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Amplitude equations for reaction-diffusion systems with cross diffusion
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Using Taylor series expansion, multiscaling, and further expansion in powers of a small parameter, we develop
general amplitude equations for two-variable reaction-diffusion systems with cross-diffusion terms in the cases
of Hopf and Turing instabilities. We apply this analysis to the Oregonator and Brusselator models and find that
inhibitor cross diffusion induced by the activator and activator cross diffusion induced by the inhibitor have
opposite effects in the two models as a result of the different structure of their community matrices. Our analysis
facilitates finding regions of supercritical and subcritical bifurcations, as well as wave and antiwave domains and

domains of turbulent waves in the case of Hopf instability.
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I. INTRODUCTION

The effects of cross diffusion, the phenomenon in which
a gradient in the concentration of one species induces fluxes
of other species, on pattern formation in reaction-diffusion
systems have been discussed in many theoretical papers (for
a review see Ref. [1]). In general, cross diffusion can modify
any type of pattern (stationary, periodic, or chaotic), and can
even induce diffusive instability (Turing or wave) [2,3]. Recent
experiments [4-6] on the Belousov-Zhabotinsky reaction in
a reverse microemulsion (BZ-AOT system [7], where AOT
is aerosol OT, and OT is the trademark for the surfactant
sodium bis(2-ethylhexyl) sulfosuccinate) have revealed that
significant cross diffusion takes place in this system, and model
calculations [5] suggest that cross-diffusion effects should be
large enough to affect BZ-AOT patterns.

Until now, however, there has been no general analysis of
the possible role of cross diffusion in dissipative pattern for-
mation. Such an evaluation can be obtained on the basis of am-
plitude equations, which provide a mathematical description
of reaction-diffusion systems close to the onset of instability
[8-10]. In the case of Hopf instability, responsible for the onset
of homogeneous oscillations, the corresponding amplitude
equation is called the complex Ginzburg-Landau equation
(CGLE) [9-11], while in the case of Turing instability, respon-
sible for the emergence of stationary, spatially periodic pat-
terns, the amplitude equation is simply referred to as the Turing
amplitude equation (TAE) [12]. The TAE bears a strong resem-
blance to the real version of the Ginzburg-Landau equation.

The method [9,13] of derivation of amplitude equations
for reaction-diffusion systems (Kuramoto’s approach) is based
on multiple time and space scales, expansion of the original
nonlinear equations in Taylor series (consisting of linear,
quadratic, cubic,. .. operators), and further expansion of all
these operators in powers of a small control parameter near
the onset of instability, where the small parameter is the ratio
between “small” and “large” time or space scales (as well as
a measure of the deviation from the onset of instability). This
approach has been used for many reaction-diffusion models,
including the Brusselator [9,14], Gray-Scott, Rossler [15],
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FitzHugh-Nagumo [16,17], and Lengyel-Epstein models [18],
as well as a model for CO oxidation on a Pt surface [19].

To date, Kuramoto’s approach has been applied only to
reaction-diffusion systems with diagonal diffusion matrices.
Our goal here is to extend this method to systems with cross
diffusion, where the diffusion matrix has nonzero off-diagonal
elements, and apply our results to two well-known reaction-
diffusion models, the Oregonator [20,21] and the Brusselator
[22], which we supplement with cross-diffusion terms. For the
abstract Brusselator model without cross-diffusion terms, the
CGLE and TAE were deduced previously [9,12,14], whereas
for the two-variable Oregonator model, despite the impor-
tance of this model in describing the well-known Belousov-
Zhabotinsky reaction [23,24], there are no analytical expres-
sions available for the coefficients of the amplitude equations.
Numerical calculations were done for the CGLE coefficients
of the three-variable unnormalized Oregonator model and a
four-variable unnormalized Oregonator-like model [25,26].
The coefficients of the CGLE and TAE obtained in the present
work for the Oregonator model, even without cross-diffusion
coefficients, may have their own value, since they allow us to
link experimental conditions (e.g., the concentrations of the
BZ reactants) to the parameters of the amplitude equations.

The paper is organized as follows. In Sec. II, we develop
the mathematical procedure for the derivation of the amplitude
equations in general vector form, extending Kuramoto’s
approach to the cross-diffusion case. In Sec. III, we specify
this method to a general two-component reaction-diffusion
system with cross-diffusion terms. In Sec. IV, we apply our
general result to the Oregonator model and find the coefficients
of the CGLE and the TAE. In Sec. V, we present analogous
results for the Brusselator model. We conclude in Sec. VI with
a general discussion. The equivalence of the CGLE derivation
to the Kuramoto results is shown in Appendix A. The technical
details of the CGLE coefficient calculation for the Oregonator
model are collected in Appendix B.

II. GENERAL PROCEDURE

We start from a general reaction-diffusion system with
cross-diffusion terms, which is described by the following
equation in vector form:

3Z/3t = F(Z) + D(Z)V*Z + V[D(Z)IVZ, (1)
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where Z is vector of variables (proportional to the concen-
trations of reactive species), F(Z) is a set of reaction rate
functions, and D(Z) is a square diffusion matrix including
cross-diffusion coefficients. Here we take into account that the
diffusion coefficients depend in general on the concentration
variables [1]. The eigenvalues of D must be real and positive
(this follows from the second law of thermodynamics) [1,27].
The gradient V is d/dr for the one-dimensional (1D) case,
where r is the spatial coordinate. If all elements of D are
constants, i.e., concentration independent, then the last term in
Eq. (1) vanishes.

The dynamics of system (1) close to the Hopf instability
can be described by the CGLE [9,10]

AW/ot = (1 +ic))W + (1 +ic)VEW — (1 +icy)|W|*W.
2

The constant ¢y can be eliminated by the transformation
W — W’ exp(icot), so that Eq. (2) can be rewritten as

AW Jat =W + (A +ic)VW — A +ic)|WPW'. (3)

In Eq. (2), Wis the complex amplitude and the real coefficients
co,¢1, and ¢, depend on the parameters of the system.

Close to the onset of Turing instability the system behavior
is represented by the TAE

aw ) ?wW

” =nW 4+ g|W|"W + Dy PR 4)
Its normalized form with n = Dy =1 and g = —1 can be
considered as a limiting case of the CGLE (3) if the constants
c; and c¢; are equal to zero [11]. The TAE is a valid description
only in one spatial dimension (1D), the case we consider here
for Turing instability. In the two-dimensional (2D) case (which
we do not consider), amplitude equations (AE) of the Newell-
Whitehead-Segel type [28,29] (with more complex spatial
derivatives) are often used. For this case, the number of coupled
AE is equal to the number of crystallographic rotation axes
(e.g., three for hexagons). In the case of hexagons, additional
quadratic terms of the type W,WJ and new spatial terms of
the form W,VWJ emerge, where the upper bar means complex
conjugate, and indices 7, j = 1,2,3 correspond to rotation axes
[30]. Application of such AE to reaction-diffusion systems can
be found elsewhere [31,32]. We do not consider here the case
of wave instability.

