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1 Introduction

In population dynamics, a spatially homogeneous competitive system can be modelled with
the so-called Lotka-Volterra system of differential equations written in the form

du
E = u(a1 - b11U — blg’l)),
dv
E = ’U(GQ - b21u — bQQU).

In this model, u and v represent the population densities of two competitors, a; are the birth
(or generation) rates of the i—th population, the coefficients b;; measure the intra-population
competitive effect of the two competitors, i = 1,2, and by2, bs; stand for a factor representing
the inter-population competitive effects of u on v, and of v on u, respectively.

As usual, we rescale the system variables:

b b o _az , by bio
Uu=—u, v=—v, t=a1t, a=—, b=-—"—, c= —,
a a a b1 b2z
and after dropping the bars, we find that the interaction of u and v is governed by the following
system of ordinary differential equations
%:u(l—u—cv), %zv(a—bu—v}.

The population density in a spatially heterogeneous environment depends on space, where
normal diffusive terms are usually introduced to the evolution system (see e.g. Okubo and
Levin, 2002). As it is well-known, at molecular level, classical diffusion arises as the result
of the standard Brownian motion, and it is typically characterized by the dependence of the
mean square displacement of a randomly walking particle on time ((Az)?) ~ t. Apart from
classical (or normal) diffusion, molecules may undergo anomalous diffusion effects (Bouchard
and Georges, 1990; Metzler and Klafter, 2000, 2004; Sokolov et al., 2002; Golovin et al., 2008;
Gambino et al., 2013), which, in contrast to normal diffusion, need to be characterized by the
more general dependence ((Ax)?) = 2dK,t*. Here d is the (embedding) spatial dimension,
K, is a generalized diffusion constant, and the exponent « is not necessarily an integer. For
a = 1, anomalous diffusion reduces to normal diffusion, with the classical diffusion coefficient
set to K;. For a < 1(ax > 1), the diffusion process is slower (faster) than normal diffusion,
in which case it is called sub-diffusive (resp., superdiffusive). An important limiting case of
superdiffusion corresponds to Lévy flights (Metzler and Klafter, 2004), which is a phenomenon
occurring in systems where there are long jumps of particles, i.e., with a jump size distribution
having infinite moments. In the context of population dynamics, superdiffusion (rather than
classical diffusion) has been employed as a more appropriate way to describe the motion of
animals (Viswanathan and Afanasyevt, 1996; Schmitt and Seuront, 2001; Toner et al., 2005).

To take into account the movement of populations with Lévy flight type, we are led to the
following fractional reaction diffusion system:

O = d11Vu~+ d12V70 +u(l —u — cv), (1)

0w = doo Vv 4+ v(a — bu — v). )

Here di; and dos are the self superdiffusive coefficients, and dyo is the cross superdiffusive
coefficient. The so-called Weyl fractional operator V7 (1 < « < 2) represents the superdiffusion,

whose Fourier transform is V/V\u(k) = —|k[7a(k). In one dimension, the Weyl operator is
equivalent to the Riesz operator
1
Viu=——— (DY DY),
b 2cos(7r’y/2)( u+ Dlu)
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B 1 d? (g, t)
Dz“m—v)dx?/z € op 1%

where I'(+) stands for the Gamma function. In higher dimensions, the Weyl operator can be
represented by the fractional Laplacian operator V7 = —(—A)7/2, and so system (1.1) can be
written as

Owu + dll(—A)W/zu + dlg(—A)"/Qv =u(l —u— cv),

1.2
v + daa(—A) 20 = v(a — bu — v). (12)

Pattern formation in reaction diffusion systems with anomalous diffusion has recently re-
ceived considerable attention (Gafiychuk and Datsko, 2006; Henry et al., 2005; Henry and
Wearne, 2002; Langlands et al., 2007; Weiss et al., 2003; Golovin et al., 2008; Gambino et
al., 2013). For instance, it was shown that sub-diffusion suppresses the formation of Turing
pattern (Weiss et al., 2003). It was also found in one dimensional systems that anomalous
heat conduction can happen as a consequence of the anomalous diffusion (Li and Wang, 2003).
Additionally, in systems with Lévy flights, the emergence of spiral waves and chemical turbu-
lence from the nonlinear dynamics of oscillating reaction diffusion patterns was investigated
in Nec et al. (2008). The authors in Golovin et al. (2008) explored the effects of superdiffusion
on pattern formation and pattern selection in the substrate-depleted Brusselator model, and
found that Turing instability can occur even when diffusion of the inhibitor is slower than that
of the activator. However, results on the nonlinear dynamics and Turing pattern selection in
reaction diffusion systems with cross superdiffusion remain limited.

The effect of pattern formation of the Lotka-Volterra competitive model with normal d-
iffusion and cross diffusion has been extensively investigated (see Horstmann, 2007; Jingel,
2010 for some reviews). In Lou and Ni (1996); Lou et al. (2001), the authors show that self
diffusion tends to suppress pattern formation, whereas cross diffusion fosters the creation of
patterns. In contrast, here we consider the effect of cross Lévy flights and superdiffusion on
Turing patterns, and focus on the mode of pattern formation and the stability of the emerging
patterns.

