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Abstract The vegetation patterns are a characteristic particularity of semiarid zones, which
can be the future of modern ecology for its importance. This paper aims to study a diffusive
vegetation model for the subject of studying the complex patterns generated by the presence
of Turing-Hopf bifurcation. The main focus is on analyzing the effect of the locative internal
rivalry between plants and feedback regulation on the pattern formations. The cross-diffusion
produced by the positive feedback regulation generates surprising dynamics such as Hopf
bifurcation, Turing bifurcation, Turing-Hopf bifurcation, which confirms the imbalance of
the distribution of the vegetation in the semi-desert regions. For analyzing the spatiotemporal
behavior near the Turing-Hopf bifurcation point, the Amplitude equation restricted at this
point is used. Further, by using numerical simulations, the complex dynamics induced by the
positive feedback redistribution and inner competition are explored.

1 Introduction

In the environment, the vegetation is widespread. This wealth is in huge danger due to the
wide expansion of cities and the over carbon dioxide leak for a reason for our daily activities.
The importance of the green cover is to suck the carbon dioxide and release the oxygen
using what is known as photosynthesis, which is very important to our survival. For the
safety of our planet, it must be a balance between the released carbon dioxide by different
living beings and the sucked carbon by the plants by photosynthesis. Global warming and
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climate change are the direct consequence of the imbalance between releasing and suction
of this toxic gas. At the moment, for the subject of reducing the concentration of this gas
in the environmental air, the scientists tried to find a replacement of the lost green areas
by the overbuilding of new cities. There is some work in augmenting the vegetation cover
in different areas in the cities such as in the building (at the roof), gardens, shrubs, which
is not enough. The semi-arid regions are the best places to begin. The main issue in these
regions is the water, where the availability of this last is low. The quantity of water is crucial
in determining the growth and expansion of the vegetation cover. This availability can be
affected by many factors, and we mention rainfall, illumination, geographical conditions,
graving. Consequently, various vegetation structures appear for different conditions, where
this diversity is known by vegetation patterns [2,3,10-13]. In literature, there are numerous
models that describe the relationship between water and plants. One of the first models
is offered by Klausmerier [13], where the following spatiotemporal model is provided for
modeling the connection between plant biomass (denoted by n) and water-limited biomass
(denoted by w)

oW __ po_ 2 _ 0w
a‘Tt—Rz w — wn v, (L)
S =wn” —dn+ An.

R stands for the precipitation (soil, water) or rainfall rate; § stands for the rate of natural death
of plants; v is the rate of the slope of terrain (or downhill runoff); the term wn? represents the
amount of water absorbed by the plant or the long-range rivalry and short-range facilitation,
A is the bidimensional Laplacian operator. It has been confirmed that this model predicts
stripe patterns next to the wavelength which agrees with the real-life situation.

It is well known that the plants have the ability to redistribute the water in the soil. This
point of view is used for the first time in water-plant interaction by Hardenberg et al. [35],
where an expanded model is utilized for describing the feedback impact between vegetation
biomass and water. The main idea is to add a cross-diffusion y A(w — fn) in the water
equation for modeling this feedback. The obtained system is:

o — yn? — 8n + An, (1.2)

{iyf:R—w—wnz—v%';’—}—yA(w—ﬁn),
at

where y is the rate corresponding to diffusion of the water in lack of vegetation. Using Darcy’s
law [35], we can model the transit of water through the soil. More precisely, the flux f is
proportional to the water metric potential ¢ (which means that fa — V.¢g). The alternation of
water due to the transitis — V. faVZ.¢. By taking the following suction functional ¢ = w—pfn
where w is the metric potential for the soil (see also [35]). In fact, the slope of terrain or the
downhill runoff flow velocity is particular for some places not others, which means that it is
not anecessary condition for having patterns. A numerical investigation is given for predicting
wavelength, wave speed. Some works appear for describing the spatial patterns in the presence
of cross-diffusion as [11,35]. Based on the best of our knowledge, the main mathematical
achievement of these types of models is the dynamics introduced by Turing patterns. Further,
for the subject of revealing the spatiotemporal patterns near Turing bifurcation point, where
the amplitude equation restricted at Turing bifurcation point is used. The vegetation patterns
was and still the subject of interest of many recent researches we mention as example the
researches [1,5,6,18-21,27,33,34].

Very recently, the intensity of the inner competition reaction is considered in [37]. An
extended model to Klausmeier’s model (1.2) is considered. The investigated model is studied
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in the following form:

ow __ _ wn? 0w

o R— 1+tn? Vaxs 1.3
on — “”’2 —8n+ An (13
a7 1+n? ’

. 2. .
where the numerator in the term 1w:n2 is the water absorbed by a plant as it has been

highlighted in the above model (1.1), and the dominator as inner (or local) competition
between biomass. The main idea in considering this term is due to the gathering of water by
plants using preferential leaking in the vegetated zone and run-on/run-off from desert regions
toward grassed ones. The intensity of competition increases for the densely vegetated areas.
The issue of the previous competition functional is the unboundedness of this last for the
densely vegetated area which is not true mostly for the semi-deserts areas, where the available
water for each unit of the biomass of plants may reduce if the inner rivalry induced negative
feedback is more intense, then the leaking induces positive feedback. To mention that in
[37], it has been proved that the system (1.3) cannot undergo Turing patterns. Indeed, we
consider in this paper the presence of the cross-diffusion in the system (1.3) subjects to the
homogeneous no-flux boundary conditions, which means that

2
%:R_w_]iﬁnz—vg’§+)/A(w—/3n), XeQ,t>0,

on __ n?
9 = 1+rn2 —8n+An XEQ,I>0, (14)
=0t =0, XeQ,t>0,

w(X,0) = wo(X) > 0,n(X,0) =ny(X) >0 X € Q,

where € is assumed to be a bounded set of R? with a smooth boundary. The importance
of considering such a model is for generalizing the previous models where the model (1.4)
considers various factors such as feedback regulation, water redistribution, the intensity of
inner rivalry where each one of the previous models lacks these components (partially or
entirely). More precisely, the system (1.2) can be considered as a special case of the system
(1.4), wherein the absence of cross-diffusion (means that y = 0) the system becomes the
system (1.3). Moreover, in the absence of the inner competition of plants, the system returns
to the model (1.2). For the nonexistence on both the inner rivalry of plants and the feedback
regulation, the system (1.4) becomes system (1.1), which shows the richness of this system.
Further, in the absence of slope of downhill (means that v = 0) the system can imply many
works. For further discussions we rewrite the system (1.3) in the absence of the slope of
terrain in the following form:

%:R—w 1$Zz+VA(w Bn), X =(x,y)e€Q,t>0,

2
a’é’_%—o X = (x,y)eQ,t>0,

w(x,y,0) =wo(x,y) >0,n(x,y,0) =no(x,y) > 0.

