1A\? + By + Bs. (34)

Theorem 3. The necessary and sufficient condi-
tions for occurrence of Hopf bifurcation at p = per
are the following

(i) Bi(per) >0, i =1,2,3,
(ii) Bl (pcr>B2<pcr> - BS(pcr) - 07
(111) Re[dd)g\)i]pzpcr ;é 07 1= 1, 27 3.

Proof. From the condition B1By — B3, we get
B1By — By = [af; — aspags](—az2 — ass)
+ [01233 — a12az21|(—a1 — ag)
+ a3y(—a11 — asz) — 2a11a220a33
=0.

Since By > 0 at p = pcr, there exists an interval
containing p in (per — €, per + €), for every € > 0.
Therefore, for p € (per — €, per + €) the characteristic
equation cannot have roots containing negative real
parts. For p = p.., we have

(A2 + Ba)(A+ B1) =0 (35)

492 <2u* _ (bg+p)(a+ 1))

qc

<2p((1 —u)(u* +a)+ s)>

(1 —u*)(u*+a)+d

which has three roots A\ = i\/ By, Ay = —iy/ B> and
A3 = —Bj. For p € (per — €, per + €), the roots are in
general of the following form

A1(p) = au1(p) +iaz(p),
A2(p) = ai1(p) — iaz(p),
A3(p) = —Bi(p).

In what follows, we verify the transversality con-
dition Re[%‘]p:pa £ 0, i = 1,2,3. Substituting
M(p) = aq(p) +ice(p) in (35) and calculating the
derivative, we get

Qi (p)ay(p) — Qa(p)ar(p) + Mi(p) = 0,
Qa(p)ay (p) + Qi (p)az(p) + Ma(p) = 0,

where

Q1 (p) = 303(p) + 2B1(p)ar(p) + B2(p) — 3a3(p),
Qa(p) = 6a1(p)az(p) + 2B1(p)az(p),
Mi(p) = o (p) B’ (p) + B5(p)a1(p)

+ Biy(p) — a5(p) B (p),
My(p) = 201 (p)aa(p) B1(p) + Ba(p)az(p).

Since (2o (pcr>M2 (pcr> +Q1(pcr)M1 (pcr> 7é 0, we have

dX; _ QoMo M -
Re[d_pl]p:pcr - 2(2%2_’_5% ! ’p:pcr # 07 1 = 1,273 and

A3<pcr) — _Bl (pcr>-
Hence the proof of the Theorem. W

In the next paragraph, we establish the global
stability of E* = (u*,v*,w*) for some reasonable
conditions on the parameters.

3.3. Global stability of the
nontrivial steady state
In this subsection, we study the global stability of

the homogeneous nontrivial equilibrium E* = (u*,
v*, w*) by using a suitable Lyapunov function.

1550092-11
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Theorem 4. If the condition (11) and the following
conditions are verified

V(t) = (u —u"—u* ln(%))

R )

+ o(v" +9) (w —w* —w* ln(ﬂ)).

and "
q w
(u" +a) v(u" +a) Calculating the derivative of V along the solution
2cd 2cd? of system, we have
5 il av N v
<c(1+a+s)c(1+a+s) E:(UU)<1UU+Q>
and X
TSR T
w*(u*+a)+1+(u*+a)+v*(u*+a) c ut+a v+d
cd? 2 2cd 2cd? *
W), . qu
1 u* +7(ww)<p )
<t q vts
2(u* +a)  2a?
Using the following results
Then the homogeneous nontrivial steady state * cu* w*
(u*,v*, w*) of system (8) is globally asymptotically u” + ta v ta o +d
stable.
quw”
Proof. Let us consider the following Lyapunov and  p = o + s
function,
| we have
av . . * v (u* +a) . cu* w* cu w
E_(uu)<u+u*+auu+a>+ c (vv)<u*+a+v*+d+u+av+d>
c(v* +8>(w—w*) < qu*  qu )
q v*+s v+s
T o [(V(u—u") —a(v—0v*) —u(v—v") e [(alu—u)
=—(u—u")"+ (u u)< (@ + a)(uta) + (v —v") (0t a)
(u* + a) o [ —d(w —w*) — v (w —w*) + w* (v —v*)
A W +d)(v+d
(- w) <—s(w —w*) +w*(v —v*) —v*(w — w*))
c(v+s)
—_ _*2_1 v k)2 w(u a2 | _
(u—u’) [ (u* 4+ a)(u+ a) + v)c(v*+d)(v+d)+<w w) cv+s) clv+s)
o e | a 7 u* a
+lv—o)(u u)[ (u* +a)(u+a) (u*—i—a)(u—l—a)jLu—i—a}
. . d(u* + a) v*(u* + a) }
+w—v)(w—w")|— - .
( A ) [ c(v*+d)(v+d) clv*+d)(v+d)
Then
av o v o W +a)
2V ey — 1 _
g = u=u) [ +(u*+a)(u+a)]+(v ) o ot d)