The remainder of this paper has been structured in the following way. Section 2 focuses on
the weak solvability analysis of system (1.2), for which we use the well-known Faedo-Galerkin
strategy and the Kruzhkov compactness result to establish the existence of weak solutions.
In Section 3 we develop a linear stability analysis of the steady state of the system, which
in turn provide the Turing parameter space that identifies regions where Turing bifurcations
are expected. Section 4 is devoted to the derivation of a set of coupled amplitude equations,
obtained by a weakly nonlinear analysis. Next, an analysis of these equations yields sufficient
conditions to ensure so-called super-critical bifurcations, which we present in Section 5. There
we also show how the stability of the Turing steady states is affected by these conditions. A
fully adaptive finite volume — multiresolution method for the space-time discretization of (1.2)
is proposed and discussed in Section 6. A simple numerical example is provided in Section 7,
and we collect some closing remarks in Section 8.

2 Existence of weak solutions

Let £2 be a bounded open subset of R (d = 2,3) with a smooth (say C?) boundary 9.
For 1 < ¢ < oo and X is a Banach space, then L9(0,T; X) denotes the space of measurable
function u : (0,7') — X for which ¢ — |ju(t)||y € L%(0,T). Moreover, C([0,T]; X) denotes the
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space of continuous functions u : [0, 7] — X for which |ullc(o 7),x) = maxie(o,r) [[u(?)| x is
finite.

The Fourier transform @ of a tempered distribution u(x) on {2 is defined by

U —i exp(—tk - x)u(x) dx

Note that the fractional diffusion operator A” can be identified with the Fourier transform
Aru(k) = |ik|" a(k),

for v € R. We denote by H7({2) the non-homogeneous fractional Sobolev space of functions u
such that

lull gy = (D2 0+ k) a()* )" < oo.

keZd

The homogeneous fractional Sobolev space of functions u is denoted by H 7(£2) given by

ey = (3 I a0 ) <
kezd
Next, we define —A : H}(£2) — L?(£2) with domain:
Dom(—A) = {u € H(£2) such that Au € L*(2)}.

Note that the operator A = — A is positive, unbounded, closed and its inverse is compact. This
implies
A’wg = )\g Wy,

for wy € Dom(—A), where {w,}2°,. are the eigenfunctions (orthogonal basis of Hg(£2)) with
the corresponding eigenvalues {A\}72;.

With this spectral decomposition the fractional powers of the Dirichlet fractional Laplacian
AV (A= (=A)Y2,1 <4 <2) can be defined for u € C$°(£2) by

(fA)V/zu =ANu= ZW )\Z/Q wp
=1

where the coefficients u, are defined by u; = |, o UWg.

Now we define what we mean by weak solutions of the system (1.2) completed with Dirichlet
boundary conditions and initial conditions on wu, v:

Definition 21 A weak solution of (1.2) is a set of nonnegative functions (u,v) such that,
a) (u,v) € L0, T; L*(2,R%)) N L2(0,T; H/2(2,R%)),

b) F(u,v),G(u,v) € LY((0,T) x £2), u(0,-) = up(-) and v(0,-) = vo(:) a.e. in £2,
¢) Qr = 2 x[0,T] and they satisfy

// udyp1 dx dt 4+ dqq // A7/2u~/17/2<p1 dz dt + dis // AA’/2U~A7/2¢1 dz dt
T 2
:—/ uo(x)e1 (0, x) dx—i—// (u,v)p dx dt,
Qr

// Uat<p2d$dt+d22// A2y A”/Qgpgd:cdt

:—/ uo(x)e1(0, x) dx—i—/ G(u,v)p2 dz dt,
2

for all o1,92 € D([0,T) x 2), where F(u,v) = u(l —u—cv) and G(u,v) = v(a —bu —v).
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Theorem 1 If (ug,vo) € L?(2,RY), then problem (1.2) possesses a weak solution in the sense
of Definition 21.

The proof of Theorem 1 (the existence of weak solution) is based on Faedo-Galerkin method.
Although the existence proof for (1.2) will be the subject of a separate contribution, we outline
in what follows the main steps. We look for finite dimensional approximate solution to the
problem (1.2) (we complete the system (1.2) with Dirichlet boundary conditions and initial
conditions on u,v): as sequences (un)n>1, (Vn)n>1 defined for t > 0 and = € 2 by

x) = mel(t)el(x), vp(t,z) = Zcml(t)el (). (2.1)
1=1 =1

The next step is to determine the coefficients (b, 1(t))]1, (cni(t))]; such that for k =
1,...,n it holds

(815“7“ ek)L2(_Q) +di1 Aﬁ//2un : A’Y/2ek dx
2
+d12/ A2y, AT e, da z/ F(uf,v)ey dr, (2.2)
2 2
(Orvn, €k)L2(Q) + daa / A 2w, - A 2e) de = / G(ul, vl ey dz,
(7 2

and regarding to the initial conditions,

un(O,x) = Uy, n anl bn,l(o) = (Uanl)L2(Q) )
vp(0,2) = Vo, n( chl Jei(x cn,1(0) :== (U0761)L2(Q) :
Herein
Fuf v =ul(1 —uf —cvl) and G(ul,vl) = vt (a—but —vl),

where w™ = max (0, —w) for w = u, v.

