AIMS Mathematics, 7(8): 14076-14098.
DOI: 10.3934/math.2022776
ATMS Mathematics Received: 09 March 2022

Revised: 28 April 2022

Accepted: 16 May 2022
http://www.aimspress.com/journal/Math Published: 27 May 2022

Research article

Spatiotemporal patterns induced by cross-diffusion on vegetation model

Shuo Xu and Chunrui Zhang*
Department of Mathematics, Northeast Forestry University, Harbin 150040, China
* Correspondence: Email: math@nefu.edu.cn; Tel: +8645182190543; Fax: +8645182190543.

Abstract: This paper considers the influence of cross-diffusion on semi-arid ecosystems based on
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1. Introduction

Turing pattern is a kind of pattern formation caused by local instability of the system. In 1952,
Turing [1] pointed out in his paper that diffusion will make steady-state unstable and eventually form
a Turing pattern. Some people [2, 3] have discovered many similarities between the dynamical
instability of the uniform and the equilibrium phase transition when the system is far away from the
thermodynamic equilibrium. In recent decades, the phenomenon of desertification has become more
and more serious. Based on this, the exploration of the stability of the ecosystem has become a hot
spot [4-6].

Patterns of vegetation, well known for one of the most attractive and interesting characters of aerial
images, are ubiquitous in semi-arid regions, in which water is regarded as the limiting resource for
plant growth. In fact, the existence of vegetation is affected by many factors, such as overgrazing,
deforestation and so on [7]. Some models of vegetation consider the local effect between vegetation
and water. It is clear that water is the source of life which is limited in arid and semi-arid areas and
has a great impact on resulting in the formation of vegetation patterns. Hence, the study of relationship
between the water and vegetation can play a certain guiding role in the stability of vegetation structure.

For the formation of vegetation patterns in semi-arid areas, many various models have been
established. R. Lefever [8] established a univariate model (dimensionless model) that only included
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vegetation biomass:

) ! |
a_b; :(1—,u)u+(A—l)uz—u3+E(Lz—u)vzu—guv4u, (L.D)

where u represents the number of vegetation or vegetation density, u represents the mortality of
vegetation, A describes the sensitivity of mutual inhibition and promotion between vegetation, and L
represents the ratio of the spatial distance between vegetation mutual promotion and inhibition,
model (1.1) reveals the relationship between the short-distance mutual promotion of individual
vegetation and vegetation communities and the long-distance competition for resource mechanisms.

In 1999, Klausmeier [9] established a mathematical model containing two variables (vegetation and
water) for the formation of regular vegetation patterns in semi-arid areas:

ON _
{ & = RIWN? — MN + D|AN, (12)

ow _ 2 ow
W—A—LW—RWN +§’

among them, N, W respectively represent the number or density of vegetation and the density of water.
The results showed that the regular vegetation pattern in the semi-arid area is caused by the traveling
wave instability of the reaction-diffusion convection equation. The establishment of this model has
provided much convenience for the study of vegetation patterns in semi-arid areas.

Later, some authors [10] introduced the soil water diffusion feedback existing between vegetation
roots and soil water into the klausmeier model:

ot 1+ow

&= p—(1-pn)w—wn+ V3w - fn),

{ o= (2 —v)n—n?+ Von, (1.3)

yw
(1+ow)

spread of plants is modeled by the diffusion term V2. Model (1.3) contains a source tern p representing
precipitation and a loss term —(1 — pn)w representing evaporation. We ignore the evaporation reduced
by vegetation evaporation (p > 0). Local uptake of water by plants (mostly transpiration) modeled by
the tern —w?n. B describes positive feedback effects of water and biomass. n represents plant population
density and w represents groundwater concentration. This nonlinear equation reflects the influence of
mutual promotion and competition. The spatial term simulates the spread of vegetation and the transfer
of water, and the cross-diffusion term explains the absorption of water by the roots of the vegetation.