1550092-12
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(v —v*)? + (u — u*)?

+(w —w)’ [_c(vj- ) c@i s)] +

2

. [(u*+;)*(u+a) ot <1 (u*1+a)

d(u* + a)
)* (

vt (u* + a) ]

vi4+d)(v+d)  c(v*+d)(v+d)

< (u—u*)? [—1 + Z—Z] + (v — v*)gw + (w — w*)? [_c(vj— i c(vv:— s)}

O SICELY H—Z“— - (0=t (o [(U*CZQ) N v*(@;a)}
= (u—u*)? [1+Z—Zm 2152 +ﬂ

+(w —w)’ [ c(vj—s) a c(vvj- s) * <u*22;la> v*(;id—; a)]

From Theorem 1, we observe that v(t) < 1+ a for all time ¢. So, —

1

1 I
ots) S T oFate)” Substituting we get

Wy [ 1 w1
dt — a®> 2(u*+a) 2 2
e et ta) 1 w1 (wta)  v(u +a)
+o—v) [ cd? 2u* 4+a) 2a? + 2 + 2cd + 2cd?
e s B v* (u*+a) v*(u*+a)
+(w—w?) [ c(l4+a+s) cl+a+s) T 2¢d? ’
if
v* 1 w1 wr(ut+a) 1 (uf+a) v (uF+a) 1 *
e e e e A d
2 < 2(u* + a) To2 Ty cd? SR 2cd? 2(u* +a)  2a? an
(u* +a) v(u*+a) - s v*
2cd 2cd? c(l+a+s)c(l+a+s)

Then we deduce that Cfi—‘{ < 0 and by LaSalle’s
theorem, E* = (u*,v*,w*) is globally asymptoti-
cally stable in the uvw-space, which completes the
proof. M

In biological terms, the system without diffu-
sion has been studied in the preceding subsection.
In what follows, the model with diffusion on the
disk domain which is relevant to the real world, will
be investigated.

4. Analysis of the Spatiotemporal
Model on a Disk Domain

Our result implies that the constant positive
steady state is globally asymptotically stable in the

|
absence of the diffusion but may be unstable in the

presence of the diffusion. In the next section, we will
discuss the conditions that enable the occurrence of
Turing instability.

4.1. D:iffusion driven instability

In the reaction—diffusion system, the Turing insta-
bility occurs from a finite number of wave vectors
producing stable spatial patterns depending essen-
tially on the initial condition.

By setting
u—u*
W= v—ov" | p(r@)eMitr (36)
w — w*

1550092-13
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where k is the wave number and ¢(r,0) is an eigenfunction of the Laplacian operator on a disc domain

with zero flux on the boundary, i.e.

Avgp = —kp,
{%(R, 0) =0.
Then by linearizing around (u*,v*,w*), we have the following equation:
Z—Vf — DAW + L(E")W. (37)
Consider now the system with diffusion (6) and substituting W by e’ in Eq. (37) and canceling e,
we get:
A\ = Lg(E*) — DE*p. (38)
We obtain the characteristic equation for the growth rate A\ as a determinant of
A —aq + 61k? —ai2 —ai3
det(M3 — Lp(E*) 4+ K2D) = 0 < det —as A — ag + dok? —as3 =0. (39)
—az1 —as3? A — azz + 03k

The characteristic polynomial from (39) is as follows
H(k?) = A2 4 &1 (2)A\% 4+ $o (k2N + O3(k?)
=0, (40)
with
@y (k?) = k*(61 + d2 + J3) + B,
Dy (k?) = k* (6105 + 0103 + 6203) — k* (01 (aze + ass)
+d2(a11 + ass) + d3(an + a)) + B2,
D3(k?) = k%6023 — k*(102a33 + 6103092
+ 0203a11) + k*(83(ar1a2 — ar2as1)
+ d2a11a33) + Bs.