Consider now how to obtain Egs. (2) or (4) from Eq. (1).
First we linearize system (1) around the uniform steady state
Z,, which satisfies the equations F(Zg) = 0, introduce the
deviation X = Z — Z from Zy, and then express system (1)
in terms of X and expand it in a Taylor series:

30X/t = JX + DyV>X + MXX + CXXX +---, (5)

where the Jacobian matrix J has elements J;; = dF;(Z)/0Z;
at Z =7y and Dy = D(Z). The sum of the first two terms
can be considered as a linear operator, JX + DyV>X = LX.
The quadratic term M XX consists of two parts, “chemical”
HXX and “diffusive” @XX:

MXX = HXX + OXX, (6)
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where
1 3 Fi(Z
HXXy = 2 D) k=12
20 40702k | g,
(7
dDi;(Z)
QXX =) — 2= [XeV2X; + (VXO(VX))],
I k 1z=2z,
Jk=1,2,.... ®)

The form HXX is sometimes referred to as the Hessian [25].
The cubic term CXXX also consists of two parts, “chemical”
NXXX, and “diffusive” SXXX:

CXXX = NXXX + SXXX, )
where
1 PF(Z
(NXXX); = —'24 X XXy,
3V E 9020207111y,
(10
Jki=12,...,
3’D;i(Z 1
(SXXX); = Z ¥ Dy(Z) [—X,kazxj

Lo VZi0Z1 | 72g, 2

+X/(VXk)(VX,-)], JkiI=12,.... (11)

Next we introduce a small control parameter x as a normal-
ized deviation from the critical value at which instability starts.
Using this parameter, we introduce a new scaled time t and
space R as T = ut and R = p'/?r (in 1D) and consider them
independently, which modifies the time and space derivatives
as follows:

3/0t — 3/81 + ud/ot, (12)
3/0r — 9/dr + u'’?9/9R. (13)

Another scaled time 7, = ,ul/ 2¢ can also be introduced in
general [2,10]. In 2D, the second coordinate, r;, is scaled as
w'/# (for stripes) [33]. For the sake of simplicity, we restrict our
consideration to the simplest 1D case (for Turing instability)
and to only one scaled time, 7.

All operators J, H, N, Q, and S in Eq. (5) are expanded
in powers of u; for example,

J=Jo+uJi +ulJr+---, (14)

where Jo = J|,=0. The expansion of X with the lowest powers
of uis

X = u'2X) + uXo + 13?X5 4. (15)

This form follows from the structure of the spatial Eq. (12)
and temporal Eq. (13) transformations.

Next, we substitute these expansions in Eq. (5) and collect
all terms of the same power of w, which gives us a set of
equations for the first (u'/?), second (u), and third (u*?)
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orders as

90X, /0t = (Jo + Dyd*/9r>)X; = LoX|, (16)

(8/9t — L)X
2

=2D X HyX X
05 3R 1+ HoXiX
92 X, \?
X, —X e =1, 17
-I—Q[ 152 1+<8r>:| 2 a7
(9/9t — Lo)X3 = I, (18)
where
82 2
I, = —0X,/0 X Dy—X 2D X
3 /0t + J1Xq + 05 R2 1+ 05 AR 2
+2H X X + NoXi X/ X, +T 417, (19)
82 2 82
I = X;—X 2X X X,—X
Q[ g TR TRyt
+28X1 0X> +28X1 0X 20)
or or ar 9R |
1 32 X1\
I'=-S|X>—X; +2X,[— ) |. 21
2|:]8r21+ 1<ar>} @b

Equation (16) is just the equation for the linear stability
analysis of the homogeneous steady state. For Hopf and Turing
instabilities, respectively, a solution X; of Eq. (16) can be
found in the following form:

X, = W(r,R)U exp(iwt) + c.c., 22)
X; = W(r,R)U exp(ik.r) + c.c., (23)

where W(r,R) is a complex amplitude that we need to
determine, U is the right eigenvector (column vector) of matrix
Ly, o, and k. are the critical frequency and wave number,
which are characteristic for the Hopf and Turing instabilities,
respectively, and c.c. signifies complex conjugate.

A solution of Eq. (17), X,, may be sought in the general
form of a linear combination of the zeroth, first, and second
subharmonics with coefficients V;:

X, = Vo4V exp(ioct) + Vi expRiwct) + c.c., 24)
X, = Vo4V, exp(iker) + V, expikcr) 4 c.c. (25)

Note that the coefficients V; depend on the amplitude W (z, R).

Finally, the amplitude equation is just the solvability
condition (Fredholm alternative) [34] for the third order
Eq. (18) of our expansion:

(U |I3) =0, (26)

where the vector U* is the left eigenvector (row vector) of
matrix L¢. The right U and left U* eigenvectors are determined
from the eigenvalue problems

L()U = )»()U and U*Lo = )»()U*, (27)
as well as from the normalization condition

U'u=UT=1, (28)

PHYSICAL REVIEW E 84, 036216 (2011)

where the upper bar denotes the complex conjugate vector, and
from the orthogonality condition

U'U=UU=0. (29)

From Eq. (26), after doing some algebra, one can obtain
the final form of the amplitude equation of type (2) for Hopf
instability or type (4) for Turing instability.

From Egs. (20) and (21) it can be seen that all terms in I’
and I” contain derivatives with respect to r. For the case of
Hopf instability, when the deviations X; [see Eq. (22)] and
X, [see Eq. (24)] are independent of the spatial variable r,
this means that both I’ and I” vanish and I5 is determined at
the constant diffusion matrix Dy = D(Zy). Note also that in
expression (19) for I, the term 2D0(82X2/8r 0 R) vanishes,
because X, is independent of r, while the term Dy(3>X,/9R?)
produces the diffusion term in the CGLE [i.e., (1 + i c)V2W].

III. TWO-VARIABLE REACTION-DIFFUSION SYSTEM
WITH CROSS-DIFFUSION TERMS

Now we can specify the procedure for obtaining the am-
plitude equations for a general two-variable reaction-diffusion
system, since all coefficients of the CGLE and TAE can be
found analytically in this case. For simplicity, we restrict our
consideration to constant diffusion coefficients in the matrix
Dy. Then the general model (1) assumes the form

du/dt = Fi(u,v) + Dy10%u/dr* + D1»0%v/0r*, (30)
v/t = Fy(u,v) + D 8%u/0r* + Dnd*v/dr?. (31)

Introducing the deviation X = (f(f) from the steady state

7, = (LL';’ ), linearizing Eqgs. (30) and (31) around Z,, and
assuming that deviation X behaves as exp(At 4 ikr), we obtain
the eigenvalues A of the matrix L = J + DV? from the
characteristic equation

A4+ y(r +8(k) =0, (32)

where y(k) = —J;; — Joo + D11k2 + Dzzkz [y (k) is the
trace of the matrix J —k?D] and 8(k) = (D k> — Jy))
(D22k2 — J22) — (D12k2 — J12)(D21k2 — Jz]) (determinant of
J — k?>D). For the onset of Hopf instability, when Re A = 0
and Im A # 0, at k = 0, we have y(0) = 0. The conditions for
the onset of Turing instability are

S(k)=0= 21 = —y(k)+ /y(k2 —48(k) =0 (33)
and
ds(k)/dk =0 = dRe r/dk* =0, (34)
which gives the critical wave number
ker = (det J/det D)4, (35)

Consider first the case of Turing instability arising as a
control parameter w is varied. The right eigenvector of the
matrix Ly = L|,—¢ is

U, 1
U= ( ) = < >exp(ik0Tr), (36)
U, o
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where

1101 - kczTDll _ _Jzol - kaTDZI (37)

Iy — k4D I —kiDyn

with J;) being the i j element of the Jacobian Jo = J |,.=o. The
left eigenvector is

U = (U3 U) = +ap)”'(1,B)explikerr),  (38)
where
.]101 _kczTDll Jlo2 _kczTDIZ
B=-= 2 T 2 : 39
Jo1 = ke Do Jyy = ki D2
The vector X can be expanded as [see Eq. (15)]
Xy Xy Xy
R G o R
Xy Xyl X2

The first and second terms of Eq. (40) have the forms [see
Egs. (23) and (25)]

(x“) - (1 ) W(r,R)explikerr) + c.c.,  (41)
Xul o
Xu2 ap aj .
(xm) = <b0> + (bl ) exp(ikcrr)
a
+ (b > expikerr) + c.c. 42)
2

Here a; and b;, i = 0,1,2, are the components of the vectors
Vi in Eq. (25). We can find them from the w-order term of
the expansion. The coefficients ag and by in Eq. (42) are
determined as
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where

1 uu uv az Vv

Gi = EHI +O[Hl- + THZ . (45)
Here the subscript denotes the component (i = 1,2), whereas
the superscripts denote derivatives with respect to the corre-
sponding variables, so, for example,

e 3% Fi(u,v)
T Qudv

9> F(u,v)