As it has been previously mentioned that the system (1.5) implies many recent works, such
as the case of the absence of inner rivalry T = 0 is discussed in [11], where the existence of
Turing patterns, and for discussing the spatiotemporal patterns near the Turing bifurcation
points the Amplitude equation is used. Ref. [36] discuses the pattern formations in detail.
Indeed, it is proved in [37] that the system (1.3) has no Turing bifurcation. Consequently,
the main focus was on studying the effect of the impact of the slop of terrain and the internal
competition between the plants on the vegetation patterns. Here, we will focus on studying the
impact of cross-diffusion in the water equation which is generated by taking into consideration
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the redistribution of the water in the soil next to the internal competition between the plants on
the vegetation spatial patterns. Recently, it has been confirmed by [11] that this cross-diffusion
generates Turing patterns for the model (1.2) (which is a particular case of our model 7 = 0).
Turing patterns have the responsibility for determining the complex pattern that we can get in
the real world. On the other hand, The Hopf bifurcation is also very important for determining
the existence of the periodic solutions for the spatial systems where the presence of periodic
orbits can explain the seasonality of the vegetation grows, which agrees with the real-world
situation. To mention that the spatial Hopf bifurcation has never been proved for the vegetation
model, and no one can deny its importance in predicting the vegetation patterns. Further, the
present paper is not restricted to proving these kinds of patterns. Our main objective is to
determine the patterns generated by the intermingling of Turing and Hopf bifurcations, which
known as Turing-Hopf bifurcation. To highlight that Turing-Hopf bifurcation is recently
investigated which elaborated by the intermingling of both Hopf and Turing bifurcation
for different values of wavenumber, we refer as an example the papers [4,9,14,29-31].
Turing—Hopf bifurcation has never been studied for vegetation models. Indeed, it has been
ensured by many researchers that this kind of bifurcation generates very complex dynamics.
To the best of our knowledge the existence of Turing—Hopf bifurcation is confined in one-
dimensional space. Thus, our second perspective is to prove the existence of this kind of
co-dimensional bifurcation in the case of two-dimensional spatial variables. In literature, for
analyzing the spatiotemporal behavior near the Turing-Hopf bifurcation, the normal form on
the center of the manifold [31] is always considered. In this paper, by using the Amplitude
equations restricted at the Turing-Hopf bifurcation point, is used. Also to mention there are a
few works that deal with the effect of cross-diffusion (positive constants of cross-diffusion)
on the value of Turing-Hopf bifurcation. But in this paper, we consider another kind of
cross-diffusions (negative cross-diffusion y 8 An).The Turing-Hopf bifurcation can generate
important patterns that consist of a different distribution of the water and the vegetation
cover which agrees with the real-life situation. Periodic solutions can model the seasonality
of vegetation growth. Studying the vegetation model (1.5) can help the scientists to determine
the right condition for the evolution of the vegetation cover mostly in desert and semi-desert
areas. Besides, Determining global behavior as example [38—46] and local behavior [7,8,22—
26,28] is very important to anticipate the biological evolution of the species the the degree of
the spread of infectious diseases, where it provides some the time and appropriate (or optimal)
suggestion for having the best result (as avoiding the extinction of species, and guaranteeing
the stop of the spread of some infectious diseases for epidemiological perspectives). For the
ecological and the mathematical perspective, we organize the paper in the following manner:

e In the next section, the well-posedness of the problem is proved using the theory of
invariant regions.

e Section three is the main part of the paper, where some results are proved for the first time
for the vegetation models. In fact, the dynamics introduced in the absence of diffusion
where the existence of Hopf bifurcation is proved (actually, the authors in [37] do not
deal with a possible bifurcation that the system can undergo) this result is expanded
in the presence of diffusion where the rainfall rate is used as a bifurcation parameter.
The existence of Turing bifurcation is proved under some appropriate conditions on the
model’s parameters. Further, the existence of Turing-Hopf bifurcation is also investigated
next to its effect on the spatiotemporal patterns of the solution where the amplitude
equations are used to determine these complex patterns.

e A numerical simulation section is offered to emphasize the obtained theoretical results
and shows the complex dynamics generated by the presence of Turing-Hopf bifurcation.
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e A final discussion and remarks conclude the paper.

2 Existence, positivity of solution

In this section, we shall prove the existence of positive solution for the system (1.5), where
the result is resumed in the following theorem:

Theorem 2.1 Assume that wo(x, y) > 0andno(x, y) > Othen the system (1.5) has a unique
positive solution.

Proof By putting
2 2

wn
f](w,n) =R—-—w-— m, and fz(w, n) = m — 5n,
and the linear operator
A O
(5 2)
The system (1.5) can be rewritten in the following structure
dUu
Z:DAU—i—F(U), 2.1)

where

(v -—vB (N
D_<0 | ), and F—<f2>,

It remains to determine the space at which the linear operator A generates a Cy semi—

group, the appropriate space is (H 1(IR2))2 (which means that H'(R?) x H!(R?)). Under
1

the norm Ul = (fg2 (Iw|* + [Vw|? + [n]> +|Vn|?) dX)? , where X = (x, y)T € R? the
completion of the space (C§° (]Rz))2 is (H! (IRZ))2 where the linear operation is well defined
in this space.