In this paper, we ignore the evaporation reduced by vegetation and mainly study the properties of
simplified Hardenberg’s model with reaction diffusion when p = 0 as follows:

where the term n describes plant growth at a rate that grows linearly with w for dry soil. The

1+ow

@:(7‘” —v)n—n2+dV2n, (1.4)
W — p—w—wn+dosVi(w — Bn), ’

with Neumann boundary condition:

{ n(x,y,0) =ng, w(x,y,0) =wp, (x,y)€Q,

on _ dw _
% — do =0, (x,y)EGQ,

where Q = [0, /] x [0, ], [ is a positive bounded constant which gives out the size of the system in the
directions of x and y, o is the outward unit normal vector of the boundary 9Q.
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The rest of this paper is organized as follows: In Section 2, we analyze the stability of semi-arid
ecosystems model and give the positive steady state existence conditions in order to explore the model’s
linear stability and Turing bifurcation conditions. Then in Section 3, we derive the amplitude equations
of this model and consider the selection of Turing pattern close to the onset 8 = 87 given later. Next in
Section 4, based on the amplitude equations derived in Section 3, we analyze the conditions in different
situations of Turing pattern steady-state. And in Section 5, the relaxation time describing the standard
time of system to settle down is given to better the numerical simulations. At last, conclusions are
shown from aspects of mathematics and biology, respectively, in Section 6.

2. Stability analysis of semi-arid ecosystems model

In this section, we analyze the stability of the corresponding ODE model at first,

on
E = f(n5 W)a
{ & = g(n,w), 1)
where
(v _ 2 on _ 2
fonw) = (5 —v)n s [ G = S vV, 2
gn,w) = p—w—wn, 5 = 8(n,w) + 6dV=(w — pn),

with Neumann boundary condition:

{ n(x,y,0) =ny, w(x,y,0)=wp, (x,y)€Q,

L=9=0, (xy e,

where Q = [0, /] x [0, ], [ is a positive bounded constant which gives out the size of the system in the
directions of x and y, o is the outward unit normal vector of the boundary 9Q.

2.1. Positive steady state existence conditions

We first consider about the existence of the solutions. For model (2.1), when it doesn’t change with
time, the second of equations

on
o = f(n,w) =0,
ot 2.3
{%zg(n,w):o, (3)
can be rewritten to the following:
W (=y +ov)+w (o +v)+wop-1)+p=0. (2.4)

Theorem 2.1. (1) If (—y + ov) < 0 holds, then the solution w. of Eq (2.4) must be positive.
2)If(=y+o0v)<0,v—0o <0andop—1 <0, then Eq (2.4) has the unique positive real solution.
Furthermore, if p(—y + ov) + v <0, then the system (2.3) has the unique positive equilibrium (n.,w.).
Proof. Denote

Fw) = w(=y + ov) + w (o +v) + w(op — 1) + p,

since the parameters are positive, SO
F@0)=p>0,
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thus it is obvious that F(+00) < 0. So there exists w, making F (w,) = 0.
Denote
F(w) = w3(—y +0V)+wWH =0 +v) + wop—1)+p,

SO
F'w) =3(=y + ovw* + 2(=c + vWw+(op-1) <0

when w > 0, since F(0) = p > 0 and F(+00) < 0, so there is only one positive solution w, making
F(w,) =0.

Since F(p) = p*(—y + ov) + p*(—=o + v) + op* and p(—y + ov) + v < 0, then F(p) < 0, and since
F’'(w) < 0 is proved in (2) when w > 0, so p > w,, notice that p — w, — w?n, = 0 is equivalent to
= PV‘V;”*, that is to say n, > 0.

*

Ny

2.2. Linear stability analysis and Turing bifurcation

Until now, we have already gotten the positive steady state (n., w.) of (2.3). And now we discuss
about its stability, then analyze the conditions for model (2.2) in 2-D space to admit the Turing
bifurcation [11-14]. The Jacobian matrix corresponding to this equilibrium is

ap, a
= @)
az dan
1
ain an \_(fo v [ T Yy
az an 8n 8w Jn.w) —w? —1-2w,n,

dy dnp\ _( d 0
dy dn |\ —sdp od )’

then, we get the linear perturbations equation:

)= )L )= (0)
Wi dz; ax w dy dyp w

Therefore, the eigenvalues of linearized operator can be derived by discussing roots of following
series of equations. Denote
. —dk? 0 _0
(e} dopk*  —odk? -

meslo(3 T )
0 1 g 8w
Try = —n, — 1 = 2w.n, — dk*(1 + 9),
Dety = n. (1 + 2w.n,) + W sy + k2 (d + 2wannd — F222% + 5dn, ) + Ko,

where

Denote

where K> =P +m?,and [ = 1,2,3,---, m=1,2,3,---.
If there is no diffusion, & is equal to 0, and we get

Dety = n. (1 +2w,n,) + w?—2— > 0.