Observe that, since ug,vy € L2(Q), it is clearly seen that as n — oo, ug,, — up and
von — vo in L?(2), respectively. Using the normality of the respective basis, we can write
(2.2) as a system of ordinary differential equations:

{n,k(t) +dn APY/2U7L ' A7/2€k dx
2
—|—d12/ A2y, A 2ede = | F(ulb,v)e da,
2

/Q
Ch e (t) + d22/ Ay, NPy de = / G(uf, v ey dw.
2 2

Let F and G be functions defined as follow:

F(t (bt ()7 (en s (V) i= / Plut, vt )en dz — diy / A2 N2, di
0 0

—dlg/ A2, - AV 2e dx,

G(t, (bna(t))izrs (na(B)izr) = [ Gluy,v))ex dw—dm/ AP, - A Pey, de
2
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Proceeding in an analogous way to the developments in Andreianov et al. (2011); Bendah-
mane (2010); Bendahmane and Karlsen (2006), we can prove that F and G are Carathéodory
functions, and we can show an existence interval [0,¢") for the Faedo-Galerkin solutions w,, and
vy, defined by (2.1).

On the other hand, to prove global existence of the solutions we derive n-independent a pri-
ori estimates bounding u,,v, in various Banach spaces. Given some continuous coefficients
di,n,i(t) and da 1 (t), we form the functions o1, (¢, 2) := >, dini(t)er(x) and o, (¢, x) ==
Yoo don(t)e(z). Now our Faedo-Galerkin solutions satisfy the following weak formulations:

/ OsUnP1n dx+d11/ A2, - AV/chl,n d:c+d12/ A2y, /17/2@17” dx :/ F(uﬁ,vf{)cplm dx,
2] 12, I?) Q

(2.3)

/ O0sUnp2 n dx + d22/ A2y, AV/chg,n dr = / G(U:,’U:)QDQ)” dx.
Q e Q

(2.4)

Now, we substitute ¢, = u, and @1, = u, in (2.3) and (2.4), respectively. Then integrating
over (0,t) and using Young and Gronwall inequalities, we get for ¢ € [0,¢")

lvall Lo 0,622 (2) < €

t 2 t
//‘/17/211”‘ dasds—i—/ / ‘/17/21)”
0 Jo 0o Ja

for some constant C' > 0 not depending on n.

2
drds < C,

The next step is to show that the local solution constructed above can be actually extended
to the whole time interval [0,7T) (independent of n). We stress that this can be done as in
Bendahmane and Karlsen (2006), so we omit the details.

Now, if we choose ¢1,, = —u,,, Y2, = —v, in (2.3) and (2.4), respectively, then after
integration over (0,¢) with 0 < ¢ < T, we readily obtain the non-negativity of the solution
(Un, vp).

With the help of a compactness tool inspired by Kruzhkov lemma (Kruzhkov, 1969), we
justify that the solutions (u,,v,) is relatively compact in L'(Qr). From this we can extract
subsequences, which we do not relabel and we can assume that there exist limit functions u, v
such that as n — oo

Uy — U, Uy, — v strongly in Ll(QT)jmd a.e. in Qr,
Uy, — u, v, — v weakly in L2(0,T; H7(£2)), (2.5)
F(up,vn) = F(u,v), G(up,v,) = G(u,v) in LY(Qr) a.e. in Qr.

Keeping in mind (2.5) and using the following weak formulation:

—// UpOrp1 do dt + di // AW/QuH-AW/Qcpl’ndasdt
QT 0

+ dio // A7/21}n -A”/Qgpl,n dx dt
(9}
:—/ uo(x)p1(0, x) dx—|—// F(un,v,)p1 dz dt,
2 T
—// U Oppo dz dt 4 dag // A7/2vn-A7/2<p2,ndacdt
T 2

z—/ uo ()1 (0, x) dx—|—/ G (U, vy )po dz dt,
0 Qr

for all 1,92 € D([0,T) x £2), we can let n — oo and obtain a weak solution.
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3 Linear stability analysis

In this section, we provide essential conditions to drive the Turing bifurcation by analyzing
the linear stability of the uniform equilibrium state of (1.1). Notice that system (1.1) has a

unique positive equilibrium (u*,v*) = (igs, f:bl’c) if and only if

1
b<a< = (3.1)

Moreover, one can readily verify that (3.1) ensures that the positive equilibrium (u*,v*) is
stable under any spatially homogeneous perturbation.