For the stability of the equilibrium point, according
to the Routh-Hurwitz criteria, Re(\) < 0 if

®1 (k%) > 0, (41)
Dy (k%) > 0, (42)
D1 (k?) Do (k2) — ®3(k2) > 0. (43)

The Turing instability requires that the stable
homogeneous equilibrium becomes unstable due to
the interaction and diffusion of species.

Under the following conditions (of Turing):

Re(A(k? =0)) < 0,
for a k% > 0. (44)
Re(A(k? > 0)) > 0,

We will study the sign of (41)—(43). Therefore, we
get the following theorem.

Theorem 5. If one of the following conditions is
true:

@ (k*) <0,
Dy (k) <0,
D1 (k) Dy (k%) — @3(k?) < 0.

Then, the positive equilibrium E* = (u*,v*,w*) of
system (6) is driven to instability.

Remark 4.1

e If the parameter \ is real, the spatial patterns are
stable over time and in the case where A is com-
plex, spatial patterns vary over time. In either
case, the sign of the real part of A\ determines
the patterns’ growth: if Re(A) > 0 the linearized
system (36) increases, there is currently pattern
formation. By cons, if Re(A) < 0, the linear per-
turbation decreases with time and the solution
of the perturbed system tends to homogeneous
initial equilibrium (u*, v*, w*).

e If k2 is complex, one can observe complex spatial
structures.

e For k? = 0, the characteristic equation is written
as

A% 4+ @1 (0)A* + D2(0)A + ©3(0),
where

®1(0) = By = —a11 — age — azgz = —tr(Lp(E)),

1550092-14
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if at least aj1, age or ass is negative and ®1(0) =
—tr(LE(E*)) > 0 and (I)2<0> = By = ajia9 +
a11a33 + a22a33 — a3a32 — aizaz; > 0, if aj1ae +
aijiass + axass > agsazz + aipazr, and P3(0) =
Bs = —det(Lg(E*)) = aizaziass + a11a23a32 —
ai1azazs, if ajpasiass + arazaze > ariazass,
and ®3(0) = —det(Lg(E*)) > 0.

B1(0)P3(0) — 3(0)
= —(af a2 + aijass + 2a11a20a33
+a11a3; + a11a3, + a35a33 + azajs)
+ a12a12a22 + a22023032
®1(0)P2(0) — P3(0) > 0 if
a%1a22 + a%1a33 + 2a11a92a33 + aua§3
+anag, + a3yazs + azads
< a12a12a22 + (22023032. (45)
Proof. For k% # 0, we have ®1(k?) = —(a1; +az +
azs) + k(61 + 62 + 03). If a1y + aze + asz < 0, then
®1(k?) > 0 and instability of Turing does not occur.

Thereafter, we suppose in Eq. (42) p = k? >0
we get:

®y(p) = p’p1 — pp2 + 3, (46)
where
p1 = 0102 + 0103 + 0203,
p2 = d1a2 + 01a33 + d2a11 + d2a33 + d3a11 + d3azs,
p3 = ai1a22 + a11a33 + a2a33 — 12011 — (23023,
a necessary condition for E* = (u*,v*,w*) of (6)
becomes unstable in that

®o(p) = p*p1 — pp2 + p3 < 0. (47)

For the instability, we need that p, > 0 and pg —
4p1ps > 0 for some p. The equation pip? — pap + p3
has two positive roots given by:

2
—\/p5—4
P2 V&) P1P3 and

pP1 =
2p1
(48)
o = p2 — /P35 + 4p1ps3
2p1 '

The constant positive steady state E* = (u*, v*, w*)
of (6) is unstable and so (6) experiences Turing
instability provided that p; < p < po.