* (L+ow,)?

{ Tro=-n,—1-2w.n, <0,
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So (n,,w,) is stable.
Next we focus on the diffusion terms:

Tr, =Tro—d(l +8)k* <0,
Det;, = Dety + kzd(l +2w,n, — B (5n*) + 6d*k*

(14+ow,)?

= 6d* (K* - k) + Dety — 6d°K;.

where

—1 = 2w.n, x — on,
(-1 = 2w.n, + 22 — 6n,)

(1+ow,)?
26d

When the diffusion term is considered, the case is different. The sign of the Det; is dominated by the
cross diffusion parameter 5. So we should discuss the cases following to make the Turing instability
occur.

ky =

Denote 2
1+ .
Boo = (n.0 + 1 +2w,n,) ﬂ,
oyn,
Zyn., 1+ « 2

(6d + 2w.n. + 1 +6n) (1 + ow,)?
on.y '

B =

We assume that
(NO) B> Boos
(NT) B> Bots
(N2) B> Bo2s
and the cases are as follows:
(1) If B = 0, then Det; > 0, the positive equilibrium (7., w,) is stable, the Turing instability will not
take place;
(2) If 8 > 0, and then we will choose the conditions of 5, furthermore:

(i) If (NO) holds, then the symmetry axis of equation Det; = 0 is positive, that is to say, we can have
k to get (Dety)min-

(i1) If (N1) holds, then (Det;)min < 0.

(iii) If (N2) holds, then k%, > 1.

Condition (N1) guarantees that (Det; ), < 0, where kfnin
that the minimal point k2, > 0.5.

We know that 8 = By(d) increases monotonically in d and intersects with 8 = Sy, at the point
d = dy, where dy = 2 \/5 [, (14 2w.n) + 22— ym ]

We take

= k%. Moreover, condition (N2) guarantees

B _{ﬁou 0 <d <d,
g B2, d=dy,

then we get following conclusion:
Lemma 2.1. Suppose (NO) holds, then (N1) and (N2) hold if and only if B > Bp.
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Denote
2
n. (1 +2w.n,) + 7n*(l+i—;)2 + K2d (1 + 2w.n, + on,) + k*od?
Bk, d) = dk2syn., ’
(1+ow,)?

then Det;, = 0 when 8 = B.(k, d).

Lemma 2.2. Assume that (NO) holds, function B = B.(k,d) has following properties:
(a) It will reach the minimum B = By, at d = d,(k), and d = d,, (k) decreases monotonically as k

increases, where
d,,(k) = \/Dety/5/k>.

(b) It increases monotonically in d and k when d > d,, (k).

1 1 1 1 1 1 1 1 1
2
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
d

Figure 1. The graph of functions 8 = By, 8 = Bn(d) and B = B.(k,d), d > 0,
k= V2, V5, V8, ..., in the (d, B) plane, 6 = 5.20, y = 0.296, o = 1.60, p = 1.60.

82l
V.
8r /oA
Y
T1,2 /
y /
ES A
76k 23 [\
/ \
\
i / \
74+ JNS
7.2 : :
0 0.05 0.1 0.15

d

Figure 2. The first Turing bifurcation line T: 8 = S.(d), d > 0, and Turing-Turing bifurcation
point Ty 41, k = 1,2..., with 6 = 5.20, ¥ = 0.296, o = 1.60, p = 1.60.
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In Figure 1, a graph is present of functions 8 = Boi, 8 = Bn(d) and g = B.(k,d), d > 0, k =
V2, V5, V8, ..., and in Figure 2, we present a graph of Turing bifurcation line with different k-modes,
which illustrates the results of Lemmas 2.1 and 2.2.

Theorem 2.2. Assume that (NO) holds:
(1) For any given k;, where k> = P+m?,1=1,2,3,.., m = 1,2,3, ..., and k; is ranked orderly according
10 the increasing of 2 + m?2, like ko = V2, k; = V5, ko = V8, ks = V10, ks = V13, ks = V17, ... ,we
have follows:

(i) When B = B. = B.(ki,d), d € (di, x,+1,dk,-14,), If k = ki, characteristic equation Dy = 0 has
a simple real eigenvalue A = A(ky,B) with A(ky,B.) = 0, i 45) < 0, and all other roots of

a5 |1=0=p.