Defining AU = (Aw, An) where U = (w, n) € D(A) := (H' (R?))*, which means that
A generates a Cp semigroup. Now let us focus on verifying that f;, i = 1, 2 are a Lipschitz
functionals. By putting

m% wzn%
[fi(wi, n1) = fi(wa, no)| = |—wi — . 5 tw+ Ak
+ g I+ 1tn3
we get
2 2
win won
= lwr —wal+ |70 — s |
2
< |wi = wo| + 5 (wi — wa| + [n1 — na)),
1+(4+1)M? M?
= 1(_H7M)2|w1 —wa| + el —nal,

Hence, fi is suitably Lipschitz, By the same manner we have

wln% wzn%

—ony —
1+rn% 1+rn%

[f2(wy, n1) — fa(wa, ny)| = +8ny|,
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which leads to

2 2
wing wyns
< — — 1 _
=Sl —ma| + l+rn% 1+tn% ’
M?

<lw; —wa| + (lwy — wa| + |1 — nal),
14+ (14+7)M?
1+t M2

1+TtM?

M2
< In1 —nal + 7 lwn — wal,
which means that f; is also suitably Lipschitz. It is not though to check that

+d+om M2
|F(w1,n1)—F(w2,n2)|§< s v lwy — wy|

1+ 1 +1)M? M?
[ny —nay|

14+tM2 14+tM2
thus
14+ Q+1)M?
|F(wy,ny) — F(wz, np)| < W (Jlwy —wa| + |ny —n2|) .

Using the standard theory of Co semi group (see [17]) we deduce the existence and the
uniqueness of a positive solution. Here we considered the positivity and the boundedness of
solution where a common bound denoted by M is used for simplifying the computations.
The proof is completed. O

3 Complex spatiotemporal patterns generated by taking into consideration of the
plant’s effect on the redistribution of the water in the soil

3.1 Linear analysis: Hopf, Turing, Turing-Hopf bifurcations

This section demonstrates the existence of the Turing-Hopf bifurcation. First of all, the system
(1.5) has the following homogeneous steady states

e Eg = (R, 0) which models the desert state.
e Ei = (w4, ny) which models the coexistence of both water and vegetation biomass,
where

8(1+tn%) 1
= — and n4

W L =250 +1)

(R + VR —4(1 + r)52) ,

which has its biological significant if and only if R > Rpi 1= 26+/1+ 71

For determining the local stability of the vegetation steady states £+ we use the translation

to the origin in the form
= (5)-(752)
n n—n4t
Neglecting the tilde for simplicity, the system (1.5) can be expressed in the following manner:

_ w fi(w, n)
Vt_Ji<n>+<f2(w,n)>+DAV’ 3.1)

where V1 is the partial derivative of V with respect to t and J is the Jacobian matrix of the
system (1.5) in the absence of diffusion at the vegetation equilibrium state £ which is given
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as follows:
_om —25
_ 1+1'n§: 1+rn§:
Ji = i NN (3.2)
1+tnk I+tnk
we put
P _l+(l+r)ni =25
n= 1+tn?F T 14mn?
= ny ay = §—dtns
2= 1+rni 2= H—rnz+
and

fi(w, n) :a1w2 + apwn +a3n2 —i—ot4w3 + .-,
Hw,n) = prw? + Bown + p3n® + fan® + - -,

a1 =0 B1=0
_ —2ny _ 2ny
92 = W) P2 = (+tn2)2’
o — —4ny(1-tn%) By = 2w(1-2tn3)
3T Tarmlr PPT Ty
a1 =0 B = 0.

The linearized system of (3.1) at an arbitrary homogeneous steady state is expressed as

follows:
w Aw
V’_Ji<n)+D<An)' 3.3)

The linear stability of the vegetation homogeneous steady states £ implies that the system
(3.3) admits the following solution

(:f) = (2>exp(kt+iu-x).

The characteristic equation associated with the above equation (3.3) is given as:

W, 232 —T,A+D, =0, veN, (3.4)
where
8—1—(1+t+87)n3
T, = SO (4 1),
N (3.5)
Do =yt o2 20Oy GrE-ond) ) 8047 (nd ~ i) '
v=Yv v I+tng 1+nk ’

The roots of the characteristic Eq. (3.4) can be found as:

1
=5 (Tuj:‘/TUz—4DU),

In order to set the stability conditions generated by the absence of cross-diffusion we consider
the following theorem

Theorem 3.1 (Dynamics introduced by the absence of diffusion) Assume that R > Rpin
holds, the system (1.5) in the case of absence of diffusion (means that v = 0) verifies the
following aspects
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(1) The equilibrium state E_ is unconditionally unstable.
(ii) For$ < 1 then E4 is unconditionally stable.
(iii) The equilibrium state E is stable for (6 > 1 and R > Ry o+ = 8(1 4+ 1) ﬁ)
and unstable for (6 > 1 and R < Ry 0+)
(iv) For v = 0 (or in the absence of diffusion) next to the condition § > 1 the system (1.5)
undergoes Hopf bifurcation at R = Ry 0+.

Proof Putting n = 0 in D), defined in (3.5), we obtain:

Dy = 5 , (3.6)
1+ Tni

and by doing some formal calculations, we have:

1 —2(R—28J/T+1)

n_ — = < 0.

T+7 «/1+T<R—25«/1+T+ R2—482(1+1))

The last result leads to deduce that Do < 0 for R > Rpin, which means that the homogenous
steady-state (w_, n_) is saddle. Hence, it is unstable. Thus (i) holds. Besides,

I (R=25V1+1)(R+25/14 1) +/R? —48*(1 4+ 1)
[ (R—l-\/RZ—482(1+T)+«/1+1)8(1+r)

Thus, Dy > 0 under the condition R > Ry, this, takes us to deduce that 7y determines the
stability of the equilibrium E in the absence of cross-diffusion. For n = 0 the sign of T
determines the local behavior of the equilibrium state £. In other words, Ty < 0 holds if
and only if

ny —

§>1+(+1+80)mi. (3.7)

Itis easy to verify that for § < 1 one has Tp < 0; which means that E; is locally stable under
this condition (then (ii) is checked). Now focusing on studying the local behavior offered by
the condition § > 1 and R > Rp,. Under these conditions the inequality (3.7) becomes:

828 — (1 + 1)2 821417 +87)
R >R} = . 3.8
= o \/ T+c+oc 5—1 (3.8)

It is easy to see that under the condition § > 1, E is stable for R > R; o and unstable
for R < R;{LO. Further, for R = R;’LO the characteristic equation has two purely imaginary
s(1+0)(nd — 15 )
]+rni
remains to verify the transversality condition which is given as follows:

roots + which means that for showing the existence of Hopf bifurcation it

dR(r)

dny
2
—_— =n;yQ-56+0+0)A+6n7)—

+ +
R=RH’0 R=Ry
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By using the fact that ny > ﬁ leads to deduce that 2 — § + (1 + 7)(1 + S)ni >3>0.
Further
dny 1 2Ry

> 0.