The expressions ®3(k?) and @1(k?)Po(k?) —
®3(k?) are a cubic function of k? of the form

®3(k?) = 1 (1K) + @2(K*)* + g5k + g1, (49)
q1 = 010203,
q2 = —(0102a33 + 6103a22 + d2030a11),
q3 = 01a22hy + O2a11a33 + d3a11022
— 01a23a32 — 03022021
= 01(agea33 — azszasz) + d2a11a33
+ d3(ar1a22 — azaz1),
q4 = ©3(0)
= 12021033 + 11023a32 — 411022033,

with ¢; = det(D) > 0 and ¢4 = —det(Lg(E*)) > 0.

If ®3 has a minimum, one finds by simple cal-

culation that
dds

a2 3q1(k*)* +2¢2(k*) +q3 =0 (50)

and % > 0, this minimum is reached for the

solution of (50) at

" + V@3 — 3q143 (51)

inf — 3q1

for g expression if a;; > 0, ase > 0 and agz > 0
and for expression g3, if assass < asgase, ajiagz < 0
and aqi1ase < ajgas or a92a33 < 0, ajrazz < 0 and
ajjaze < 0 (i.e. (age,ass) has different signs, the
same applies to (ag2,ass) and (ai1,as3)). Then

g2 <0 and ¢3<0. (52)
For condition (43)
(k%) = @1(k*)Po(k?) — ©3(k?)
=11 (k)3 + ro (k%2 + r3k® + 1y, (53)
where
ri = 2016203 + 0103 + 6105 + 0105 + 6163
+ 0363 + 8263
= (02 + 03)(67 + 0203 + 6162 + 6163),
ry = —(0%2a99 + 03a33 + 63a11 + O3azz + d3an
+ 02090 + 20102017 + 26102a33 + 20103011
+ 20103a22 + 26162a22 + 20103a33
+ 26203a11 + 20203a22 + 20203a33)
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= —a11(d3 + 92)(201 + 2 + 03)

— aga(03 + 61)(01 + 202 + d3)
—azz(61 + 02) (61 + 02 + 203),

ry = 51a%2 + 51a§3 + 52a%1 + 52a§3 + 53@%1
+ 03a3y + 261a11a02 + 26111033
+201a22a33 — 01 fvgu — 01 fwhu + 202 fugu
+202a11a33 + 202a22a33 — d2a12a21
— Ogaz3a32 + 203a11a22 + 203a11a33
+ 201a22a33 — d3a23a32

= 8105y + 0133 + 0aafy + 0aads + 03af;

+ 03a35 + 2(61 + 02 + 63) (ar1a22 + ar1ass
+2ag3a22) — d1a12a21 — 02(a12a21 + azzazs)
— 03a23a32,

ry = W(0) = —(afaze + afass + 2a11a22a33
+a11a35 + a11a3, + a3ya33 + azea3s)
+ ai2a21a22 + a22023032.

With r; > 0 and r4 > 0, when
ajja + afyass + 2a11aa33 + a11033
+ a11a§2 + a§2a33 + agga§3
< a12012022 + 022023032.

If ¥ has a minimum, by simple calculation one finds

d¥v
i) = 3r (k%) + 2 (k%) + 73 =0  (54)
and % > 0, this minimum is reached for the

solution of (54) at

— /r2 — 3
2 k?nf _ o + /75 173 (55)

linf — 37‘1

for ro expression if a11 > 0, agss > 0 and agz > 0 and
for expression 73 if a12a91 > 0, (a12a21 +a23a32) > 0,
aszaszs > 0 and (51&%2 + (510%3 + (520,%1 + (52&%3 +
(53&%1 + (53&%2 + 2((51 + 09 + (53)(&11&22 + aqi1as3 +
2a33a22) < 01a12a21 +02(a12a21 +agszase) +dza3a32.
Then

ro <0 and 73 <0. (56)

By using the conditions of the homogeneous sta-
ble equilibrium of the system without diffusion
(®1(0) > 0,P2(0) > 0,P3(0) > 0, ®1(0)P2(0) —
®3(0) > 0) and the necessary condition of the sys-
tem with diffusion. (That is to say, at least one of
the following conditions, (®1(k?) < 0, ®2(k?) < 0,
D3(k?) < 0,8 (k%) Py (k) — ®3(k?) < 0) for a cer-
tain k2 # 0.)