N?luU —
o du2 dv

1o, v314=0 1o, v0314=0

(46)
The exp(ik.rr) term yields the combination of coefficients a;
and b, as
Dy +aDj; oW
J —k%Dip OR
Dyy +aDy W
Jyy — k% Dy OR’
From Eqgs. (47) and (39) it follows that Dy; + a D> + D2 +
afDy =0 so that the term Do(3°X;/dR?) in Eq. (19)
vanishes after applying the Fredholm alternative. The last

coefficients, a, and b,, appear in the exp(2ik.rr) term and
read

oay — b[ = ZikCT

= 2ikcr (47)

(G192 — Grp12) W2,

a (48)

- det ¢

1
by = ——(Gagn — Gigpa)W?, (49)
det ¢
where ¢;; = _Ji(} + 4k§TD,‘j.
Finally, using the Fredholm alternative (26) rewritten in the
two-component form U I3} + U I3} = 0 with I; expressed as

I I I
L= ") =) explikerr)+ [ ) exp(—ikerr)
3 I3v 13_,1_) cT ]3_1] cT

2 0 0 5 + terms of other orders of r, (50)
ap = — (G173, — G2 U0 IWIP, (43) o , .
det Jo where the deviations (40)—(42) are inserted in Eq. (19), we
B 2 0 0 2 44 obtain the amplitude equation in the form of Eq. (4) with the
bo = “det J, (GaJth = G )W, 44 derivatives now with respect to T and R instead of ¢ and r,
where
|
r):nT = m(]ll] +(¥J112+ﬂ.]211 +(¥ﬁ.]212), (51)
D Dy, D D
Dy = 42, 21 + oD 012 +/23 2 (52)
I+ap  Jy —kgDn
g =8/(1+ap),
A uu uu uv u l
g = (H1 + BH" +aH{" +afH, v) I:—m(Gljzoz - szloz) + m(Gl‘Pzz - Gz‘/’12)j|
+ (H{" + BH}" + «H" + afH;") . (G2}, = G1J3)) + S (G2911 — Giga1)
I 2 1 2 det Jo 11 21 det ¢
1
+ E[(Ni“m + ,BN;LM) + 30((N{”w + ,BN;W) + 30(2(1\7{““) + ﬂN;UU) +a3(N1vvv + ﬂszvv)]’ (53)
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and
dJij
Jy=—2 (54)
dp |,—

for the elements of the matrix J;.

In general, the TAE (4) can be rescaled if we perform
the transformations: /9t — 9/9t, u'/>9/dR — 3/9r, and
uW — W [12,14]. From Egs. (51)—(53), we can see that the
effect of cross diffusion appears in all coefficients ny, Dy, and
g of the TAE, since « and 8 (which determine the right and
left eigenvectors) depend on Dj, and/or D5;.

Now let us consider Hopf instability. The same result for the
amplitude equations in the Hopf case may be obtained using
Kuramoto’s procedure [5,9]. The equivalence of our manipu-
lations to Kuramoto’s formulation is shown in Appendix A.
Therefore, we use his method to calculate the coefficient of
the cubic term in the CGLE, because only the coefficient ¢; of
the CGLE (2) depends on cross diffusion, while ¢y and c¢; are
the same as in the case of no diffusion. To find ¢;, we must
calculate the eigenvectors U* and U of J, which has a pure
imaginary eigenvalue i@y in the case of the Hopf instability.
Due to the specific properties of J for the Hopf case, we
have two relationships between its elements J;; (here we have
dropped the O superscript in Ji(j). for simplicity):

Ji=—Jn (55
and
wy = —Jf — Jinda. (56)
Now we can obtain the eigenvectors U* and U:

1 Ju J J? 1 +iwy/J
U*=—<_li,i+l 11 )’ U=< le/ 11>.
2 wo  Ja1 Jr1wg D1/ J1
(57

We can then calculate U*DU = d’ + id”, which gives ¢; in
general form as

1 Jiu(Dy = Diy) — Jo1 Dia — Jia Dy

ci :d///d/ —
wo Dy + Dy

(58)

We see here that the contribution of the cross-diffusion terms,
Dy, and D;y, to c; depends on the sign (and absolute value)
of the elements J,; and Ji,, respectively.

In the next two sections we apply the general equations
deduced here to the Oregonator and Brusselator models.

IV. OREGONATOR MODEL

For the two-variable Oregonator model, the functions
Fi(u,v) and F,(u,v) in Eqgs. (30) and (31) are specified as
Fiu,w) =[u—u®>— fou —q)/(u+q)l/e and F>(u,v) =
u — v [20,21]; the parameters f,q,¢, D;; are positive constants,
Dy, can be chosen to be 1 for the normalized case, but we
keep the notation Dy, for generality. The steady-state solution,
(ug,vp), satisfies F(up,vo) = Fa(ug,vo) = 0 and reads

uo=vo = (1/2)[1 —q — f+/(1 —q — [P +4q(1 + ).
(59)
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The elements of the Jacobian matrix J are

Jin = 0Fi(u,0)/9u = [1 = 2ug — 2q fvo/(uo + 4)*1/e,

Jiz = 0F 1 (u,v)/0v = —(f/e)uo — q)/(uo + q),

Joy = 0F(u,v)/ou =1, Jp =09F@u,v)/dv=—1,
calculated at u = uy and v = vy.

For the onset of Hopf instability, the critical value .y of the

parameter ¢ can be expressed as a function of ¢ and f[using
the general equation (55)]:

2qfvo
(o +q)*

At the onset of Hopf instability, Im(1g) = wy, the frequency
wy can be found from Egs. (56) and (60) as

wf = (1 —ug)/ec — 1. (61)

We consider the situation when, as we decrease ¢, the Hopf
instability occurs before the Turing instability. The conditions
for the onset of Turing instability yield the critical value e.t at
the critical wave number k.7 [given by Eq. (35)] as

ger = [—b + b2 — 4ac)? [(4a?), (62)

where a = D1y + D12, b = /—4(ji1 + jiz)det D, and ¢ =
Jj12D21 — j11 D2, J/écr > 0 and

Jiz=¢€Jin = f(q —uo)/(q + uo), (63)
Jn=eJu=1-2ug—2qfvo/(q +uo)>.  (64)
When the Hopf instability occurs before the Turing instability,

e = 1 — 2ug — (60)

EcH > EcT- (65)

CGLE for the Oregonator model. First we introduce a small
control parameter j:

w = (& = €cH)/EcH- (66)
Then we calculate J and J;:
Jo= (1 - ‘”‘2)) (67)
1 -1 ’

_des

Jl_%du,

—1 1z
= gn | (68)
et 0 0

and find the left and right eigenvectors of J [using Eq. (57)]:

o . L
v lar ) u= (") (69
2 w w( 1

Using Egs. (68) and (69), we compute the combination
U JU= A =0 + iw; = —(1/2)(1 4 iwp) and then find
the coefficient ¢y in the CGLE (2) as [9]

C()EC()]/O’] = wy. (70)

Next we determine the coefficient ¢; from Eq. (58):

. _ 1 Dn—Dy — Dy + Dy (1 + o) 1)
' Dy + Dy '

Finally, we find ¢, = g” /g’ following Kuramoto’s procedure,
which is rather cumbersome and is detailed in Appendix B.
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FIG. 1. Parameter planes for the Oregonator model. (a) Depen-
dence of f, (bold line) and faw (two dashed lines) on g. Dashed lines
(faw) mark the boundary between normal wave (W) and antiwave
(AW) domains at Dy; = 1, and Dy, = D,; = 0. (b) Domains of
Benjamin-Feir (BF) instability, waves, and antiwaves in the Dy, — f
plane at ¢ = 0.001, D, = 0, Dy; = 1 (bold lines), and 1.5 (thinner
lines). At larger Dy, all curves (dashed and bold) shift to the left. The
leftmost point of the boundary between the AW and W domains is at
D, = —0.22 for D;; =1 and at D, = —0.8 for D;; = 1.5, while
the BF domain ends at D, = 0.01 for D;; = 1 and at D, = —0.5
for Dy; = 1.5. (¢) Domains of BF, W, and AW in the Dj;— D5, plane
atf= 1.1, ¢ = 0.01, Dy; = 1, and ¢, = 0.1917; hyperbolic curves
correspond to the condition det D = 0. (d) Domains of BF, W, and
AW in the D, —fplane at ¢ =0.01, D;; =0, and D;; = 1. Numerical
integration of Egs. (30) and (31) was performed at the marked points
in Fig. 1(b). Triangles correspond to D;; = 1, squares to D;; = 1.5;
black symbols show antiwaves and white symbols show waves.
Dy, =1 for all cases.