Dy (4, B.) are possession of negative real parts.

(ii) At B = B. = B.(k1,d), system (2.2) undergoes k,-mode Turing bifurcation at (n., w..).
(2) The relationship between 3 and B, indicates the occurrence of Turing instability:

(i) B < B.(d), d > 0O is the critical curve to produce Turing instability.

(ii) When B = B.(d), d > 0, there is no Turing instability in system (2.2) with the asymptotically
stable equilibrium (n.,w,).

(iii) When 8 > B.(d), d > 0, the diffusion we add makes the equilibrium (n.,w.) unstable.
(3) On the critical curve = B.(d), d > 0, ki-mode Turing bifurcation occurs when d € (dy, j,+1, dk,-1 1),
and (k;, kix1)-mode Turing-Turing bifurcation occurs when d = dy, y.+1, 1 € N*, which means that one
Turing bifurcation curves with wave numbers k; and the other one with k;,| are intersected with each
other.

Proof. Firstly, we know directly that
Tre=Tro—d(l +8)k* <0, k€ N.

When d € (dyx,,-dk,_ k), A = 01s a root of Dy, (4,6,). And Det;, = 0, Det;y > 0, where k # k;,
k= \/5, \/5, VS8, ... . From a direct calculation, we obtain that

dDy,

T =-Tr. >0,
dAa li=o Tk

thus A = 0 is a simple root.
Next, we show that the transversal condition is valid. Let 4 = A(k,8) be the root of Dy(A,[)
satisfying A(k;, 8.) = 0, then

dD, dAd  dDet
— liz0p=p,= —Tri— + 7% _ .

dap g dp

With the formulas above, we can obtain this:

ki) _ Kd ( syn,

_Xaf_ o ),
dap Try (1+<Tw*)2)

Remark 2.1. Now we have three conclusions as follows:
(1) B < Bo1. The constant critical value By, does not change with diffusion.
(2) B < Bg(d), d > 0. The critical value Bg(d) is determined by diffusion rather with mode number k.
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(3) B < B.(d), d > 0. Both diffusion and mode number k have influence on the critical value $.(d). And
equilibrium (n.,w,) is asymptotically stable.

We can see that both terms (1) and (2) in Remark 2.1 are sufficient conditions, which Turing
instability does not take place under, and term (3) in Remark 2.1 is not only sufficient but also
necessary.

Remark 2.2. The critical curve of Turing instability f = B.(d), d > 0 is called the first Turing
bifurcation curve, one with the corresponding characteristic equation having no root with positive real
part. It is a piecewise smooth curve, with piecewise point called Turing-Turing bifurcation point Ty, ., ,,

see in Figure 2. Notice that wave number k and diffusion coefficient d affect the expression of the first
Turing curve, so stable spatial pattern can be found with wave number k, where k = V2, V5, V3....

Remark 2.3. Focusing on Lemma 2.1 and Figure 2, It is clear that if diffusion ratio B is relatively
constant, wave number k of spatial pattern is affected by the diffusion coefficient d. Smaller the
diffusion coefficient d is, larger the wave number k is.

3. Derivation of amplitude equation

We haven’t determined the selection of Turing pattern based on the above discussion. In this section,
we will take the selection of Turing pattern into consideration with free condition in 2-D space. S
is close to the onset Br, the eigenvalues are around zero corresponding to the critical modes which
vary slowly, meanwhile the off-critical modes relax quickly, so only perturbations with k around k7
should be considered. Since amplitude equations dominate the dynamics of the system, we analyze
the stability of different patterns near the onset using the amplitude equations. There are two methods
to drive the coeflicients of amplitude equations: One is symmetrical analysis and the other is standard
multiple-scale analysis [15,16]. The critical value is

ky =

= —2w,n, — 1 -n,0].
M 26d \ (1 + 6w,)? W " )