In order to carry out the linear stability analysis of (1.1), we set & = u — u*, v = v — v*,
and substitute them in the system (1.1). By dropping the bars, we can write the linearized
form of the system (1.1) at the positive equilibrium as follows:

Ou=diVu+ dio V70 — u'u — cu*v — u? — cuw,

2

(3.2)
Oiv = doa Vv — bv*u — v*v — buv — v”.

Let us further assume that the perturbation of (1.1) is periodic with respect to time. Hence
the conditions of the classical Fourier theorem are met, and we seek the general solution

(g) = (2) exp(ot + ik - z) (3.3)

to the linearization of the problem (3.2) as a superposition of normal modes. Here o is the
growth rate of the perturbation in time ¢, ¢ denotes the imaginary unit, with i2 = —1, and k
is its wave vector. Suggested by the definition of the Weyl fractional operator V7, we focus on
the time integration in Fourier space. Substituting (3.3) into the linearization of Egs. (3.2), we
obtain the following matrix equation

o+ u* +di kY cu* + digk” 1\ 0
bu* o+ v* + d22]€’7 C2 - 0/’
where the Euclidean norm k = |k| is the wavenumber of the perturbation. Therefore, we are

left to the dispersion relation
o + g(k)o + h(k) =0,

where

g(k) :==u* +v* + (di1 + da2)k7,
h(k) = d11d22k27 + (dnv* + doou™ — dlgb’U*>k‘7 + (1 — bc)u*v*.

We stress that the corresponding equilibrium can lose its stability via Turing bifurcation
if and only if h(k) < 0. Moreover, note that in the absence of cross superdiffusion one has
h(k) > 0, which implies that in this particular case, only the cross superdiffusion effect can
induce Turing bifurcation. Notice that h(k) has a single minimum (k., d$,), which is attained
whenever

c dnv* + dggu* + 2\/(1 — bC)dlldzgu*U*
d12 = bo* »
v
ke = ( (1 = bc)u*v* );
¢ Vdiida .

(3.4)

Summarizing, we have obtained a Turing instability threshold df,, and we have identified
the critical value of the wave number k.. Relation (3.4) represents the bifurcations occurrying
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Fig. 1 Turing instability boundaries in the (a,d12) and (¢, di2) planes. The instability region Tingt lies above
the curves.

0.5 1 1.5

Fig. 2 Dispersion relation of the system (1.1) for three different v = 1, 1.5, 2. The other parameters are
a=2,b=1,¢=0.2,d11 =1, de2 = 1, and d12 = 3.5.

in the parameter region spanned by the parameters a, ¢ and dys. These regimes are also
depicted in Figure 1. All Turing patterns are driven by parameters chosen in this region. In
addition, Figure 2 displays the real part of the eigenvalue corresponding to three different sets
of parameters, as a function of the wavenumber, and we notice that the active wavenumber
does not change with the order of the fractional diffusion ~.

4 Weakly nonlinear analysis

In order to study the dynamics of Turing patterns, we perform here a weakly nonlinear analysis
of system (3.2) near the Turing instability threshold. In particular, we aim at analyzing the
pattern selection mechanisms associated to hexagons and stripes. Let us consider system (3.2)
defined in the whole two-dimensional space R2. Weakly nonlinear analyses are typically based
on the fact that Turing bifurcations are able to destabilize the homogeneous equilibrium, but
only in case of perturbations with wave numbers close to the critical value k.. In regimes near
to the Turing onset dijs = df,, the solutions can be described by a system of three active
resonant pairs of modes (k;j, —k;), for j = 1,2,3. Each pair of modes form angles of 27/3
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and |k;| = k.. This fact implies that solutions of system (3.2) can be expanded as
3
(u) = Z[Aj exp(ik; - © + Aj exp(—ik; - 7)), (4.1)

v
Jj=1

where A; and its conjugate Aj stand, respectively, for the amplitudes associated with the
modes kj and —kj, and Aj = (AY, AY)T.

We introduce a scaled slow time variable T = ¢%t, and expand both fields u and v, as well
as the bifurcation parameter d;o, in the form

()= () e () e ()
v vy V2 v3 (4.2)
dig — diZ = /1252 + 0(63).

Since the amplitude A is a variable that undergoes slow changes, it follows that

O A = 522—? +0(e?).