The following proposition gives us a neces-
sary condition, not sufficient for instability to the
reaction—diffusion system with three species. W

Proposition 1. If these following conditions (i)
and (i1) are satisfied:

(i) If one condition of (52) is verified and q3 —
3q193 > 0, then k‘ignf is a positive real. If each
condition of (52) and (56) is verified and g3 —
3q1q3 > 0, (resp., r3 — 3rirs > 0), then k2 is
a positive real (resp., k3, is a positive real).

(ii) Let

(D3(k12nf)
3
_ 23 — 9914203 + 27414 — 2(¢3 — 3q143)*
2743
and
\I’(k%inf)

2r3 — 9ryrors + 27r3ry — 2(r3 — 37“17’3)%
27r3 ’

3
if 245 — 919243 + 27¢7q1 — 2(¢5 — 3q1g3)% <0,
(resp., 2r3 —9rirorsz +27r3r, —2(rd — 37’17“3)% <
0), then ®3(k2 ;) <0 (resp., ¥ (k% .) <O0).
Then we observe the emergence of Turing instability
for system (6).

4.2. Pattern formation

In this section, we assume that \ is complex, which
involves the formation of spatiotemporal patterns.
We assume that A = x+1y by direct computation in
Eq. (40), we obtained the following two equations

23— 3xy® 4+ B (22 — ) + Doz + B3 =0 (57)
and
—y3 + 322y + 2B 2y + Doy = 0. (58)
For Eq. (58)
—y° + 32’y + 2012y + oy
= y(—y® + 32% + 20,2 + By) = 0.
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Therefore y = 0 or y?> = 322 + 2®12 + ®,, this
implies that ) is real. By substituting 3 in (57), we
obtain

H(x) = 82° + 8®12% 4 22(D3 + Bg) + &1y — B3

=0. (59)
If the condition (53) is negative, then H(0) =
(®1®y — ®3)(k?) < 0, this implies that Eq. (59)

has a positive real solution and there is formation
of spatiotemporal patterns.

Remark 4.2

o If ®3(k?) < 0 and ®o(k?) > 0, then H(0) > 0 and
there are temporally stable patterns.

o If ®3(k?) > 0, ®3(k?) > 0 and H(0) > 0 this
implies that there is no formation of spatiotem-
poral patterns.

Otherwise, we also show after the extremum
method that Eq. (59) admits a real positive solu-
tion.

dH
di(m = 24z + 16012 + 2(P7 + ©2) = 0.
X
Then
—20) + /407 — 3(D? + Dy)
r =T =

6

If (2 + ®3) < 0, then 7 > 0. Thus H(r) admits
an extremum at z; such that H(z1) < 0.

If ®3(k%) > 0, then # = 21 > 0 because y is
a positive real value and we deduce the formation
of spatiotemporal patterns. However, there are cur-
rently more restriction if ®3(k?) < 0, for which ¢ is
a positive real value.

=By 4 \/4D? — 3(DF + D9)

To = > 1.

3

Then

o If &y(k?) < 0,d1Py — P3(k%) < 0, P3(k%) < 0
or ®3(k?) > 0 and if z > 2, we deduce the for-
mation of spatiotemporal patterns. By cons, if
x < xy then the patterns are temporally stable.

Remark 4.3. Assume that
dy(k?) <0, ®3(k*) <0,
d1Py — 3(k*) >0 and (60)
DDy — D3(k?) > 0.

e If the condition (60) is verified, then the patterns
are temporally stable,

e If the condition (60) is verified and if H(Z) > 0,
then the patterns are temporally stable,

e If the condition (60) is verified and if H(Z) < 0
and T < x < x9, then the patterns are temporally
stable,

e If the condition (60) is verified and if H(Z) < 0
and x > x9, then the patterns are temporally
stable,

where 7 is the on-solution for x.

5. Numerical Analysis

It is clear that the analytical solution of the coupled
reaction—diffusion system of predator—prey type is
not always possible. Thus, we have to perform
numerical simulations to solve them. The spa-
tiotemporal system (6) is solved numerically in the
disk I' = {(r,0) : 0 <r < R,0 <0 < 27}, by using
a finite difference scheme for the spatial derivatives
with the zero-flux boundary conditions. In order to
avoid numerical artifacts, the values of time (At)
and space steps (Ar and Af) have been chosen suf-
ficiently small. For the numerical simulations, the
initial condition is a small perturbation in the vicin-
ity of equilibrium point (u*,v*, w*). These initial
conditions have been chosen as,

u(0,7,0) = u*((rcos)? + (rsinh)?) < 50,
v(0,7,0) = v*((rcosf)? + (rsinf)?) < 50, (61)
w(0,7,0) = w*((rcos §)* + (rsinh)?) < 50.