The CGLE is valid only at g’ > 0, when the Hopf
bifurcation is supercritical. The dependence of the critical
value f, [f. is the value of f at which g’ changes sign from
negative (at f < f.) to positive (at f > f.)] on g is shown
in Fig. 1(a). Note that this dependence does not coincide with
the dependence f/ = | — ¢ used in Ref. [17] as the boundary
between super- and subcritical Hopf bifurcation.

Using the coefficients ¢; and c,, we identify regions with
specific dynamical behaviors of the reaction-diffusion system,
such as the domain of Benjamin-Feir instability (chemical tur-
bulence), where 1 + c¢ic; < 0 [9], and domains of waves and
antiwaves (phase waves propagating away from and toward a
source of perturbation, respectively) [35,36]. The transition
from wave (W) to antiwave (AW) behavior occurs when
c1 + ¢ =0[16,17,37]. However, some works [16,17,37] use a
different sign for ic, in the term (1 + ic,)|W|*W of the CGLE,
which may lead to confusion, with the transition criterion
then being ¢; — ¢, = 0 instead of ¢; 4+ ¢, = 0. Therefore, we
carefully checked both criteria by direct numerical calculations
with the original Oregonator reaction-diffusion model and
conclude that the criterion ¢; + ¢, > (<)0 corresponds to the
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AW (W) domain. In Fig. 1(a), these two domains, W and
AW, are plotted in the ¢ — f parameter plane. Note that the
necessary conditions for the validity of the CGLE, such as
1 —uy > ey > &1, are always fulfilled [see Eqs. (61) and
(65)].

To illustrate the effect of cross-diffusion terms on the
dynamic behavior of the system, the Cq4 — f parameter plane
can be selected, where Cqg = D, (1 + a)g) — Dy, [see Eq. (71)]
is the cross-diffusion contribution to c;. First, we consider the
case of Dy; =0 (in which case Cq = — D). In Fig. 1(b)
we exhibit three domains: W, AW, and BF (Benjamin-Feir
turbulence), which are plotted at two different values of Dy;.
As is seen in Fig. 1(b), the transition between the W and AW
domains can be induced by changing D, in a rather broad
range of f. In a relatively narrow range of f close to f., an
increase in Dj, can lead to transitions from AW to W and
further to the BF domain. The interplay of both cross-diffusion
coefficients can easily be seen by inserting ¢; from Eq. (71)
into the criterion for BF instability, 1 4 cjc; < 0,

(O]
Dy < 3 |:D11 + D — Dy — C—(Du + Dzz)} (72)
2

@y

and into the criterion for AW, ¢; + ¢2 > 0,

1
Dy > ——[D11 + Di2 — Dy — cow0(D11 + D)) (73)
1 + w;

Here we recall that ¢, is independent of the diffusion coef-
ficients. Therefore, the BF and AW regions in the (D13, D))
plane are bounded by parallel straight lines which correspond
to the equalities in Egs. (72) and (73). Note thatif ¢, = %1, the
two lines coincide. At —1 < ¢, <0 or ¢, > 1, there is no W
domain, since this domain then overlaps with the BF domain,
and the resulting waves are turbulent. The three domains, W,
AW, and BF, are shown in Fig. 1(c) for 0 < ¢; < 1.

In Fig. 1(d) we show the various behavioral domains in
the D,;—f plane at D} = D,; = 1 and D, = 0 [in which
case Cq = Dy (1 + a)(z))]. We see that in addition to a region
of BF instability close to f = 1, which exists at vanishing D5,
and Dj,, a new region of BF instability at large f (=2 and
larger) emerges, which cannot be obtained at D,; = D, = 0.
Note also that the analogous BF region exists for the case of
D, = 0 [Fig. 1(b)], but only at much larger positive values of
Dy, (>2). Figures 1(b) and 1(d) should be mirror symmetric
with a “magnification factor” 1 4 a)(z), since in the first case
C4 =—Dj,, while in the second case Cy = Dy(1 + a)(z)).

Examples of waves and antiwaves in the 1D case are shown
in Fig. 2. In these computer experiments, a small portion at the
left of the 1D segment was perturbed initially, starting from
the homogeneous steady state (SS). In both W and AW, a wave
packet propagates slowly to the right with the group velocity.
In the case of AW (left column of Fig. 2), after sufficient time,
bulk oscillations start in the right portion of the system. In
the case of W (right column of Fig. 2) the right (unperturbed)
portion of the 1D segment remains in the SS. In both cases,
the boundary between the wave packet and either the bulk
oscillations or the quiescent region moves slowly to the right.
The bottom sections of Fig. 2 show the wave amplitudes.

Since the CGLE is applicable to both the 1D and 2D cases,
waves (antiwaves) found in 1D should correspond to circular
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FIG. 2. Examples of antiwaves (left column) and waves (right column) in 1D Oregonator model induced by cross-diffusion coefficient D;;.
Parameters: f= 1.2, g = 1073, ¢ = 0.78 (s;y = 0.78 723), D|; = Dy = 1, Dy; =0, D;, = (left column) —0.5, (right column) 1, ¢; + ¢ =
(left column) 0.337 45, (right column) —1.1418; ¢; — ¢; = (left column) 0.648 72, (right column) —0.830 53. Total time for both space-time
plots is equal to 25. Numbers 1-4 for the profiles of the variable u correspond to relative times 5, 7, 9, and 11, respectively (starting from an
arbitrary time long after the initial perturbation). Zero-flux boundary conditions.

waves (antiwaves) in 2D. To demonstrate this, in Fig. 3 we
show examples of circular waves and antiwaves in 2D.

TAE for the Oregonator model. To analyze the Turing
bifurcation, we introduce a new small control parameter u

FIG. 3. Examples of circular antiwaves (left column) and waves
(right column) in 2D Oregonator model induced by cross-diffusion
coefficient Dy,. Parameters as in Fig. 2: f=1.2, g = 1073, ¢ = 0.78,
Dy = Dy = 1, Dy = 0, Dy, = (left column) —0.5, (rlght COlumn)
1. Size of (a) and (c) is 900 x 900. White color corresponds to
the minimum of activator u# and black to the maximum. Numbers

1-8 in (b) and (d) correspond to the spatial points at the distances
0, R/16, 2R/16, 3R/16, 4R/16, 5R/16, 6R/16, and 7R/16 from
the center, respectively (starting from an arbitrary time long after
the initial perturbation made in the center). Zero-flux boundary
conditions.

as we did in Eq. (66), replacing .y by e.r. The eigenvectors
U [given by Eq. (36)] and U* [given by Eq. (38)] are now
specified by

2 .
oy kzp D11 — jii/ecr

- , (74)
j1/ecr — k2 Dia

_jin/ger — ki Di

g = _ _j11/8cT—kC2TD11
1+ k2. Dy

1 — k2D

. (75

where j; and j|, are given by Egs. (64) and (63), respectively.
Note that Eq. (75) can be solved for e as

_Jn/ki + ji/ki + juDn — jiuDxy

& = 76
<t Dy + Dy + kCZT det D (76)

If we know k.7 from Eq. (35), then we can find .7 using
Eq. (76) instead of Eq. (62). Applying the general equations
(51)—(54) for the Oregonator model, we obtain the following
coefficients for the final form of the TAE (4):

1 ju+oajiz
—gr = ——JUTH2 77
n=nr o 1+ ap )
D D>, D D
Dy = —42, 1 + oDy 12+2ﬂ 2 (78)
1+Ol,3 1+chD22
g=28/(01+ap),
1 EcT

& =H"(H" + 2aH1"")[

}

2@ — x92)  ju+in

+Huv Huu +2aHuv |:—(a+x)
i (H; ) 21 — x¢2)
g
Ji+Jji2
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where
@1 = —ji /et + 4k Dy, (80)
@2 = jia/ect — 4k D12, (81)
1 — 4k%.D
X= T (82)

144k Dy’

and the Hessian elements H{" and H{"” and the elements N "
and N{"" are given in Appendix B [Egs. (B3) and (B6)] for
the CGLE with the provision that . must be replaced by &.t.