Substituting Equations (4.2) into the system (3.2), we have

d (u U U U u

3 1 1 2 2 3 3 3 1
—_— =¢eL,¢ +e“L¢ + e°Le¢ — ™

Sy (v1> c (v1> c (Uz) c <vg) & ks (m)

g2 u% +eougvr ) 3 2uiug + cuivg + cugvy
bujvy + v% bujve + bugvy + 20109 )’

where the involved matrices are defined as

- du VY —eu SV /01
Le = ( —bv* —0* +doo V7 )’ M = 00)/°

After collecting like powers of ¢, we obtain the following systems, arranged according to the
orders ¢/, j = 1,2,3

2
2y . uz \ [ ui+cuiv;
0(6)'L°(v2>_<bu1v1+v%>’

3y . uz) _ 0 (w ~ U
O(E ).Lc(v3> = a7 (’U1> +M2]{?CM<U1)

2uus + cuqvg 4+ cugvy
buiva + busvy + 2v1v9 )

(4.3)

Our next goal is to describe the appearance of both hexagonal and stripped spatial dis-
tributions as well as their spatio-temporal interactions. Since L. is the linear operator of the
system at the Turing instability threshold, it holds that (u1,v1)? is the linear combination of
the eigenvectors corresponding to the null eigenvalue. Therefore, at O(e) the solution of the
system exhibits the following structure

3
(51 o 7K1 .
<U1> = ( 1 ) E 1Wj exp(ik; - z) + c.c.,
j:

where

v* + \/(]. — bC)U*’U*dQQ/dll

bu*

K =
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and W; is the amplitude of the mode exp(ik; - ) when the system is under the first-order
perturbation. Its form is determined by the perturbation term of highest order. The addition
of the complex conjugate c.c. allows (u1,v1)7 to be real.

Next, we turn to the term of O(g?). Since the right-hand side does not exhibit resonance-
related terms, the solution is given simply by

(1) = (52) = () oo+ e

On the other hand, substitution of the above equation into the second equation of problem
(4.3) yields

0 . ; ) )
L. (Vo> +;exp(zkj - 2)Le (Vj) +;exp(_zkj - 2)Le <V5>

3
+ Z O(exp(2ik; - z))

J

2 — 20K, =
+O0(exp(i(ks —kz2) - x)) + O(exp(i(ke — k3) - x)) + O(exp(i(ks — k1) - )) + c.c.,

2K2 —2¢K
=<|W12+W2|2+|W3|2>( P2 )

and after collecting terms of orders O(1) and O(exp(ik;z)), we obtain

U, —K.
O ) = (W + [W2]? + W) 2,
Vo 1

v 4 (v* — 2)\/(1 — be)urv*daa/diy
bu*2 ’

Ky = Uj = _Kl‘/j-

We now turn to the term of O(g3). According to the Fredholm solvability condition, the
vector function of the right-hand side must be orthogonal with the zero eigenvalues of the
operator LT in order to ensure the existence of a nontrivial solution to this equation, where
L¢ is the adjoint operator of L. The nontrivial kernel of the operator L{ is

1 . u* + (1 — bC)u*’U*dn/ng
<—K3) exp(—ikjz), K3 = \/ e .

Substituting the solution (uq,v1)T and (ug,v2)T into the problem containin the O(g?) term,
and applying Fredholm solvability condition, we can assert that

oW o
—(Ky 4 K3) ot = —pok) Wy — 2K (K — ¢) — 2K3(1 — bK})| (W Vs + VaWs)

oT (4.4)

— 2K Ky — c¢K| — cKy — K3(2 — bK| — bK)|[Wy(|[W1 |2 + |[Wa|? + |[Ws|?).
In view of (4.1) and (4.2), the amplitude AY can be expanded as

AV =eW; +°V; +0(%), j=1,2,3,
3 W

DAY =0

+O(e").

Multiplying (4.4) by —&3, we get
(Kl + Kg)@tA“f = EQ/LQ]CZAT{ + [2K1 (Kl — C) — 2K3(1 — bKl)]f_lgAg
— [CKl +CK2+K3(2—I)K1 —bKQ) (45)
— 2K AT (AT + A5 + A5,
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In addition, multiplying (4.5) by ﬁ, we have the following amplitude equation
clig

100 A} = pA] + hASAS — 1| AT + g2(JA5° + |A5*)] AT, (4.6)
where p = d”d;cdi? is a normalized distance to the Turing instability threshold, and 75 = 122353
12 c ™12
is a typical relaxation time. Moreover,
2K1(K1 - C) - 2K3(1 - bKl)
h= ,
ke di (4.7)
CK1+CK2+K3(2—bK1—bKQ)—2K1K2 ’
g1 =92 = .

k2 dS,

The remaining equations for A5 and A4 can be obtained analogously, through transformation
of the subscript of AY.