The parametric values are

apg = 0.5, ay = 0.4, b() = 0.36, C3 = 0.2,
dy=0.3, dy=04, d3=04, v9=04, (62)
vl = 08, Vo = 04, V3 = 0.6.

In Fig. 1, the left figures are the evolution of the
prey spatial distribution, the right are the top
predators and the center are the predators. Initially
we observe two waves of burst center of the disk,
then these spirals burst leading to an aperiodic spa-
tial distribution of some domain and this aperiod-
icity spreads throughout the area and remains in
time. We then obtain the spatiotemporal chaos.

Next, we study the evolution of top predator
density into functions of predator and prey densi-
ties for different values of time ¢ (see Fig. 2).

We study the properties of the oscillations
of populations in the UV-plane when the control
parameter varies. For better studying the properties
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Fig. 1. Spatial distributions of prey (first column), predator (second column) and top predator (third column) are population
densities of the spatial system (6). Spatial patterns are obtained with diffusivity coefficients §; = 0.02, d2 = 0.01 and d3 = 0.05,
at different time levels: for (a) ¢ = 0, (b) ¢t = 1000, (c) t = 2000, (d) ¢t = 4000 and (e) ¢t = 20 000.
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Fig. 2. Top predator density as a function of density of prey and predator with diffusivity coefficients §; = 0.02, 4o = 0.01
and 63 = 0.05, at different time levels for (a) ¢t = 30, (b) ¢t = 60, (c) t = 100 and (d) ¢ = 1000.

of the population dynamics as a whole, we estimate
the species size of prey and predator by

R r2rm
U(t):/ / u(t,r,0)drdd and
0 JO

V(t) = /0 ! /0 %U(t,r, 0)drdo.

We have considered p as a parameter of bifurcation

(63)

2
with p = =39 where c3 describes the growth rate
00002

of W. We plot the phase portraits in the UV -plane,
thus we vary c3 between 0.18 and 0.26. For each
value of ¢z, the system (6) is solved with the ini-
tial condition (61), the other parameters are fixed
n (62). We consider a transition time as fairly

large so that the quantities V and U fall within
the domain of attraction. First, we start by taking
c3 = 0.255 and then we decrease the values of c3. For
values of c3 belonging to the interval ]0.245,0.255]
and for cg = 0.255, the solution of the system (6)
is a hearth [Fig. 3(a)]. We observe for c3 = 0.245
the first bifurcation [Fig. 3(b)], for the values of c3
belonging to the interval |0.2,0.245[ the system (6)
exhibits quasiperiodic attractor solutions that are
quasiperiodic in the phase plane (U, V) [Figs. 3(c)—-
3(e)]. Finally, for cs < 0.2, the solutions of (6)
become chaotic [Fig. 3(f)].

Then, we show the effect of the bifurcation
parameter on the formation of patterns for the dif-
ferent species for a fixed time, the other parameters
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Phase portraits in the uv-plane for system (6) for ¢ = 800, showing the transition to chaos at different bifurcation

parameters for (a) c3 = 0.255, (b) c3 = 0.245, (c) ¢3 = 0.238, (d) c3 = 0.235, (e) c3 = 0.2 and (f) ¢z = 0.18. With diffusivity

coefficients 91 = 0.02, 3 = 0.01 and é3 = 0.05.
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Fig. 4. Spatial distributions of prey (first column), predator (second column) and top predator (third column) are population
densities of the spatial system (6). Spatial patterns are obtained with diffusivity coefficients §; = 0.02, d2 = 0.01 and d3 = 0.05,
for fixed time ¢t = 12000 at different bifurcation parameters for (a) c3 = 0.23, (b) c3 = 0.22 and (c) ¢3 = 0.15.
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Fig. 5. Stable behavior of prey—predator populations and
top predator for c¢3 = 0.26 with diffusivity coefficients 61 =
0.02, 92 = 0.01 and §3 = 0.05 and ¢ = 500, the other param-
eters are fixed in (62).
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Fig. 6. Solution curves of prey—predator populations and
top predator with time and c3 = 0.23 with diffusivity coeffi-
cients 07 = 0.02, 62 = 0.01 and é3 = 0.05 and ¢ = 500, the
other parameters are fixed in (62).
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Fig. 7. Spatial distributions of prey (first column), predator (second column) and top predator (third column) are population
densities of the spatial system 6. Spatial patterns are obtained with diffusivity coefficients 6; = 0.02, j2 = 0.01 and d3 = 0.05,
at different time levels: (a) ¢ = 1000 and (b) ¢ = 4000.