The Taylor series expansion is

af ? A%
f(I’L W) ﬁn (M4 W) %(n W)W+ _(n%—i_wm) f("*,w*)
+ 4 (ngs +w f‘ +o(p?).
g(n, w) = U (n. w)+wl9w (n« W)+ '( +W6w) g("*,W*)
-3 (n— +w— g' +0(,03),

and then

ﬁw +4 (—1n2 + 2wn(l+gw*)2

+wyn.(=2) =2 )3) +4 (nw2 By(=2)(1+ow) o

Wi y(=2)(=3) (1 + ow.) ™ 0?) + 0 (p?), (3.1)
gn,w) = —w?n+ (=1 - 2w.n, )w+ (an( 2w,) + w? (=2n ))

+37 (3nw2( 2)) + o(p )

f(n,w) = —n.n+yn,
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is considered, and then substituted into system (2.2). The terms O(p*) are omitted for the sake of
convenience, then we get a system which approaches system (2.2) as follows:

_of or 1 (o 42V
n[ T on (74,W4) n ow (n,w4) wt 2' (n + Waw) f (M4, W)
3
1 J d 2
+§(I’l&+W% f‘ +0( )+an,
” (o) (3.2)
wt—n%(nw)+waw )+2'(”_+Waw) g(n*W*)
1
- L (nZ +wi g‘ |+ 0(p)’ + 6dV(w — ),

and by substituting the specific expressions into Eq (3.2), we get

n, = —n.n+ yn*mw + = (—ln2 + 2wn(1+ N
+wlyn, (- ) )3) + 3 (nw2 By(-2)A +ow) o
+wy(=2)(=3) (1 + ow.)~ 0'2) o(p*) +dv?n,

w, = —w?n + (=1 = 2w,n, )w+ (2nw( —2w,) + w? (- 2n*))

+ (3mw3(=2)) + o (p*) + 5dV2(w — Bn).

The solutions of model (3.2) can be expanded to
n (A"
u= ( " ) = Z;( Aj‘f“ )exp (zkjy) + c.c, (3.3)
=

where c.c stands for the complex conjugate.

Denote
u:(n):8(71)+82(72 )+83(rf3 )+ (3.4)
w W W w3

and

where Ny, N, are given in Appendix. Then, model (3.2) can be changed to as the follows:

a—bt‘ = Lu+N, (3.5)

where
-n, +dV? yn, —

(1+ow,)?

L= . (3.6)
w2 = 8dBV?  6dV? — (1 + 2w.n.)

For this system (3.5), the parameter 5 behavior near the onset Sr is analyzed. In this way,  is
expanded in the following term:

Br—B=cefi+&Pr+ePi+--, (3.7)
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where ¢ is considered as a small parameter. The variable # and the nonlinear term N are expanded
according to & so that we obtain the follows:

N
N34:( 3),

where N3, N, are given in Appendix.
And L can be expanded as follows:

0 0
L:LT+(ﬁT_ﬁ)(6dv2 0)3 (38)
where |
—n, + dV? Y o
Ly = . (3.9)

—w? —6dBrV?  6dV? — (1 +2w.n,)

Separating the dynamical behavior of the system (3.5) according to different time scale is regarded
as the core of the standard multiple-scale analysis scale. We just need to separate the time scale (i.e.
To =1t T, =¢t, T, = &t). Bach T; corresponds to the dynamical behaviors of the variables, whose
scales are 7!, an independent variable. So the derivative with respect to time converts to the following
term: p 5 p 5
2

— = + + +ee 3.10

ot~ aT,  CoT, " © T, ©-10)
For model (3.5), we consider the following result:

0A  0A 0A , 0A

o4 _ 11
or or, Cor, Tfam T (3.11)

Substituting Eqs (3.6)—(3.9) into Eq (3.5) and expanding it according to different orders of &, we can
obtain three equations as follows:

a:LT(’fl ):0, (3.12)
Wi
32:LT(’32)=(F1W), (3.13)
%} Fl
where F{, F}" are given in Appendix.
2o [ F2
co(®)=(5) oo

where F7 , Fy are given in Appendix.