=— |1+
AR |e_pr 2501+ 1) >
R=Rito 2\/(1%;,0) F452(1 + 1)

dnm)

Combining the two results, we deduce that =z > 0 which means that the system

—_pt
_RH,O

(1.5) undertakes Hopf bifurcation forn = 0 at R = RIJ;.O. This puts an end to the proof. O

It has been confirmed by Turing [32] that diffusion can lead to instability where for some
values of the diffusion parameters, we can have instability, such as instability is called by
diffusion-driven instability or by Turing instability. In fact, this kind of instability appears
when the following conditions hold true:

Shy # 0, My =0,k = kr #0.

where )i and J stand for the real part and the imaginary part functionals, respectively. It is
not tough to prove that the following equation is a sufficient condition for having Turing
bifurcation:

I8 —1—(1+7+8t)nk|
y(1+38n%)

5—1—(1+r+5r)ni+\/

1
s(1 z =0.
+(—i—1’)<n+ 1+I)

For the existence of Hopf bifurcation for the spatiotemporal vegetation model (1.5) we set
the following theorem.

[(1+0)n% + 14288 +2y8tni]

Theorem 3.2 (The existence of Hopf bifurcation for the spatial system) Assume that R >
Ruin, then the following results arises.

(i) The system (1.5) cannot undergo Hopf bifurcation at E_.

(ii) For § < 1: The system (1.5) cannot undergo Hopf bifurcation at the constant steady
state E .

(iii) For § > 1: There exists a wave number denoted by vy > 0 such that system (1.5)
undertakes Hopf bifurcation for the constant steady state E at R = Ry p, where this
homogeneous steady state is locally stable for R > max{Ro x, Rmin} and unstable for
Rmin < R < Ro u. Further, a spatially homogeneous periodic solution appears for
¥ = 0 and nonhomogeneous ones appear for 0 = 1,2, ..., 0.

Proof It has been proved in Theorem 2.1 that Dy < 0 for the equilibrium E_ which leads
to deduce that there exists a positive integer (wavenumber) verifying Dy < 0 (3 = 0)
which leads to claim that this homogeneous steady state stays unstable in the presence of the
diffusion which confirms the obtained result in (i).

Passing to the second part of the proof. It is easy to see that the condition 7y = 0 is an
indispensable but not enough condition for getting Hopf bifurcation. Obviously, by taking a
look at (3.5) we can deduce that under § < 1 we get Ty < 0, which leads us to deduce that
the system (1.5) cannot possess Hof bifurcation at the equilibrium E, which emphasizes

(ii).
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Now, it remains the main part of the proof, where we will proceed to show the existence
of Hopf bifurcation. In addition to the main assumption R > Rp;n, We suppose that § > 1.
In what follows, we choose the rainfall constant as a bifurcation parameter. It is well known
that Hopf bifurcation occurs if the characteristic equation (3.4) has purely imaginary roots
in addition to the transversality condition, which equivalent to

dNR(A)

Ty =0,Dy #0, ———
dR R=Ry.H

£ 0.

Ty = 0 1is equivalent to

§—1—(y+1)»?
n = oL (3.9)
l+74+8t+(y+ Do
using the fact that § > 1 we can make sure that the critical wave numbers such that the system

(1.5) could possess Hopf bifurcation are % = 0, 1, ..., ¥ where

§—1
B :=max {9 € N,§ — 1 — (y + D)9 > 0} := [ 1]
14
where [.] represents the integer part function. Now, considering the wave number be part
of the set {0, 1, ..., ¥} and making use of the explicit formula of n, (3.9) becomes

5—1-— D2
R++VR?2—482(r +1 =28(1+f)\/ s

I+t +18+192(y +1)°

This equivalent to

G—1—(+D9>)+1428

) >0
VE—=1— @+ D)1 +1+8T + (v + Do)
ford =0,1,..,9:,68 < 1.

R=Ry =

For having purely imaginary roots, we must have Dy > 0, it is easy to see that
Do > 0 which means that there exist a wave numbers v, > 0 such that Dy > 0 for
¥ € {0, 1, ..., ¥c2}. In fact, by considering #'g = min{d., .2} we can claim that the charac-
teristic equation (3.4) has a purely imaginary roots ++/Dy where ¥ = {0, 1, ..., %5 }. Now
it remains to confirm the transversality condition which is given in the following form

g g Q=8+ 1+ +8nT ) - 2R} 4 o
dR|p_p. 25(1 + 1) 2 ’
R=Rus 2/(Rj;ﬂ,) +45820 + 1)
Ry,9+/R% 5 —482(z+1) )
where ny g = 28(1’“) , 0 = 0,1, ..., 9. The proof is successfully estab-
lished. =

Now let us focus on studying the existence of Turing-Hopf bifurcation. From many papers
such as [4,9,14,29-31] we can confirm that Turing-Hopf bifurcation appears at a reaction-
diffusion system if there exist two different wavenumbers denoted by 5 and 97 7# 0 where
the vegetation system (1.5) undergoes Hopf bifurcation at ¥ = ¥y and undergoes Turing
bifurcation at ¥ = 7, and the transversality condition holds. It has been proved widely that
this kind of bifurcation affects the spatiotemporal behavior of the solution which is going to
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anticipate this kind of complex dynamics. Indeed, by taking into consideration the results
presented in Theorem 3.1, we can conclude that the system (1.5) undertakes Hopf bifurcation
at R = Ry, y for the equilibrium state £, we denote by L i for Hopf bifurcation curve on
R — y plan. In other words, the system (1.5) has Hopf bifurcation for % = 9y = 0 for the
vegetation homogeneous steady state £ . Now it remains to show the existence of a strictly
positive wave number denoted by ¥ such that the system undergoes Turing bifurcation at
different bifurcation parameters than the rainfall rate. In fact, we will choose the diffusion
rate of the water biomass y as a bifurcation parameter. Also, we consider the R — y plan.
Solving Dy = 0in y we get:

51+ 1) (0 = 7)) + (1 +0nd + 1?2

yr(9) = , (3.10)
92 (=(1 +tn3)02 + 8 +n% (B - 81))
where n restricted at Ry o which means that
1
._ 2
NilR_ppyo = 20 +7) <RH,0 + \/RH,O —4(1 + T)32) ,
and 9 € {1, 2, ..., 9*} where
o | [? +n2 (B —87)
1+ 1.'112+
)
and B > Bmin := max {0, S(ln# . Setting the positive real x where 1 < x < ¢*. The
+

differentiation of the functional y7 (x) with respect to x is given as

_8(U4)nd —D) (403 (B—5T))

(14 (1 +0)nd)x? +28((1L + o = D

/ _ 1+1:n_2'_
= 2 1 2 8+n3 (B—81) ?
x| —(I+ni)x + el
In fact, the sign of y’/(x) is given as follows
' (x) = >0 forx > x*,
T =120 forx < x*,
where
y 1 5 (1 +1)nk — Hnk 5
X=——— {5 +1)n7. — 1+ 284+ 14+ (14 1)n%)
1+(1—|—1')ni + l—i—tni +

. . . . . 2 .
This result means that the functional y reaches its maximum either at 1 or #*  which allows
us to set the following integer:

gy = |1 iy > yr ™),
it yr() < yr*).
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We proved that there exists a positive intersection point between the Hopf bifurcation curve
defined by R = Ro.y in R — y plan (curve Ly in Fig. 4) and the Turing bifurcation curve
defined by y = y7 (92) (L7 in in Fig. 4). Then we have

dRA(R) nyHQ2 =38+ 1+ +8n% ) 2Ru0 o
AR |g=rp, 25(1+7) 2/ (Ri0) +462(1 + 1)
Ry0+/ R, o —482(t+1)
where ny g = o zal(iiir) i , and also we have
ARL(R) 2n 4 2 dny
= 97 (—1 ) §(1+2 — 0.
R |, = T em T, Iy B T s 420 T 2

The obtained results are summarized in the following theorem:

Theorem 3.3 Assume that R > Ruyin an 6 > 1 then we have:

The Hopf bifurcation curve Ly (corresponding the wavenumber 0) intersects the Turing
bifurcation curve Lt and a codimension-2 Turing—Hopf bifurcation occurs at the intersect
point (Ro. u, yr (VT1)), where

81+ (n3 - ok ) + (@ +omd + Do}

‘(9‘ =
YT = )92 + 5 4 12 (B —30))
and
oo — | 1iFyr () > yr@™),
T=19 s 2
0*ifyr () < yr(@*).
and

[ 6—1
R >R =481 —
= FH.0+ I+ 14+17+4+67

Further, for (R, y) = (Ro,u., yr(91)) the characteristic equation Vo has a pair of purely
imaginary roots *iw. and Wy, has a simple zero root, and for (3.4), there are no other roots
with zero real part.

3.2 Nonlinear analysis: The spatiotemporal patterns generated by the presence of
Turing-Hopf bifurcation

In this subsection, we will derive the amplitude equations restricted at the Turing-Hopf bifur-
cation point with the help of the weakly nonlinear analysis. The main interest in considering
it is to analyze the complex dynamics next to the Turing-Hopf bifurcation. In fact, the Turing
mode T (97, 0) where ¥ is the wavenumber will interact with the Hopf bifurcation mode
(homogeneous) denoted by H (0, wy) where wp is the frequency. The solution of the system
(1.5) can be expressed in the following manner:

U=eUD +20% + 309 +... (3.11)
where

UD = 5,14, expi) +Bexpi®D] + c.c.,
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where c.c. stands for the conjugate term. By letting ¥ = v?¢ be the slow time and expands
w and n. The bifurcation parameters are R and y, then

3
(%—8()+8(Q+8&3+~‘
R = Ry + R®v%. (3.12)
y =vi+y@ut
Suppose that the amplitude A ; and the Hopf mode ® are lingeringly changing variable, this
means:
dA 2 dAj + 0(82)
Zach + 0(£?).

Using (3.12) into the system (3.3), and gathering the first and the second the third power of
&, the sequence of equations can be expressed in the following manner

O(e) : My (') =0,

) » f(l)
0 : My (33) = =(;1o

) 2)
O Mo () = 2 (20) ~ M(21) (o).

where the linear system (3.3) can be expressed as follows
Uy = [My +v*M] U,

2 2
i < ()+y(2)Aa}2)—y(2)ﬂA>

2) )
@1 Ro%)
e alTlH _yTHy2 aszH +yTHgy?
o=\ TH ol H _ 92
21 2

2
(f( ) (alw 24 oy wntasn? ) (fl( )) _ (Zalw|wz+a2(w1nz+wzn1)+2a3n1nz+a4w?)
7 Brw?+pawn+pan?)> \ £ D) R0 wiw+ B (winp+wan ) +2B3n na+Bawi )’

and ozu yh i,j=12and yTH = 7 Note that

= ij |R Ro. v
Mﬂ*q = 0, M()q = ia)Hp,
which takes us to deduce that

0‘12 H g2

=)= (-
q2 1 P2 1

3
(w1> = Z ({(J) expmix +<(D]> expi“’H’ +c.c., (3.13)
n — \X; N

j=1

Now we set

where |2 = 97, j = 1,2, 3, This means that

()= (o)
=qA;, = po.
X; N
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Based on the above results, we suppose that the type of solutions U® can be expressed in
the following manner

J

w2\ _ (Wo — [ (Wi iojx (Wi 129 .x
(ﬂz)_ <N0>+Z[<Nj>exp o Njj o

=1
WH) 201 (Wn/) (90D, Wrn
+ exp'“®H 4 7)) exp!PnP0)x 4 +c.c.
<NH P Nyj P Nru
(3.14)

n#j>0

By injecting the Eq. (3.14) into O (¢?) we get

(O‘]T]H +yDwy + (alTQH — BL)ny = _(Ollwlz + apwing +a3n§),
adflwy + (@B + 2y = —(B1w? + Bowing + Pan?).