5 Stability of inhomogeneous patterns

In order to study the pattern selection, we need to analyze further the amplitude equation
(4.6), where each amplitude can be decomposed into a mode p; = [A}| and a corresponding
phase angle ;. We proceed to rewrite (4.6) and the other two associated amplitude equations
for A} = pj exp(ip;) in the following form:

ohD — _,Pird + pied + pipd ind, (5.1)
P1P2P3

T00kp1 = pp1 + hpaps cos® — gips — g2(p3 + p3)p1,

T00kp2 = pipa + hp1ps cos® — gipa — ga(pF + p3)p2,

T00:p3 = p1ps + hp1pa cos® — gips — go(p3 + p3)p3s

where @ = ¢1 + ¢2 + ¢3. The above equations imply that when the system is at steady state,
the sum of the amplitude-phases only attains two values ® = 0 and ¢ = 7. The fact that
p; > 0for j =1,2,3, implies that in the case ¢ = 0, the solutions of Eq. (5.1) are stable when
h > 0; whereas for & = m, the solutions of Eq. (5.1) are stable when h < 0. If we consider only
the stable solutions of Eq. (5.1), then the mode equations can be recast in the form:

dpl B

To~ = #or + [hlpaps — gipt — 92(p3 + p3)p1, (5.2)
dp2 B

To~ = #pa + [hlpips — 103 — 92(p} + p3)p2, (5.3)
dpg -

To~ = tps + [hlpap2 — 9195 — 92(pT + p3)ps- (5.4)

Notice that the quadratic terms in (5.2)-(5.4) are positive, which is the main cause of instability
in the linear term. In order to ensure that mode equations possess a steady state solution,
the coefficients of cubic terms must be positive, which translates in imposing the following
conditions

cKq + cKs + K3(2 —bKq — bKQ) > 2K 1 Ko,

that in turn yield supercritical Turing bifurcations in system (1.1). Otherwise, the weakly
nonlinear analysis requires to be extended by expanding the Taylor series in (4.3) up to the
fifth order so that the instability is covered (that is, (5.1) holds). The latter case corresponds
to the so-called subcritical Turing bifurcation, which we do not consider in the present paper.
Figure 3 displays the Turing bifurcation diagram in the (b, a) plane.
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%5 T 5 5 25 3
b

Fig. 3 Turing bifurcation diagram. The shaded region represents the supercritical states, whereas the white
region is subcritical zone. The remaining parameters are ¢ = 0.2, di1 = 1, and do2 = 1.

In order to assess the stability of the mode equations, we add a perturbation (dp1, dp2, 0p3)
to the steady state (p1,p2,p3) and substitute it into Egs. (5.2)-(5.4). Retaining the linear
terms, we end up with the linear perturbation equations:

dp1 op1
T()a 5p2 =J 6p2 y
dps3 ops3 (5.5)
1—391p7 — g2(p3 +p3)  |hlps —292p1p2 |hlp2 — 2g2p1p3
where J = |hlps —2g2p1p2 1 —3g1p3 —g2(p3 +p3)  |hlp1 — 292p2p3
|hlp2 — 2g92p1p3 |hlp1 — 2g92p2p3 ©— 39103 — g2(p} + p3)

We now focus on the stability of Turing patterns, for which we separate the discussion into
two cases depending on the shape of the spatial distributions.

Case (I) Striped patterns correspond to

(p1,p2,p3) = (p,0,0), where p=+/p/g1. (5.6)

Substituting (5.6) into the perturbation equations (5.5), we have

a4 [om —2pu 0 0 dp1
T dp2 | =1 0 wu(l—g2/91) |/ p/o1 dp2 | - (5.7)
op3 0 |hvu/gr w(l—g2/g91)) \6ps3

In view of g; = g2 defined in (4.7), we have that the three eigenvalues of system (5.7) are

A ==2u<0, Ao =—|h|\/pn/g1 <0, A3 = |h|\/11/g1 >0,

and therefore striped patterns are not stable and will eventually vanish in the long term.

Case (II) Hexagonal patterns correspond to

|h| £ \/h? + 4(g1 + 2g2)
2(g1 + 292)

(p1, p2, p3) = (p, p, p), Where p = (5.8)
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Substituting (5.8) into the perturbation equations (5.5), we have

d op1 app dp1
oo dp2 | = | Bap dp2 |, (5.9)
dps BB p3

where o = pu — 5g1p%, B = |h|p — 2g1p%. The characteristic equation of (5.9) is
(A=)’ =382\ —a) - 258" =0,

and so the three eigenvalues of system (5.7) are

M =X =p—|hlp—3g1p% Az = p+2|hlp —9g1p°. (5.10)
o v/ .
Substituting p = [l Q?ijéggz;ﬂm)# and g1 = g2 into (5.10), we have
h? 12 h% £ |h|\/h2 + 12
AM=Xd=—<0, \3=— g1i+ ‘ | + gllu<0.
391 691
Therefore, hexagonal patterns are stable whenever u > — 1}5; .