For the first order of &, as Ly is the linear operator of the system near the onset, (n;, w;)? is linear
combination of the eigenvectors that corresponds to the eigenvalue zero. Solving the solution of the
first order of &, we can obtain

3
( ? )ij exp (ikjy) +c.c, (3.15)

J=1

—_

s 3

N —
Il

AIMS Mathematics Volume 7, Issue 8, 14076-14098.
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where
0= bk
(n, +dk®) (1 + ow,)*
|kj| = |kr|, and |wj| is the amplitude of the mode exp(ik;r) if the system is under the first-order

perturbation. The perturbational term of the higher order determines its form. For the second order
of &, we obtain Eq (3.13) above.

First we directly solve the equation with the solutions of Eq (3.15) which we have already calculated
and by the comparing with the corresponding coefficients. We will get the following results:

iy il i) i’
= + Z?Zl |exp (ikfy) + Z;zl ~|exp (i2kfy)
W) 0y A vy
(3.16)
ﬁé',j+l
+3L] e (i (k; = kjs1) y) + C.C.
‘—}J,.l

2

Secondly, according to the Fredholm condition, the vector function of the right-hand side of
Eq (3.13) must be orthogonal with the zero eigenvectors of operator L7, so that the existence of the
nontrivial solution of this equation can be ensured. L7 is the adjoint operator of Ly, it is as follow:

o[ e dV -+ Sd () W
T\ yn.—L— (=1 -2w.n,) + 6dV?

(1+ow,)?

In this system, the zero eigenvectors of operator L7, are

( 30 )exp (=ikrr)+c.c.

The orthogonality condition is
Fi)
(1’ ‘)D)( FY ) - 0’

that is

ny

0
(1,(,0) [a_Tl( W] )—R1 —Rz] = 0, (317)

where Ry, R, are given in Appendix.
For the third order of the € in Eq (3.14), as with its second step of the second order, we have

Fn
(1,90)( Fi ) =0,
2

that is
Bl +(Bz+B3+B4+BS+B6+B7)+90(Bg+Bg+Blo+Bll) :O,

where B;—By; are given in Appendix.
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Expanding the above equation, we have
Ci+(Cy+C3)+&(Cy+Cs +Cs) =0, (3.18)

where C1—Cg are given in Appendix.
Denote A; = A?, and then, we expand amplitude A in the following form:

A=W, + &V + ... (3.19)

Substituting it into Eq (3.18), the amplitude equation corresponding to A; can be obtained as
follows:

0A o
Toa—Ti = A + hAyAs — (311411 + g2(1Aaf + 1431)). (3.20)

where C;—Cg are given in Appendix.
4. Analysis of Turing pattern steady-state

Eq (3.20) can be decomposed to mode p; = |A;| with a corresponding phase angle ¢;. Then, four
differential equations of the real variables are obtained as follows [15-17]:

£ 00 _ _pPPRIRRS
Og’ - P1P203 #s
PlL 3 2 2
0% = pp; + hpaps cos @ — g1p7 — g2 (03 + p3) o1

4.1)
9
TO% = pp2 + hpp3 cos ¢ — glpi -2 (p% +p§)p2,

To% = Hps + hp1p2 00 ¢ = 8103 = 82 (P} + £3) o3
where ¢ = @1 + @ + 3.

The dynamical system (4.1) has four kinds of solutions:
(1) The stationary state (0, 0, 0) is stable;

(i1) Stripe pattern, given by
p1 = w/ﬁ’ p2=p3=0,
81

and exist only when p is of the same sign as g;;
(iii) Hexagonal pattern, given by

== pa = p _hl = R+ 4 (g +280)
= =p3=pxL = .
P 2(g1 +2¢2)

Denote
—h?

C4(g +28)
the existence condition of py, py, p3 1S u > uy;
(i1i1) Mixed structure pattern, given by

I U= gip;
p1 = , Pr=p3= A ——,
82— &1 81+ &2

AIMS Mathematics Volume 7, Issue 8, 14076—-14098.
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where g, > g;.

Without discussing solution (i) which is trivial all time, we firstly take the stability of stripe pattern
into consideration. Setting p; = pg + dp1, P2 = 0p2, P3 = Op3, substituting them into Eq (4.1), and then
linearizing, we get

o [ 9P u=3gp; O 0 p1
5| P2 |= 0 p—gpy  lhlpo 502
0p3 0 oo 1~ g5 )\ Sp3

The characteristic equation is

2
|*
(—2u - s)((u— 8- S) - —u|=0,
81 81

so the eigenvalues are
8
s1 =24, $23= u(l - g—z) + Al /g1,
1

denote
_ h’g
(g1 - 82)2 ’
then we get stable stripe pattern when u > u, and u > us.
Secondly, we focus on the stability of hexagonal pattern. Substituting p; = po+ 07, wherei = 1, 2,3,
into Eq (4.1), then linearizing, we get

=0, s

P op1 a b b op1
% opy |=| b a b || op2 |,
! op3 a b a 0p3

where
a=u-(3g +2g)pg b= Ihlpo—2g:05.