Then we can put
Wo =Wl +Wl, W] =0i1rN]. NI =0aP;j>, Wl =01xN{,
N = ©u|®1?, W;=qiN;, Wi, = 05Ny,
Njj = ©4P?, Nip=OPiP;, Wy =O7Ny, Ny = 0502,
Wry = ®9Nrp, Nrg =01 0Pj®, Wj; = O3N;j,

such that

O = Lreplerea
aTalei;ﬁTaT: ’
Buajy apa —a

Oy = i 2 @y = T i

1 aney ! —puell! 2T afflOrr+af)!

Oy = —an 03 = aor (3! ~40%) —pora ! +py " 92
aﬂH®IH+a17j2H ? Bar (a]TIH —4yTH 192)70‘27'0‘2T1H

Q4 = —

— T
(of [1—492)O3+a T +pyTH2*
asr (el —392)—Bsral +pyTH 2

s = Bar (1 =3y TH92)—azra]
O = — TH 2 _QBTTH THyH2 >
(i =39%)Os+aj,” +py 1Y
0y = Banal ol
gl —Bapall”
O = —p it @y = wrloas —02)—psral+py 102
aff O +alf!” Bsr (o =y TH02)—asraf >
O =— —OST

(@l —402)©9+al +pyTH2’

ar =2a1lq1* + 2(q192 + q2q1) + 2a31q2*. Br = 2B11q11* + Ba(q12 + 2q1) + 28319217
oy =201|p1*> + a2 (pipa + p2py) + 2031p21? Bu = 2B1Ip1* + B2(piPap2py) + 2831 p2lt
arr = a1q? +eqi1q2 + B3q3,

Bor = P14} + Boq1q> + B3g3. st =ar, Pir =Pr, oam =oor, Pan = Por,

ast = 201q1p) +a2(q1py + q2py) + 20392 D>,

Bst = 2B191D1 + B2(q1 P2 + q2P1) + 2839277

Now, we solve the system of O (&%) term. Based on the condition of Fredholm Solubility

[16]. The right-hand side of the mentioned equation has to be perpendicular to the zero

eigenvectors of the adjoint operator M;r . At first, the zero eigenvectors of M ;“ to the Turing
=t

T
bifurcation is ¢* exp~7/** where ¢* = (q;‘, qg‘) = ( , T) . Note that M; is the

conjugate of My. Thus, the zero eigenvector of the operator M; to the Hopf bifurcation is
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TH
al|

T
p*exp~ @1 where p* = (p}, p;‘)T = (1, W) . The orthogonality condition offered by
21
M; with the third order term can e expressed as
(@f.q3)exp™"i" My (32) = 0. (p}. p3) exp™ " My ;?) = 0.
Then we get (by using the Fredholm solubility condition)

aP - e
T~ =P+ CuaPsy +n3P) + (gl1P1 + 41 P21 + | P31) P+ g4l @ Py,

such that 7o, 7z, C, g/, g5, g5 are defined in “Appendix” section.

The equations of P> and P; could be obtained using the subscript change of P. Using the
above expressions and

Aj = (3’;}_’) (@) (P + 2P + O()).

BY
Bj = (Biz) = (7)eB.
ML=l roeh, j=1.23,

aB} 9B 4
L =ep1 28+ 0(eh),

then the amplitude equations at Turing mode (three equations) and Hopf bifurcation modes
(one equation) with the orthogonal wave vector are expressed as follows (see also [15]):
UL = WAV +hATAY + (21| AV + g2 (JAY1P + |AYP)) AV + g3l BYPAY,
JAY o
i = uAY + hAYAY + (211AY P + g2 (IA7P + 1A 1%)) A + g3 B 2AY,
3A1LY —_—
g = MAY +hAVAY + (211AY P + g2 AV +1431%)) AY + 83| B [PAY,
a w
B = EBY + g0 |BYPHY + goa(|AV2 + 1AV 12 + |AYP)BY,

(3.15)

where h, i, &, go1, 802, &1, &2, &3 are defined at the “Appendix” section. For the subject of
determining the patterns selections, we need to analyze the existence and the stability of
equilibrium points to the amplitude Eq. (3.15). In fact, each amplitude could be decomposed
into its module as v/; = |Aw|, o0 = | B|. By a straightforward calculation, we get
% = w1 + hyys cosv + (gmﬁ, |+ gz|w2| + gwg ) ¥+ 3l BIPY,
%2 = o + hyriyz cosv + (g1 1v3| + gzlllfl |+ g3|103 ) ¥2 + g31BI*¥,
3

= uyn + iy cos v + (g11v3] + g20¥3| + g31¥7l) ¥3 + g3 B> Y3,
379 _p ViR

at Y123 sin v,
9B — £B +%M(go)|BI*B + R(go) (Y1 % + [¥21 + [¥3*) B,
Ao = 3(goD) B> + 3(go) (1Y% + [¥2 ] + [¥31%),

(3.16)

where v = Z§=1 arg(AY) and H” = B exp!®®!. For h > 0 the solution ¢ = 0 of the fourth
equation of (3.16) is stable, and the solution o = 7 is stable under the condition 7 < 0.
The patterns exist only when the solution of the fourth equation of (3.16) is stable. Thus, the
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mode equations have the following structure:

S =y + s + (a1lV7] + 221v3] + g31¥31) v + g3l By,
de = uy + Ry vs + (81193 + g21¥7| + g31¥31) v + 831 By,
o _ wrt + Ry + (811¥3] + g2 | + g3lvEl) ¥s + g3 B>,
88 = &B + %M(go)|BI*B + R(go2) (1¥11> + |2l + |¥31») B,

(3.17)

Case 1. The solution of spatiotemporal periodic patterns is investigated, this means that