In Fig. 4, we display several parameter planes, showing
regions of Turing instability as calculated from the TAE for the
Oregonator. The sign of g in a region determines whether the
instability is supercritical (g < 0) or subcritical (g > 0). From
Figs. 4(c) and 4(d) we observe that to obtain Turing instability
when Dy = Dy, =1, D,; should be positive (repulsion
of inhibitor from areas of concentrated activator) and D,
negative (attraction of activator to regions of concentrated
inhibitor). In all parameter planes there is a line close to
f = 1 separating regions of super- and subcritical Turing
instability. A second such boundary can be seen at larger f in
Figs. 4(a)—4(c), the position of which strongly depends on the
diffusion coefficients.

2 () 251 (b)
‘\F/ sub-T ——
i * Hopf first 24 sub-T ™
- sup-T - 45 Hopf first
sup-T
1 . : i ~
sub-T ~ o 7 sub-T
_d_w——”’ﬂ_”— e
0.5 —_———— 0.5 — T ]
0 0.02 0.04 0.01 0.1 1

2.5 4

T )

(c)—
2] \ sub-T 1.2 Hopf first
. AW . sup-T o
w154 = - 1 a
+ W sub-T __,-—-”/
L/ sup-T + | e
1 0.8 -

sub-H \\ sub-T
—

0.5

0.6

-1.1 -0.9 -0.7

0 1
D4 Dy,

L]

FIG. 4. Parameter planes for the Oregonator model showing
regions of super- and subcritical Turing instability obtained by
determining the sign of g in Eq. (4). Black rhombs and white triangles
correspond to super- and subcritical Turing patterns, respectively,
obtained in numerical simulations. In panel (c), regions in which
Hopf bifurcation occurs first are subdivided into regions with super-
and subcritical Hopf bifurcation, and the supercritical Hopf region
is further divided into regions of waves (W) and antiwaves (AW) on
the basis of the CGLE. Parameters: D), = 1, D;; = (a) 0.1, [(c),
(D] 1, D12 = [(@)—~(c)] 0, Dyy = [(a), (b), (d)] 0, g = [(b)~(d)] 0.001;
& = eqy [see Eq. (60)] for the region in which Hopf bifurcation starts
first, & = .1 [see Eq. (62)] for the region in which Turing bifurcation
starts first. TAE is valid only in areas shaded in gray.
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V. BRUSSELATOR MODEL

For the Brusselator model [22] with cross-diffusion terms
described by Egs. (30) and (31), the functions F; and
F, are Fi(u,v) = A — (B + Du + u*v and F>(u,v) = Bu —
u?v. The critical value of the control parameter B at the Hopf
instability is By = 1 + AZ. The critical wave number k. for
the onset of Turing instability is determined from Eq. (35) as

k* = A/v/det D, (83)

while the critical parameter B,y is found from Eq. (33) using
Eq. (83) and is given by

Ber = [A*(D11 + D21) + 2AV/det D + Dy]/(D1z + Dyo).
(84)

To calculate the coefficients of the CGLE and TAE, below we
employ these expressions for k2 and Ber.

CGLE for the Brusselator model. The CGLE for the
Brusselator model without cross-diffusion terms has been
derived elsewhere [9,14], and we present here only the main
results relevant to the case of cross diffusion. First, we choose
the critical small parameter f:

_B_BCH

B (85)

n

Then we find the operator J:

VOIS
Jo= (—(1 +A%) —A2> ’ (50

and calculate the coefficient ¢; from Eq. (58):

Dy, — Dy — Dy + Dip(1 + 1/}
o1 = oy 2 1 21 12( / 0). 87)
Dy + Dy
For the Brusselator model, we have wy = A. The coefficient
¢, = g"/g’ is independent of the diffusion coefficients and is
given in Ref. [9]:

4 —7A% 4 4A%
_a-ATHeA 38
2T T340+ A2) (88)

Note that g’ = (2 + A?)/(2A?) is always positive, and
hence the Hopf bifurcation in the Brusselator model is always
supercritical, so that we can write the CGLE for any value of
A. The coefficient ¢ is derived from U* J U = A = 01 + iw
as ¢g = wi /oy =0, where J; = (1 + Az)(l_] 8) and o] =

(1+ A%/2, w; =0.

We plot the W, AW, and BF domains in two parametric
planes: (A — Dyy) at D, = D, = 0 [Fig. 5(a)] and (A — Cy)
[—C4 = Dy —Di2(1 + 1/wy?) and —Cq = Dy; at Dy = 0]
[Figs. 5(b) and 5(d)]. As can be seen in Fig. 5(d), at large
enough —Cy (or large Dy at D, = 0), BF instability occurs,
while at small enough —Cq4 (< —1), there is an AW domain.
The domain of waves (W) is squeezed between the AW and
BF domains and exists only in a rather narrow range of the
parameter A (approximately between 0.4 and 2). The minimum
of the curve separating the W and AW domains and the
maximum of the curve separating the W and BF domains
correspond to A = 1. From Fig. 5(b) we can also conclude
that if Dy, is small enough (<1), only AW may be found in
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T SRR S S VN A SR ST S R

1+c,c; =0
BF

FIG. 5. Domains of Benjamin-Feir (BF) instability, waves (W),
and antiwaves (AW) for Brusselator model in (a) the A — D;; plane
at Dlz = D21 = 0 and (b) the A — Dz] plane at D]z =0 [—Cd =
Dy —Di5(1 + lwy?)]. In (b), dotted (boundary between wave and
antiwave domains) and bold [boundary between regular and chaotic
(BF) waves] curves from top to bottom are obtained at Dy; = 0.5,
1, 1.5, and 2. The BF instability develops in the area above the bold
curves. Plot (d) is an enlargement of plot (b). (c) Three domains (BF,
W, and AW) inthe D;; — D,; plane at A = 1 and D, = 0. W-domain
in (a) is limited by two vertical lines corresponding to two roots
of the equation A* — 1342 +4 = 0 (Ajer &~ 0.56 and Ayign, ~ 3.56).
BF domain in (a) exists only at A > /5 4 +/33/2 ~ 1.64 (a root
of equation 2A* — 542 — 1 = 0). Symbols mark points at which the
model was numerically integrated at D,; = 2 (gray dot, BF instability;
white triangle, waves; black rhombs for antiwaves). D, = 1 for all
panels.

the Brusselator model at D,; = D, = 0. Examples of BF
turbulence and AW in the Brusselator model are shown in
Fig. 6.