The character equation is
(a—s) —3b*(a—s)+2b° =0,
so the eigenvalues are
si=s=-b+a, s3=2b+a,
denote
281+ B2

M4 =
(&2 —81)2

b

only when

M < g,
all the eigenvalues for p, are negative, which means that we have the stable hexagon pattern; while the
eigenvalues sy, s, for p_ are positive which means that we have the unstable hexagon pattern. And the

solutions (iiii) are always unstable, so that we do not make a discussion about it.
In next section, we will simulate the following solutions:
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(D
u
S, /=,
! 81
(2)
oot V2 +4(g +20)
b 2061+28)
(3)
g o AP A+ 20 p

2(g1+2g)

where if the ¢ = 0 in system (4.1), the Hy mode hexagon is stable when u € (uy, ¢4) and unstable when
u > uy while the H, mode hexagon is unstable when u > u,, and if the ¢ = 7 in system (4.1), the H
mode hexagon is unstable when u € (u,, 14) and stable when u > uy or u € (uy, up) while the H, mode
hexagon is stable when u > 5.

5. Numerical simulations

In this section, extensive numerical simulations of the spatially extended model (1.4) in
two-dimensional space are performed, with the qualitative results shown here. The space and time of
the problem need to be discretized in order to solve differential equations with the help of computer.
A discrete domain with M = N lattice sites whose space between the lattice points is Ak is built up to
solve the continuous problem corresponding to the reaction-diffusion system in two-dimensional
space. The time evolution is in a discrete process, with steps of Az, and can be solved by the Euler
method. Then, we calculate the Laplacian describing diffusion by using finite differences in the
discrete system. The Turing pattern obtained from numerical simulations of Eq (2.2) satisfies initial
and boundary conditions. We choose the time step A = 0.0005 and a system size of 50 * 50 with the
space step Ax = 0.50, Ay = 0.50. We keepy = 1.6, 6 = 5.2, p = 0.2958, 0 = 1.6, v = 0.2. By
calculating, we analyze the Turing pattern of the system that we have already discussed about in
following steps:

(1) First of all, we calculate the control parameters S and the important control parameters uy, >,
U3, 1y by the parameters given above and give a picture to show that result directly;

(2) Secondly, we calculate the relaxation time T whose expression is given later, which means the
time of the system to nearly settle down, and then we give the evolution pictures of u in different
intervals, such as [uy, i1, [u2, u3] and [us, us] as well.

5.1. Parameters calculate

The values of control parameter § is corresponding to parameters y; = —0.00467, u, = 0, yuz =
0.07179, py = 0.30022, and Br = 7.3738 is the critical value of Turing bifurcation. Then we present
the figures below to show the different solutions’ stability regarded to uy, o, u3, .

In Figure 3, we take the amplitude as a function of the control parameter ¢ which is used to describe
the bifurcation of the stripe pattern S, and the spot pattern H, or H, respectively.
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Figure 3. Turing bifurcation diagram of amplitude equation(3.17) with uy, uo, 43, ts.

5.2. Numerical analysis of evolutions

Firstly, by the analyze in Section 3, we obtain the relaxation time 7 as follow:

0+ ¢
Brodokae’

then we get 4.15492 after substituting the parameters into the formula of 7. It is equivalent to 8310
iterations when we choose the time step as At = 0.0005.

Secondly, we give the evolution pictures with u in different intervals, such as [y, us], [(2, #3] and
(i3, ug]. And different types of patterns are observed in the process of numerical simulations. The
distributions of water species w and vegetation species n are always in the same type. Here, we only
presert the distribution of the population density pattern of vegetation species n.