6 Finite volume method and multiresolution-based adaptivity
6.1 Perliminaries and admissible meshes

Let us consider a discretization of the time interval (0,7) by setting t" := nAt for n €
{0,..., N}, where N is the smallest integer such that NAt > T. By an admissible mesh for {2
we will refer to a family 7 of control volumes of maximum diameter h and a family of points
(rr)ker satisfying the following properties (cf. Eymard et al., 2000, Def. 5.1). For a given
finite volume K € T, zk is its center and N(K) the set of its neighbors (control volumes
sharing a common edge with K). We denote by £(K) the set of edges of K, & (K) is the
restriction to those in the interior of 2 and Eexs(K) = E(K) \ Eine (K) is the set of edges of
K lying on 912. For every L € N(K), by 0 = K|L (0 = K|02, respectively) we denote the
interface between K and L (between K and 012, respectively). By nk , we denote the unit
normal vector to 0 = K|L (0 € Euxt(K), respectively) pointing from K to L (from K to
012, respectively). Moreover, |K | stands for the two-dimensional measure of K and |o| for the
one-dimensional measure of o € £. It is also assumed that

the segment Txzr, is orthogonal to ok r, for every K, L € T. (6.1)

6.2 Multiresolution setting

We now introduce a hierarchy of nested admissible meshes 7° C --- C TH forming a graded
tree A, in which each grid 77 is a compound of control volumes K of the level [, [ =0,..., H,
where | = 0 corresponds to the coarsest and [ = H to the finest level of the tree A. In order to
define a multiresolution framework (Berres and Ruiz-Baier, 2011), for a given control volume
K' we define a refinement set by

R
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where Lé“ denotes a control volume at the resolution level [ + 1, Lé“ C K'. By definition of
the nested hierarchy, it holds that

#R 1

Lt

For = € K' the scale bor function is defined as pgi(z) := |K!|"'xxi(x) (where x is the
characteristic function), and therefore the average of any function w(t) € L'(£2) over K! can

be recast as wg (t) = <w(t), <PKL>L1(Q)-

To move between resolution levels, certain transfer operators are needed. With the help of
these maps, one can determine an invertible transformation between finite volumes on level
!l = H, and the set formed by finite volumes on the level [ = 0 and a sequence of wavelet
coefficients. To switch from fine to coarser levels, a projection operator for cell averages and
box functions is defined by

|Ll+1‘
|Kl‘ w( )Li‘*'l’ PKrt =
LITTeR LIFter

Iose
7]

w(t)Kl = Ll+1,

whereas to move from coarse to fine levels we define a polynomial interpolation

t) ki1 = E gKTw )7
Tlesk,

The set Sk is a stencil of interpolation (of order s), and glKT are prediction coefficients. Further
details on the precise definition of these coefficients and stencils are given in e.g. Bendahmane
et al. (2009). For € Kt and depending on the choice of the predictor map, the wavelet
function is defined as

S
Ykt =Ppe = > Fiemep,, forj =1 #Rg,

m=—s

where Ll+1 € Rk, and the value of each 7;,.,,, depends on the coefficients g . of the prediction

operator. The difference between the cell average and the predicted value for the scalar w(t)
is called wavelet coefficient and is defined by

W= |w(t) g — () i |= [(w(t), ).

Data compression is achieved by discarding all information of control volumes where the local
wavelet coefficient is lower than a level-dependent tolerance, i.e.,

dv, <e, 1=0,... H. (6.2)

These level-dependent tolerances can be defined so that the error due to thresholding is of
the same order as the discretization error induced by the baseline finite volume formulation,
therefore preserving the order of the base scheme (Berres and Ruiz-Baier, 2011).

Remark 1 The key concept of the fully adaptive strategy of multiresolution consists in defining
an evolving set of leaves £(A) of the tree A, formed by all tree nodes K' that are not discarded
by the thresholding defined in (6.2), and such that all cells in Ry satisfy (6.2). Then, the
underlying discrete scheme is first defined on £(A). However, L(A) is not an admissible mesh
in general, and therefore an auxiliary set of nodes, called virtual leaves is required in order to
fullfil (6.1).

The set of virtual leaves consists in cells of A\ £(A) that for a given K' € £(A), belong to
N(K") N T We will denote by £(A) the set formed by leaves and virtual leaves. In addition,
the set Ay of cells marked as deletable consists in all elements that satisfy (6.2). Virtual leaves
are needed to evaluate numerical fluxes on each leaf.
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6.3 Multiresolution - Finite volume formulation

The baseline finite volume discretization of (1.2) is based on the so-called shifted Griinwald
approximation of local gradients (see e.g. Meerschaert and Tadjeran, 2006; Yang et al., 2010).
Irrespective of the specific form of the gradient approximation, the property of local flux
conservation yields the following expression for a first order finite volume approximation of
the fractional diffusion operator applied to a generic scalar field w over the finest-level cell K7
at time t™:

— ) loxn L,
—AV/2 .= _AY/ Wy & — E Gy Ly e
LicH(KH) KL

(WE, — win), (6.3)

where g, 1,,H are, respectively, particular weights and approximation stencil which we will
precisely defined in terms of Cartesian grids, for sake of clarity. Let us assume a square domain
12 discretized into N, x N,, equally sized boxes of area h;h,, and notice that (6.3) can be written
as

i+1 J+1
_ 2 —
A’Y/ ’Lj - h'y E g’Yk i— k+1,] h’y E Gy w ,] +1
Yy
=0

, (see also Concezzi and Spigler, 2012). These considerations imply

where gy, == (—1)" T’ZL

that the fully explicit Euler FV discrete analogue of (1.2) defined on the finest mesh reads:
Starting from a L?—average of the initial data