TAE for the Brusselator model. The TAE for the Brusselator
model without cross-diffusion terms was obtained earlier
[12,14]. Here we present the TAE for the Brusselator model
with cross diffusion. The control parameter p is introduced as

B_BCT

The TAE (4) has the following coefficients:

n=ng=(A/V)(Di2+ D»n)*(B — Be),  (90)
g = (A/ W) (D12 + D2n)(¥r + ¥3), oD
Dt = Dg = 4(A/W¥)(D12 + Dy)det D, (92)

where

Y = A(D12 + Dx)(Avdet D + Dy)
— (A+/det D — D»)[A(D11 + Dy1) + vdet D], (93)
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@

<A

FIG. 6. (Color) Patterns in the Brusselator model. (a) Example of
BF turbulence at A = 3, B = 10.05, Dy; =2, Dy, = 1, and Dy, =
Dy =0, 1 + cjc; = —1.6767; size = 450 x 450. (b) Example of
AW atA = 05, B= 135, D11 = 2, D22 = 1, D]2 = 0, and Dz] = 05,
c1 + ¢ = 0490741 (¢c; — ¢ = —0.99074). Two snapshots (with
dimensions 450 x 900) in (b) are separated in time by Az = 2 (the two
circular waves in the middle shrink). Zero-flux boundary conditions.

2
W, = —W[Dzz — A%(Dy; + D)l
X [4A2(D11 + D) + 15A~vdet D — 4Dy],  (94)
3
V3 = _X[A(Dll + Dy1) + ~/det D]. (95)

If D, = Dy; = 0 (no cross diffusion), we recover from
Egs. (90)—(95) the amplitude equation obtained by De Wit
and Walgraef [12,14].

If g is positive, the Turing instability is subcritical. In Fig. 7
we show the regions of super- and subcritical Turing instability.
The condition g = 0 is determined by the equation W, 4+ W3 =
0 [see Eq. (91)]. This expression can be rewritten as

2[Dyy — A%(Dy1 + Da)I4A*(Dyy 4 Day) + 15A/det D
— 4Dy + 27A%Vdet D[A(Dy; + D»;) + v/det D] = 0.

(96)
0 (a) 100 (b)
l,l SubT(g>0) e
T B
¥ 10 - Sub T (g >0)
1 4
Sup T{g <0} = Turing first

1
1 .
| ;

0.1 S .04 — . e

1] 5 10 -4 -2 ]
Dy, D

Hopf first

I
I
|
[
|

FIG. 7. Areas of super- (g < 0) and subcritical (g > 0) Turing
instability in the Brusselator model. Parameters: Dy = Dy = 1.
Bold lines in (a) and (b): D;; = 0 and D, = 0, respectively.
Dotted lines in (a) (with closed loop): D;; = 0.1; dashed line in
(a): Dyy = —0.2. Dashed lines in (b): D, = —0.2. CoD2 signifies
a codimension two bifurcation, where Turing and Hopf instabilities
start simultaneously.
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If D;; =0, then det D = Dy, Dy, and Eq. (96) is independent
of D, i.e., the super/subcritical areas are separated in the
(A — Dy1) plane by the straight (bold horizontal) lines in
Fig. 7(a). When D;; = Dy =1 and D,; = 0, we can find
from Eq. (96) two values, A = (21 £ +/313)/16 (=£2.418 and
0.207), that correspond to the two horizontal straight lines in
Fig. 7(a).

If Dy, = 0, then we can find from Eq. (96) an expression
for D,; at which g = 0:

1
D21 = _Dll + ]67[16D22 - 3A\/m

+ 3\/A,/1D“D22(96D22 +97AV/ D11 D). (97)

Equation (97) gives the two branches of the boundary between
the sub- and supercritical Turing domains [shown in Fig. 7(b)].
These lines tend to infinity if D,; approaches —D.

VI. DISCUSSION AND CONCLUSION

We can now summarize the effects of constant cross-
diffusion coefficients on the system behavior close to the onset
of Hopf or Turing instability. For the CGLE (Hopf instability),
cross diffusion affects only the linear coefficient c;, whereas
the cubic coefficient ¢, is independent of diffusion terms.

One can see that the cross-diffusion coefficients D;, and
D5 contribute to ¢; asymmetrically both in the Oregonator
and Brusselator models. For the Oregonator model, increasing
D>, increases ¢y, while raising Dj, decreases c;. The opposite
effect of D, and D,; on ¢; occurs in the Brusselator model.
This behavior can be understood from Eq. (58), which shows
that the effect of Dj, and Dj; on c¢; is proportional to the
Jacobian matrix elements J,; and Jy,, respectively. Although
the instability in both models is of the “direct autocatalysis”
type as defined by Tyson [38], examination of Eqs. (67) and
(86) shows that the community matrix, which consists of the

signs of the elements of J at the critical point, is (:[ _) for

the Oregonator and (f f) for the Brusselator.

Varying the coefficient ¢, shifts the boundary between the
wave and antiwave domains and can lead to the emergence of
new behavior, such as BF instability, both in the Oregonator
and Brusselator models. For the Oregonator model, however,
in the region of BF instability (at f &~ 1), our simulations
produced chaotic waves only at some parameters, while at
other parameters in the same domain no such behavior was
found. It is possible that proximity of a subcritical Hopf
region may be responsible for this anomalous behavior. It has
also been suggested [26] that, because the Oregonator model
contains quite different characteristic time scales, it may be
badly described by the CGLE even in the vicinity of the Hopf
bifurcation.

In the case of the Belousov-Zhabotinsky reaction, the link
between the parameters of the reaction-diffusion system and
the constants of the Oregonator CGLE may allow us to identify
conditions under which unusual dynamic behavior may occur.
For example, if ¢; = ¢, = 0, both the group and phase
velocities of waves are zero [16]. If we perturb the SS locally,
then a pseudo-oscillon can emerge, i.e., a localized spot that
oscillates for many periods while the remainder of the system is

PHYSICAL REVIEW E 84, 036216 (2011)

quiescent. We refer to this phenomenon as a “pseudo-oscillon,”
because this oscillon is not stable like a true oscillon [39], but
rather spreads very slowly. For the Oregonator model, one such
set of parameters is f = 1.693, ¢ = 0.001, ¢ = 0.438, D|; =
0.5, Dy, = 1, D1, = 0.0481, and D,; = —0.2. The presence
of cross-diffusion coefficients helps to find this special point
by tuning Dy or Dy;. At D1y = Dy =1 and Dy, = Dy =
0 such a point always exists, since ¢; = 0 at Dj; = D5, and
the function c,(f,q) has roots at some f and g, for example, at
f=1.722 and ¢ = 0.01, provided that ¢ is given by Eq. (60).

In the case of Turing instability the cross-diffusion coef-
ficients contribute to all the coefficients, n, D, and g, of the
amplitude equation, but we have focused here on the effect
of D;; on g, i.e., on the boundary between supercritical and
subcritical Turing instability. From Figs. 4 and 7, we observe
that Dy, in the Oregonator and D, in the Brusselator model
strongly affect the position of this boundary, while the other
cross-diffusion coefficients have relatively little effect.

Note also that for nonzero cross-diffusion coefficients, it is
possible, in general, for det D to approach zero. In this case,
k.t becomes very large [see Eq. (35)], and consequently the
characteristic wavelength of Turing patterns, 27 /k.1, can be
vanishingly small. We also note that Turing instability can
occur even with Dy; = Dy, if we have cross diffusion (see
Figs. 4 and 7).