5.2.1. Uniform state and hexagon pattern

We take u = —1.08725 % 10™® € (u;, o). The pattern of uniform stationary solution occupies the
whole domain eventually at the end. Figure 4 shows the evolution process of the spatial pattern of
species n after 0 iterations, 500 iterations, 8310 iterations, 20000 iterations, 300000 iterations, 400000
iterations and 500000 iterations.

5.2.2. Hexagon pattern

We take u = 0.0717635 € (uy, u3). At this time, the whole domain is occupied with H, hexagon
pattern eventually. Figure 5 shows the evolution process of the spatial pattern of species n after the
same numbers before. And the relation time is also 8310 iterations. From the Figure 5, we can find
when the pattern settle down, the stripes decrease gradually into nonexistent while the spots are still in
our sight.
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Figure 4. Square pattern under the condition of u = —1.08725 * 107 € (u;, o) with the
random initial state.

- - A ' V.
| i -,
B < -
- B Al o
. - . » 4 .
A p .

Figure 5. Square pattern under the condition of u = 0.0717635 € (u,, u3) with the random
initial state.

5.2.3. Hexagon and strip pattern

We take u = 0.261217 € (u3, 14). At this time, Hy hexagon pattern and strip are coexistence in the
whole domain in the end. Figure 6 shows the evolution process of the spatial pattern of species n after
the same iterations as above and with the same relaxation time 8310 iterations too, and we can find the
coexistence of the Hy hexagon pattern and the strips clearly as the theoretical analysis prejudged.

5.2.4. Strip pattern

We take u = 0.300274 > uy. In this way, Hy hexagon pattern is dismissing while the strips are
substitute for the H, hexagon in the whole domain eventually. In Figure 7 forms squares consist
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of horizontal and vertical strips finally, and they are both shown with the same iteration numbers of
evolution and the same relaxation time 8310 iterations as above. Comparing with the analysis, there
should be only stripe pattern under this situation. Evidently the both series of the pictures are consistent
with the theoretical analysis very well too.

Figure 6. Square pattern under the condition of u = 0.261217 € (u,, u3) with the random
initial state.

Figure 7. Square pattern under the condition of u = 0.300274 > u4 and the uniform spots
initial state.
6. Conclusions
For a semi-arid ecosystem model, a great amount of works discuss the stability and bifurcation
based on Lyapunov method, but some of the studiers don’t prefer to consider the diffusion effects,

especially the cross diffusion. In this paper, we take it into consideration that a semi-arid ecosystems
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system is with cross diffusion effect in 2-D spatial domain. And some conditions of Turing instability
to the model (1.4) is given with the help of Turing’s bifurcation theory. We study both the amplitude
equations and the stability of different patterns in detail. We also introduce the conception “relaxation
time”, with which we could find the standard to show the time when the system nearly settles down.

Furthermore, we also focus on the biology significance of the model (1.4). In the natural world,
two species are in relationships of both coexistence and competition. The specie “water” may be
recognized as a restrained survival source by the other specie “vegetation”, meanwhile, the diffusion
of the vegetation make a influence of the water since the water is absorbed by the vegetation root.
This phenomenon are caused by cross-diffusion. For the sake of this, the effect of cross-diffusion on
the pattern structure is considered and the results indicate that cross-diffusion is a critical term to the
Turing spatial pattern formulation. Without cross diffusion, the instability will not take place in the
system refer to Section 2 discussion. Besides, the numerical results are well consistent with the theory.
When we take the stability of different patterns into consideration, such as spots, stripes, we find it
is changing with the u refer to Section 4 discussion. Biologically, it means that if we randomly plant
some trees, it will occurs in four situations: (1) If u < w;, the number of trees will probably decrease.
So the region will change into a desert; (2) If u, < u < s, the pattern of trees is more like some spots
called small bushes; (3) If u3 < u < 4, the pattern of the trees will change into the state of coexistence
of both stripes and spots. So the gaps between two groups of the vegetation is either lines or labyrinths;
(4) If u > g, the pattern of tree groups will be like some stripes. Based on the descriptions of the four
situations, we would optimise the u, dominated by parameters physically, larger than w,, so that the
desert will probably not increase, especially when the pattern is strip, the u should be lager than y; in
case it will degenerate into nothing. By these useful decisions, not only a constructive way to ensure
the stationary pattern formation of the environment is presented, but also an interesting usage of Turing
pattern is provided.
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