—un - N
vy = §g3 uN(go1) U =ys=0, B= Eg1+u Eg\oz) .
g1M(go1) — g3M(g02) g1M(go1) — g3M(go02)

For having the stability with respect to the mode ¥ and B the condition
g1M(go1) > g3MN(go2) is required. The condition at which the solution exists

reduces to uN(go2) > £g1, g3 = udN(gor).
Case 2. Considers Y| = ¥ = Y3 = ¥, and

2 _ _ 283%(802) _ &g
, Ih|+\/|h| 4 (g1 +2g0 — 38 (1 — ) e £ Iy

239 (g00) ’ - R
2 (gl + 2g2 -3 ?“(go:? ) (g()l)

In this case the hexagonal patterns arise. For ensuring there existence and stability,
the following conditions must be hold

n N
|h|* — 4 (gl +2¢2 — 3@) ( _ \583 g3\ (goz),
R(go1) N(go1) R(go1)

2
MW o, 29190 B2+ 31h1w + 6(g1 + 28200 < 0.
N(gor)
For returning back to the Turing bifurcation only it is sufficient to consider B = 0 where
this case is investigated in many papers as it has been highlighted in the introduction sec-
tion. For the Turing-Hopf bifurcation, the cases 1 and 2 show this spatiotemporal behavior
(nonhomogeneous) generated by the presence of this type of co-dimensional bifurcation.

>>O, g1+2g >3

4 Numerical simulations

In this section, we will investigate the complex dynamics introduced by varying the rainfall
and internal competition and the diffusion coefficient. Firstly, we discuss the method for
choosing parameters based on real-world remarks. For the vegetation model (1.5), there
exists a considerable interval of selecting the value of the model parameters. For instance,
in the case of the rainfall constant, in our planet, there is a vast diversity in the quantity of
the rainfall, which depends on the studied region, where the most significant value will be
obtained in the tropic regions. In these areas, the quantity of the rainfall is very high, contrary
to the desert regions, where the rain is very scarce, this gives us a very open choice of the
rainfall rate for satisfying our theoretical applications. There is a quiet type of plants that can
survive in a certain type of conditions of the scarcity of rain, we mention as example Opuntia
ficus-indica, zebra cactus plant, golden barrel plant, and others. Besides, for the choice of the
rate § which represents the death rate of the plant which is affected by the type of plant, as
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Fig. 1 The influence of the rainfall rate R on some critical parameters of the system (1.5)
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Fig. 2 The influence of the internal competition between plants T on some critical parameters of the system
(1.5

for example, the death rate for a plant is very small for the trees, and some desert plants are
very small compared to the grass (see [13]). For the plant’s internal competition rate, there is
also a wide interval that we can choose our parameters. In fact, this rate depends on the type
of plants that can live in such as environment (where the type of environment is controlled
by the rainfall constant) the reason for considering the kind of plant is due to the average of
the consumed water by a plant, the length of the roots, the quantity of the consumed water
by a plant (a type of the plant) and other factors which affect on determining the value of the
internal competition rate. To mention that this last new parameter has been estimated in the
numerical simulation. Also, the influence of this rate on the spatiotemporal dynamics is also
established where it will be discussed later. In [13] it has been considered some value on the
model (1.1) parameters that can be used here.

Fig. 1: Shows the impact of the rainfall rate on the positive homogenous steady state for
the vegetation biomass n. and on the critical value of the Turing-Hopf bifurcation defined
in (3.10). The following values are considered 8 = 0.7; § = 1.2; 7 =0.1; Rpin =
2.5171; Ro.m = 3.5272.

Fig. 2: Indicates the effect of the variable 7 on positive homogenous steady state for the
vegetation biomass 7 and the impact on the critical value of the Turing-Hopf bifurcation
defined in (3.10). The following values are taken: 8 = 0.7; 6§ =2.2; R =0.1.
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The influence of R on D The influence of ton D
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Fig.4 The existence of Turing-Hopf bifurcation point which is the intersection point between the Hopf curve
and Turing bifurcation curve denoted by 7 — H

Fig. 3: These figure shows that Dy can be affected by the rainfall and the internal com-
petition between plants, which means that it can affect the existence of Turing instability.
The following values are chosen: y = 0.1; 8 =0.7; § = 1.2. In fact, for the left hand
multi figure values of the rainfall next to r = 0.15 are considered, and the opposite is
used for the right hand figure where the rainfall rate is fixed to the value R = 3, and
multi values of the internal competition rate are used.

Fig. 4: This figure represents the existence of Turing-Hopf bifurcation point which is the
intersection point between the Hopf bifurcation curve defined by R = Ry g (the figure
in red) and Turing bifurcation curve y = yr(1) defined in (3.10). The following values
are chosen: y =0.1; 8=0.7; 6§ =1.2; 7 =0.15.

Fig. 5, 6: These figures show the influence of y on the spatiotemporal behavior of the
solution of the vegetation model (1.5) where 8 =0.7; 6§ =12; 7 =0.6; R=4.8 >
Ro.H.

Fig. 7, 8: These figures show the influence of y on the spatiotemporal behavior of the
solution of the vegetation model (1.5) where 8 =0.7; §=12; 1=0.6; R=4.7 <
R(), H-
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Fig. 5 the effect of y on the spatiotemporal behavior under the initial conditions (wg(x, y), ng(x, y)) =
(0.1 +0.01(cosx + cos y), 0.15 + 0.017(cos x + cos y))

Fig. 7 the effect of y on the spatiotemporal behavior under the initial conditions (wg(x, y), ng(x, y)) =
(0.1 +0.01(cosx + cos y), 0.15 + 0.017(cos x + cos y))
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x