The results obtained here for the Oregonator should be
of use in guiding the design of future experiments on the
BZ-AOT system, where several cross-diffusion coefficients
have already been measured [4,5] and an Oregonator-based
model [7] has been developed. Implementation of this ap-
proach will, however, require its extension to models with
more than two concentration variables.
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APPENDIX A: EQUIVALENCE OF THE CGLE
DERIVATION TO KURAMOTO’S FORMULATION
IN THE CASE OF HOPF INSTABILITY

Here we consider in detail the method of derivation of
the AE in the Hopf case to show that it is equivalent to
Kuramoto’s procedure [5,9]. Using the eigenvector U in the
form of Eq. (57), the deviations are chosen as

Xl — UWeiwot +ﬁW€7iw0t — (Xul)

Xyl

oy . aq -
- ( )We”"”' + ( )We o (Al
(6%} (0%)
2iwot ", —2iwpt Xu2
X, = Vo + Ve + Vse 02( >
X2
do a 2iwot
= .C.|. A2
()t [()emrvec] e
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Here W = W(z,R), Vp, = VO,Z(W,W). The first harmon-
ics in the second deviation (A2) vanish because there are only
the zeroth and second harmonics in I, in Eq. (17) for the Hopf
case

(9/0t — Jo)Xp = HoX X = Iy, (A3)
with
HoX;X; = (HoUU)W?e* ™! + 2(H,UU)|W |*
+HHOO)W e 2 (Ad)

or in the coordinate form
(HoX1X1);
= [H!" @) + H" (010, + and)) + I‘I_,'-“)Ol25!2]|W|2
4

=2GY W[ + (GTW?e¥ ™ +c.c),

24 2H oy + Hf”a%) W2e%e! 4 c.c.]
i=12.  (A5)

This fact was pointed out by Kuramoto [9,13]. Then, the
application of the above procedure for the second order yields
for the zeroth harmonic terms the following equations:

Jbo = 2GY W2,
Jby = 2GY W2,

(A6)
(AT)

0
_‘Illao —

0
__~]é1510 —

from which the coefficients ag, by are found as in Egs. (43) and
(44) with only one replacement, G; — G(}. In vector form we
can write these two equations as

G —
—Jovo=2<Gg [WI> = 2(HoUD)|W[*.  (A8)
2

Hence

Vo = —2J, (H,UU)| W2, (A9)

The same procedure for the second harmonics yields
Egs. (48) and (49) for a;,b, with the following replacements:
Gj— G| and

Pmn = Jm” + 21&)08””1,

1l,m=n

Smn = { ’ m,n = 1,2,

N (A10)

so that the equation for a;, b, can be written in vector form as

G+
oVo = —(Jo — 2iwg)Vs = (G;+> W? = (H,UU)W?,
(Al1)
i.e.,
Vo = —(Jo — 2iwy)” ' (H,UU)W?2. (A12)
For the third order of expansion with
L= X x4 p N
3 = 9t 1 0 3R2
+2H X X; + NoX; X X, (A13)
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the quadratic term

(HoX1X3);
= %[H;‘“xulxuz + H} (xur xv2 + xo1x02) + H}wxleuz]
(A14)
has contributions proportional to ¢/’ :
XulXy2 = (Ol] Wa() + &1 Waz)eiwot + -,
Xyl1Xp2 = (Ol] Wb() —+ 6{1 sz)eiwot +
- . (A15)
XXz = (@ Wag + @ Wap)e' ™ + - -
Xp1 X2 = (aWho + @ Why)e' ™ + - - -,
or in vector form
HX X, = (HoUVo)We'™ + (HoUVy)We'™' + ...
(A16)

The same manipulation with the cubic term

(NoX X X));
[N””” 31 + 3N”’“’ 21xvl + 3N”””xu1x + N”““ 31]
(A17)
results in contributions such as
X3, =3ada |WPWe'™' 4 ... (A18)
or in vector form
NoX X;X| = 3(NoUUU)|W[*We'™ +.... (A19)

Taking into account Egs. (A9) and (A12), we put Vg =

VolW|?and V, = V., W2 and recover Kuramoto’s result [9,13]
oUW 9TUwW —
I;r:_a_ + JIUW +Dy—— IR2 +2(HyUVy+ HyUV,)

x |W*W + 3(NoUUU)|W|*W, (A20)

where the tilde over V( has been omitted.

APPENDIX B: CALCULATION OF THE ¢, COEFFICIENT
IN THE CGLE FOR THE OREGONATOR MODEL

The calculation follows Kuramoto’s approach for deriving
the CGLE [9]. To find ¢, = g”/g’ in the CGLE we calculate
the vectors HXX and NXXX. For HXX, we have

(HXX);
_ L[ 32%F;(u,v)
2 du?

32 Fi(u,v)

u,u,+2
+ ou ov

up,vo

Ull UU] ’

(BD)

up,vo

where the two components of eigenvector U, U,, and U,, are
used for the deviation X. Here we have taken into account that
H!'V = [8*F(u,v)/0v*] = 0 for the Oregonator model, and
since F,(u,v) is a linear function, all its second derivatives
are zero, which causes the second component (HXX), of
the vector HXX to vanish. With 4 = 0 (or € = &.q) the first
component (H(XX); [see Eq. (B1)] is given by

(HoXX); = (1—wj) H" [2+H" +iwo(H" +H"), (B2)
(HoXX)1 = (1 + wj)H{" /2 + H{", (B3)
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where
L
du? 1o, v0;u=0 EcH (g + up)? ’
H = 32 F(u,v) _ 3% F (u,v)
du dv u0,v0;u=0 dv du ug,v0;4=0
__2_a
gt (¢ + uo)?’
UU, =1+ 2iwy — ), UU, =1+,

U U, =1—iwy, and U,U, =1+ iwp.

Now we calculate the vectors NXXX and NXXX. The
nonzero terms of the first component are

(NXXX),

_ 1[33F (u,v)
6 du’

3} Fi(u,v)

uv,u,Uu,+3
+ ou? v

ug,vo

Uu Ul,l UU] ’
Uo, Vo

(B4)

3 F(u,v)
ou3

33 Fy(u,v)

du? v

u,u,U,

uo,vo

— 1
(NXXX), = 6[

+

Qu,U,U, + U, Uﬁv)}.
up,vo

(BS)

The second component (NXXX); = 0 for the Oregonator.
With u = 0 (or ¢ = g.y) the first component (N (XXX), reads

(NoXXX),
= (1/6)[N{"™“(1 +iwo)(1 + w5) + N{“(3 + 2iwo + wyp) ],
(B6)

N = 83 Fy(u,0) /U 4y,0, = —(1 /ee)[129.f vo/
(g +uo)'l, N = 3*Fi(u,0)/0u? dv|uy.u, = (1/ec)[4qf/
(@ +uoy’l, UUU, = +iw)(l —iwo), UUU, =
1+ @}, and U, U, U, = 1 + 2iwy — 0?.

To complete the calculation of ¢,, we first compute a few in-
termediate expressions (see Ref. [9]) such as 3(U; N OXXX)I,
Jo ' (Jo — 2iwy)™', Vo = —2Jo 'HyXX, and V, =
— (Jo — 2iwy) "' HyXX. Next we derive

where

3(USNoXXX); = [N (1 + wg) + 2N{""] /4 — (i /wo)
x [N (1 + ) + N (3 + )] /4
(B7)

(B8)

—1 -2 1 2
(Jo— 2icn) ! = —— ( Ho +‘”°), (BY)

302\ -1 1 — 2iwg

- 1+ w? 2 1
V0=—2J61H0XX= < +2w0H{m+—2H1”U>< ),
wy on 1

(B10)
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. —1 1 l_a)(% uu uv
Vi =—(Jo—2iwp) HOXX=——2 H" + H
3wy 2
1+2iw
+iwo(H{" + Hf“’):| ( ) °>, (B11)

(HoUVp) = [H{’”UuVou + H""(U, Vo, + UUVOM)]/2,
(B12)

and (HoUV,), = 0, where Vg, and Vj, are the first and the
second components of Vj, respectively.

Next, we determine (following Kuramoto [9]) the complex
function g as

g=g +ig=-U"-(2H,UVy+2H UV, + 3N XXX).
(B13)

The first term of the right-hand side of Eq. (B13) gives

1/1 2 2
_ZU*H()UVO — _( +20)0 Hluu + _2Hlul)>
2 wj wy

x [—(H;“‘ + HM) + wl—O(Hl“” + 2H1‘”’)}.
(B14)

The second term of the right-hand side of Eq. (B13), defined
by (H_OUVJr)l = [HluuUu V+u + Hluv(Uu V+v + va+u)]/2
and (HyUV,), = 0, reads

—2U*H, UV,

_ 1 uu uv 1+0)(2)
—Z—w(z)(Hl +H, )< >

i 1 — wé HMM + HMU
6w; 2 :

% [(1+20)(2))H|W+2H1uv] _ Cz)(z)(Hluu—i—H]uU)2],
(B15)

Hluu + H{,ll))

The last term in this expression is given by Eq. (B7).
Collecting all terms, we obtain the following expressions for
g and g/

¢ = g+ 1) (- Sy
_% 1+2 w%Nlm +Nf,w>’ B16)
g = _i_; + 6iwg[z(l + wy)H™ + TH}"]
x (1 J;“’% H"™ + H{'“)Z + 6—;0(H1””)2
e, B17)

036216-12



AMPLITUDE EQUATIONS FOR REACTION-DIFFUSION ...