1 1 " H
Wer = K] e uo(z) de, V%u = KA Jin vo(x) de, VK" € T+,
and for every n = 0, .. ., recursively find u’;;;,l, ?{"’Hl such that
unﬁ;{l u™ . o o
|KH| K AL K2 d11A7/2’u7;{H — duA’Y/z’U}l{H = |K|F}éH7 ( )
6.4
H U?(J;Il Vi
R | B AP = K| G

where F}2 ., G are explicit approximations of the reaction terms over each control volume

1
W/KF(U(%W)’U(ZCJTL) dz, |KH|/ u(z, t"), (x,t")) dz,

and are given by
F;(l-H :F<UTIL<H+7’U%H+), ?{H :G(UnKH+,U%H+).

We stress that if K is a leaf, then the unknowns are computed from the MRFV method (6.4),
whereas if K! is a virtual leaf, the values of each species concentration are simply obtained
by the MR transform of their values at lower refinement levels. The multiresolution transform
and thresholding strategy are summarized in Algorithm 1.

7 A numerical example

For numerically studying the pattern formation of system (1.1), it suffices to consider the
dynamics induced by small-amplitude perturbations to the homogeneous steady state. The
domain is confined to the square 2 = [0,50] x [0,50], and it is discretized using a Cartesian
mesh consisting of 262,144 cells in the highest resolution level H = 9, and the time step is
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Algorithm 1 — Multiresolution transform and thresholding.

1: set level-dependent threshold ¢;

2: set values uZ. ;v on the finest level of A
3: forl=H—-1,...,1do
4: for K' € Tt do
\ I I [
5 Compute Uy = Z WuK+l7 Vi1 = Z WUKH.
L er LIt er
6: end for
7: end for
8 forl=1,...,H—-1do
9: for K' € Tt do
10: Compute
TREID I = DI SR g A R e |
Ti-lesl? Tli-lesl?
11: if d7,, <e; then
12: Add Lﬁ'H € Ryt to the set of deletable cells Aqg
13: end if
14: end for
15: end for
16: forI=H —1,...,1do
17: for K' € Tt do
18: if K! € Ag and L' € Rz N Ay N L(A) then
19: Remove L'*! from the tree A.
20: end if
21: if K! ¢ Ay and | < H then
22: Add L't to the tree A.
23: end if
24: end for
25: end for

At = 0.005. The model parameters are set to vy =1, a =12, b =1, ¢ = 0.5, dy1 = dos = 1,
d12 = 5.02, and the reference tolerance required for the thresholding algorithm is eg = 0.0001.
The initial data is taken as

w(z,0) =u* +m(z), v(x,0)=0"+mnx), (7.1)

where 1, € [—0.05,0.05] and 7, € [—0.025,0.025] are uniformly distributed random perturba-
tions and (u*,v*) is the equilibrium state. The time evolution of the perturbed initial state
(7.1) is displayed in Figure 4, where we can observe convergence to hexagonally-shaped spatial
patterns. Note that in the case of normal diffusion, the system is expected to exhibit a regime
of self-replicating spots, as discussed in e.g. Pearson (1993). We also depict sketches of the
meshes generated by the multiresolution strategy (see the bottom row of Figure 4), which
after successive local refinement and coarsening clearly identify the zones of high solution gra-
dients. The multiresolution method also allows substantial reduction in computational burden
due to the fast MR transform and graded tree structure (Bendahmane et al., 2009). We also
present an analogous test where we have only modified the order of the fractional diffusion to
v = 1.5, and we can observe substantial differences in terms of spatial distribution of patterns.
The approximate solutions along with fully adaptive meshes are presented in Figure 5.

8 Concluding remarks

We have introduced the Lévy flights type of superdiffusion into a Lotka-Volterra competitive
model. A stability analysis yields as conclusion that cross superdiffusion gives rise to Turing
instability while self superdiffusion suppresses Turing instability. Moreover, after applying a
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Fig. 4 Snapshots at ¢ = 10,200,800 (left, center, right, respectively) of the Turing pattern formation for
species u,v (top and middle, respectively) in the case where the order of Weyl fractional operator is v = 1.
The employed parameters are a = 1.2, b =1, ¢ = 0.5, d11 = d22 = 1, d12 = 5.02. The bottom panels exhibit
snapshots of the mass center of leaves in the adaptively refined meshes generated with the multiresolution
algorithm with a global threshold of eg = 0.0001.

weakly nonlinear analysis, we can also assert that the Turing patterns are stable hexagons.
An immediate application of these observations from the viewpoint of biology, is that when
the inter-population competition is larger than the intra-population competition, the reached
inhomogeneous steady state is stable.
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