Fig. 8 The projection of the surfaces obtained in Fig. 7 on x — y plan

5 Discussion and remarks

In this paper, we considered a predicting vegetation model by taking into account the water
restriction by the plant’s roots and the inner rivalry between the plants. Before we begin with
our analysis, we recall that the inner competition between plants is just recently considered
due to the paper [37], where it has been noticed that the model (1.3) cannot undergo Turing
instability. Further, the main interest in the mentioned paper is to determine the patterns
generated by the presence of the slope of the terrain next to the influence of internal rivalry
between plants. Furthermore, there is no discussion on the types of bifurcation that the
model can undergo. Based on existing works in the literature (vegetation patterns) such as
the works [11,36] we can highlight that the patterns generated by the presence of Turing
bifurcation is the most common for many papers. In this context, we achieved some new
results for the vegetation results for determining vegetation patterns which are elaborated
by the presence of Hopf bifurcation for the non-spatial model (Theorem 3.1) wherein the
paper [37] the local stability is discussed only. Further, the spatial Hopf bifurcation has
never been studied for the vegetation model wherein Theorem 3.2 discuses this result in
detail. To highlight that proving the existence of Hopf bifurcation for a spatial model is very
important for predicting the seasonality effect on vegetation growth. Turing bifurcation is
recently investigated due to the paper [11] where it has been proved that the system (1.2)
(in the absence of slop of terrain) undergoes Turing bifurcation and did an excellent job in
discussing the patterns in the neighborhood of the Turing bifurcation point. The presence
of this result means in the actual world the possibility of existence of the vegetation cover
with non equal distribution in the space,and this result is the most common in the real-
world. To mention that the model studied by [11] is a particular case of our system (1.5).
Turing bifurcation it self generates an important and complex patterns, which highlight the
non homogeneous distribution of species, where it is applied in different disciplines, where
for more information we refer to the readers to check the papers [47-49] The study is not
confined to prove the existence of these two types of bifurcations (Hopf bifurcation and
Turing bifurcation), but it is expanded to show the possibility of the intermingling of both
Turing and Hopf bifurcations for different wavenumbers (0 and 7). It is proved that Turing-
Hopf bifurcation generates very complex dynamics in the case of predator-prey models
[4,9,14,29], mussel-algae model [30], but has never been applied to vegetation model, and
no one can deny its importance. Further, the existence of Turing-Hopf bifurcation in the case
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of two-dimensional space is a very new step where some new arguments are provided for
determining this kind of bifurcation.

Indeed, we investigated the influence of the type of climate measured by the rainfall
constant R on the spatial patterns wherein Fig. 1 shows this result. More precisely, for the
left-hand figure, it shows that yr defined in (3.10) is decreasing in R for different values
of the wavenumber ¢ # 1,0 and increasing for ¢ = 1 (the figure in the middle) which
shows the significant influence of these rates on the critical value of the Turing-Hopf bifur-
cation. Further, it has been noticed that the rainfall has a positive impact on the vegetation
equilibrium state n as it has been shown in the left-hand of Fig. 1 which agrees with the
real-life situations. In Fig. 2, the influence of the internal competition between plants on the
critical values that we obtained in our analysis, as yr for different wave numbers ¥ # 0
in the left-hand figure where a varying impact has been remarked on the critical value of
Turing instability yr and positive impact on Hopf bifurcation (the figure in the middle), and
negative impact on the vegetation equilibrium state n4 which agrees with the real-world sit-
uation (by increasing the competition between the plants the vegetation density decreases).
Furthermore, this influence (R and 7) has been expanded to Turing instability in Fig. 3,
which allow us to claim that these two parameters influenced Turing patterns, and this shows
the importance of considering the internal competition between plants on the vegetation
model. Based on the obtained figures in Figs. 5, 6, 7, and 8, we can claim the complex
dynamics generated by the presence of the water redistribution by the plant’s roots next to
the internal competition between plants, which is very important in predicting vegetation
patterns.

As one of the results obtained in this study, we can mention that the spatial Hopf bifur-
cation achieved in the Theorem 3.2 is very essential for portending the vegetation patterns
which can explain the seasonality of the vegetation in the case of the stable periodic solu-
tions generated by the presence of Hopf bifurcation. The Turing bifurcation is also inves-
tigated where the influence of the water distribution in the soil by the roots next to the
internal competition between plants is investigated in detail which is the main objective
of our study. The presence of Hopf bifurcation can represent the impact of seasonality of
the vegetation growth, wherein the actual world, we can remark that there are some sea-
sons with a low density of the vegetation cover (for instance summer season), where the
water is scarce, and there are other seasons with a high density of vegetation (for instance
example the spring) where we can get a high density of vegetation cover. Furthermore,
The intermingling between the Hopf and Turing bifurcation is also established for different
wave numbers which are known by Turing-Hopf bifurcation, where an important agree-
ment between the mathematical and the observation is noticed. In the actual world, it can
present the possibility of having the seasonality effect generated by the presence of Hopf
bifurcation and the nonhomogeneous distribution generated by the presence of Turing bifur-
cation. These results show the agreement between the mathematical findings and ecological
observations.

Acknowledgements S.Bentout, S. Djilali are partially supported by the DGRSDT of Algeria No.
COOLO3UN130120200004

Data Availability Statement Data sharing is not applicable to this article as no new data were created or
analyzed in this study.

@ Springer



256  Page 22 of 24 Eur. Phys. J. Plus (2021) 136:256

Appendix

m=q1q;

802

— 2 2
0 =q19} + 9295, T=qiq} (aﬁl) + V(Z)ﬂz) +qugias)
2 2
+2a7 (@) = v@B9%) + 295053,
C = q}Quig? + aq1q2 + 203¢3) + 452147 + Bq1g2 + 2B343),
g1 = (O17027 4+ O304) (¢ 2a1q1 + a2q2) + 5 (2B1q1 + P292))
+ (®2r + O4) (g} (@2q1 + 203g2) + 45 (B2q1 + 2B3g2)) + 3eaqi
gh = (O170y7 4+ 0304) (¢] 2a1q1 + a292) + ¢5(2B1q1 + P2q2))
+ (®27 + O6) (4} (@2q1 + 20392) + 45 (Baq1 + 2B392)) + 604q; .
g5 = OOy (29 (1q1 + a3q2) + 2¢5 (Big1 + B3q2))
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1 1
+q297 (0652)(1? —Ruo) — (v — 7/%‘)/3192) + qzq;‘a;z),

[
Il
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g1 = ———— (p} (R + 02P,) 9703

T (qipi+apiat
+(a2py +203P,)Og + 34| p1|* p1)
+p3 (2817} + B2P2)O70s
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