[1] V.K. Vanag and I. R. Epstein, Phys. Chem. Chem. Phys. 11, 897
(2009).

[2] M. Cross and H. Greenside, Pattern Formation and Dynamics
in Nonequilibrium Systems (Cambridge University Press,
Cambridge, 2009).

[3] A. M. Turing, Philos. Trans. R. Soc. (London), Ser. B 237, 37
(1952).

[4] E.Rossi, V. K. Vanag, E. Tiezzi, and I. R. Epstein, J. Phys. Chem.
B 114, 8140 (2010).

[5] F. Rossi, V. K. Vanag, and I. R. Epstein, Chem.-Eur. J. 17, 2138
(2011).

[6] V. K. Vanag, F. Rossi, A. A. Cherkashin, and 1. R. Epstein,
J. Phys. Chem. B 112, 9058 (2008).

[7] V. K. Vanag and I. R. Epstein, Phys. Rev. Lett. 87, 2 (2001).

[8] M. C. Cross and P. C. Hohenberg, Rev. Mod. Phys. 65, 851
(1993).

[9] Y. Kuramoto, Chemical Oscillations, Waves, and Turbulence
(Springer, Berlin, 1984).

[10] A. C. Newell, in Lectures in Applied Mathematics. Nonlinear
Wave Motion, edited by A. C. Newell, Vol. 15 (American
Mathematical Society, New York, 1974), p. 157.

[11] L. S. Aranson and L. Kramer, Rev. Mod. Phys. 74, 99 (2002).

[12] D. Walgraef, Spatiotemporal Pattern Formation (Springer-
Verlag, New York, 1997).

[13] Y. Kuramoto and T. Tsuzuki, Prog. Theor. Phys. 54, 687 (1975).

[14] A. De Wit, Ph.D. thesis, Universite Libre de Bruxelles, 1993.

[15] M. Ipsen, L. Kramer, and P. G. Sorensen, Phys. Rep. 337, 193
(2000).

[16] E. M. Nicola, L. Brusch, and M. Bir, J. Phys. Chem. B 108,
14733 (2004).

[17] Y. Gong and D. J. Christini, Phys. Rev. Lett. 90, 088302 (2003).

[18] C. M. Topaz and A. J. Catlla, Phys. Rev. E 81, 026213 (2010).

[19] H. Levine and X. Q. Zou, Phys. Rev. E 48, 50 (1993).

PHYSICAL REVIEW E 84, 036216 (2011)

[20] R. J. Field and R. M. Noyes, J. Chem. Phys. 60, 1877 (1974).

[21] J. J. Tyson and P. C. Fife, J. Chem. Phys. 73, 2224 (1980).

[22] G.Nicolis and I. Prigogine, Self-Organization in Nonequilibrium
Systems (Wiley-Interscience, New York, 1977).

[23] B. P. Belousov, Collection of Short Papers on Radiation
Medicine (Medgiz, Moscow, 1959), p. 145.

[24] A. M. Zhabotinsky, Biofizika 9, 306 (1964).

[25] M. Ipsen, F. Hynne, and P. G. Sorensen, Int. J. Bifurcation Chaos
Appl. Sci. Eng. 7, 1539 (1997).

[26] M. Ipsen, F. Hynne, and P. G. Sorensen, Physica D 136, 66
(2000).

[27] D. G. Miller, V. Vitagliano, and R. Sartorio, J. Phys. Chem. 90,
1509 (1986).

[28] A. C. Newell and J. A. Whitehead, J. Fluid Mech. 38, 279
(1969).

[29] L. A. Segel, J. Fluid Mech. 38, 203 (1969).

[30] E. A. Kuznetsov, A. A. Nepomnyashchy, and L. M. Pismen,
Phys. Lett. A 205, 261 (1995).

[31] G. H. Gunaratne, Q. Ouyang, and H. L. Swinney, Phys. Rev. E
50, 2802 (1994).

[32] B. Pena and C. Perez-Garcia, Phys. Rev. E 64, 056213 (2001).

[33] R. B. Hoyle, Pattern Formation: An Introduction to Methods
(Cambridge University Press, Cambridge, 2006).

[34] R. Courant and D. Hilbert, Methods of Mathematical Physics,
Vol. 1 (Wiley, New York, 1953).

[35] V. K. Vanag and L. R. Epstein, Science 294, 835 (2001).

[36] V. K. Vanag and I. R. Epstein, Phys. Rev. Lett. 88, 088303
(2002).

[37] L. Brusch, E. M. Nicola, and M. Bir, Phys. Rev. Lett. 92, 089801
(2004).

[38] J. J. Tyson, J. Chem. Phys. 62, 1010 (1975).

[39] V. K. Vanag and I. R. Epstein, Phys. Rev. Lett. 92, 128301
(2004).

036216-13


http://dx.doi.org/10.1039/b813825g
http://dx.doi.org/10.1039/b813825g
http://dx.doi.org/10.1098/rstb.1952.0012
http://dx.doi.org/10.1098/rstb.1952.0012
http://dx.doi.org/10.1021/jp102753b
http://dx.doi.org/10.1021/jp102753b
http://dx.doi.org/10.1002/chem.201002069
http://dx.doi.org/10.1002/chem.201002069
http://dx.doi.org/10.1021/jp800525w
http://dx.doi.org/10.1103/PhysRevLett.87.2
http://dx.doi.org/10.1103/RevModPhys.65.851
http://dx.doi.org/10.1103/RevModPhys.65.851
http://dx.doi.org/10.1103/RevModPhys.74.99
http://dx.doi.org/10.1143/PTP.54.687
http://dx.doi.org/10.1016/S0370-1573(00)00062-4
http://dx.doi.org/10.1016/S0370-1573(00)00062-4
http://dx.doi.org/10.1021/jp049213r
http://dx.doi.org/10.1021/jp049213r
http://dx.doi.org/10.1103/PhysRevLett.90.088302
http://dx.doi.org/10.1103/PhysRevE.81.026213
http://dx.doi.org/10.1103/PhysRevE.48.50
http://dx.doi.org/10.1063/1.1681288
http://dx.doi.org/10.1063/1.440418
http://dx.doi.org/10.1142/S0218127497001217
http://dx.doi.org/10.1142/S0218127497001217
http://dx.doi.org/10.1016/S0167-2789(99)00149-9
http://dx.doi.org/10.1016/S0167-2789(99)00149-9
http://dx.doi.org/10.1021/j100399a010
http://dx.doi.org/10.1021/j100399a010
http://dx.doi.org/10.1017/S0022112069000176
http://dx.doi.org/10.1017/S0022112069000176
http://dx.doi.org/10.1017/S0022112069000127
http://dx.doi.org/10.1016/0375-9601(95)00568-N
http://dx.doi.org/10.1103/PhysRevE.50.2802
http://dx.doi.org/10.1103/PhysRevE.50.2802
http://dx.doi.org/10.1103/PhysRevE.64.056213
http://dx.doi.org/10.1126/science.1064167
http://dx.doi.org/10.1103/PhysRevLett.88.088303
http://dx.doi.org/10.1103/PhysRevLett.88.088303
http://dx.doi.org/10.1103/PhysRevLett.92.089801
http://dx.doi.org/10.1103/PhysRevLett.92.089801
http://dx.doi.org/10.1063/1.430567
http://dx.doi.org/10.1103/PhysRevLett.92.128301
http://dx.doi.org/10.1103/PhysRevLett.92.128301