Fig. 8. Spatial distributions of prey (first column), predator (second column) and top predator (third column) are population
densities of the spatial system (6). Spatial patterns are obtained with diffusivity coefficients §; = 0.2, o = 0.1 and d3 = 0.5,
at different time levels: (a) ¢ = 1000 and (b) ¢ = 4000.
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Fig. 9. Spatial distributions of prey (first column), predator (second column) and top predator (third column) are population
densities of the spatial system (6). Spatial patterns are obtained with diffusivity coefficients §; = 2.5, o = 1.25 and d3 = 6,
at different time levels: (a) ¢t = 1000, (b) ¢ = 3000 and (c) ¢ = 4000.

are fixed in (62) and the initial conditions are given
in (61).

In what follows, we plot for different values of
c3 the curves of densities of prey, predator and top
predator with respect to time. The initial condition
is given by (61). From Fig. 5, we observe that popu-
lations of prey, predator and top predator converge
to their steady state and E* = (u*,v*, w*) is locally
asymptotically stable for system (3). If we decrease
the value of the control parameter c3 = 0.03, the
equilibrium E* = (u*,v*, w*) loses its stability and
becomes unstable (Fig. 6). Now, we show the pat-
tern formation with different time steps and diffu-
sion coefficients. The initial condition given by (61)
and the other parameters are fixed in (62). By
varying the diffusivity coefficients parameters, we
observed that the spatial structure changes over the

times of the spatial system. In Fig. 7, we conclude
that the labyrinth patterns prevail in the whole
domain. If we increase the diffusion coefficients, we
obtain the mixtures “labyrinth-spots” (see Fig. 8).
In Fig. 9, with an increase of the diffusion coeffi-
cients, we conclude that the spot patterns of spa-
tial are over the whole domain. From this figure,
it is observed that the higher diffusivity coefficients
stabilized the spatial system.

6. Conclusion

We have examined the dynamic behavior of a three-
species food chain namely prey, predator and top
predator. We have considered the response func-
tion as the modified Leslie-Gower Holling-type
IT schemes. We have obtained the boundedness
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conditions for the solutions, local stability by
employing Routh—Hurwitz criteria, global analysis
by constructing Lyapunov function. Furthermore,
we have observed that the positive equilibrium
enters a Hopf type bifurcation under the condi-
tions of Theorem 3. We have proved the conditions
that enable the occurrence of Hopf bifurcation and
Turing instability in the circular spatial domain.

Finally, we carried out numerical simulations to
substantiate the analytical findings. Our numerical
analysis showed that the dynamics of a population
may dramatically be affected by small changes in
the value of the parameter c3, at the same time we
can see in Fig. 3 by plotting the phase portraits
with different parameter sets and we have shown
the transition to chaos. The nature of spatial pat-
terns with respect to time (see Fig. 1) which leads to
the formation of spatiotemporal chaos and the effect
of the bifurcation parameter cs on the nature of
the pattern (see Fig. 4) have been observed. Firstly,
for ¢g3 = 0.23 the spot patterns of spatial over the
whole domain [see Fig. 4(a)] are demonstrated, if
we increase the parameter bifurcation for ¢g = 0.15,
we find a mixture of stripe-spots patterns of spatial
over the whole domain [see Fig. 4(b)]. Also, we have
shown that if a diffusivity coefficient increases, then
the population densities become uniform and spot
pattern is observed (see Fig. 9).

Our result analytically and numerically show
that the modeling by reaction—diffusion equation
is a suitable tool for studying basic mechanisms
of spatiotemporal dynamics in the real world food
chain system.
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