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Abstract

Some reaction-diffusion systems feature nonlocal interaction and,
near the point of Hopf bifurcation, can be represented as a system of
nonlocally coupled oscillators. Phase of oscillations satisfies an evo-
lution PDE which takes different forms depending on the values of
parameters. In the simplest case the equation is effectively a diffu-
sion equation which is excitation-free. However, more complex forms
are possible such as the Nikolaevskii equation and the Kuramoto-
Sivashinsky equation incorporating linear excitation. We analyse a
situation when the phase equation is based on nonlinear excitation.
We derive conditions on the values of the parameters leading to the
situation and show that the values satisfying the conditions exist.

1 Introduction

Reaction-diffusion systems exhibiting oscillatory dynamics near the Hopf bi-
furcation can be reduced to an evolution equation for the phase of oscilla-
tions [1, 2]

O = a, V2 + ay(Vh)?+
b1V + b VAUV + by (V) 4 b V2(V)? + bs (V) '+
BV + g VPUVY + gs VIOV + g4 (VP9)? + g5V (V) +
96(V20)? + grVPYV2VY + gs VP (Vh)? + go(V2)* (Veh) 2+
910V (V) + g (V) '+
61V8¢ 4o



where a,,, bn, gn, €n, ... are constant coefficients. The right-hand side of (1)
can be viewed as a power series in small parameter V2 ~ (1/L)? where L is
the large characteristic spatial scale of variations of ).

Under certain conditions equation (1) can be truncated to finite forms.
The most simple forms are the classical 2nd order (in V) diffusion equation
and the nonlinear diffusion equation transformable into the Burgers’ equa-
tion. If a; < 0 or b; > 0 the respective terms of (1) become anti-dissipative so
that perturbations of a flat field 1/ =const grow. One can say that such terms
bring about excitation. In such cases a truncation must be of higher-order
in V in order to maintain balance, examples being the 4th order Kuramoto-
Sivashinsky (KS) equation [1, 3] and the 6th order Nikolaevskii equation [4].
Note that the excitation terms in these equations are linear. As a conse-
quence, the state ¢ = const turns out unstable to infinitesimal perturbations
and is globally destroyed.

It is interesting to investigate whether a truncation with nonlinear exci-
tation is possible. Unlike linear one, a nonlinear excitation can support lo-
calized dissipative structures sometimes referred to as auto-solitons and also
complex regimes resulting from their interactions. Previously we showed that
such a model is mathematically feasible [5, 6]. In the present work we execute
a systematic procedure by which we derive a nonlinearly excited truncation
of the phase equation from the complex Ginzburg-Landau (GL) equation
with nonlocal coupling [7]. Tanaka and Kuramoto [7] mention a variety of
systems linked to the nonlocal GL model: cellular slime molds, oscillating
yeast cells under glycolysis and the Belousov—Zhabotinsky reaction dispersed
in water-in-oil aerosol OT microemulsion.

Consider (1) and suppose that the coefficients by = —e is slightly neg-
ative. This makes the term —eV?)(V)? an excitation; it can be treated
as an anti-diffusion, —V?%, with the nonlinear coefficient (V)?. Suppose
also that the coefficients ai, as, by, by and b3 are small enough so that the
respective terms can be neglected. The rest of the coefficients appearing in
(1) with the exception of by are generally of order 1. When a perturbation of
the flat steady state 1) = const grows, the 4th order nonlinear term bs(V1))?
comes into play. Its role is similar to (V/)? in the KS equation, which is to
create regions of sharp variations of 1. In such regions, the dissipation g, V%
prevails (assuming ¢g; > 0) as it is of higher order in V; this prevents forma-
tion of singularities. Denoting characteristic scale of the phase variations by
U > 0 we evaluate in absolute value: V2i(V)? ~ W3 /LY (Vih)* ~ W4/ L



and V%) ~ /L5 The balance between the three terms,
W /LY ~ Ut /L ~ U/ LE (2)
determines the scales of the dissipative structures,
U~e, L~ (1/e)%2. (3)

Suppose that

(4)

Let us show that these conditions make the respective terms of (1) negligible
compared to the balance terms (2). For the latter, taking into account (3),

by VZ2Y(VP)? ~ eW3 /L4 ~ e
By comparison, using (3) and (4),
ay V3 ~ a1/ L? ~ o(e'),
az (V)* ~ a¥?/L* ~ o(e'?) ,
by V' ~ bW /L ~ o(e"), (5)
by V2YVh ~ byU? [ L* ~ 0(e?)
by (V24)? ~ b3 W% /L* ~ o(e").

Now look at the rest of equation (1) starting from the term ¢,V59V1).
Among those all nonlinear terms are negligible relative to the balance terms
because of higher order in ¥ ~ ¢, and all linear terms are negligible because
of higher order in V? ~ 1/L? ~ &3. Thus, the phase equation reduces to

O = by V2(Vp)? + bs (Vb)) + g1 VU . (6)

Earlier [5] we solved (6) numerically as a semi-artificial model in one dimen-
sion under periodic boundary conditions and obtained smooth kink-shaped
waves propagating at a constant speed.



Our plan is to derive (6) from the complex Ginzburg-Landau equation
relevant to nonlocal reaction-diffusion systems. Tanaka and Kuramoto [7]
analysed the system of this type

X = f(X) + 6VX + kg(9), (7)
70,8 = —S + DV*S + h(X). (8)

Here X is the vector representing concentrations of reactants, disa diagonal
matrix responsible for diffusion, f and g are the vector functions, k, 7 and
D are constants. Implicitly system (7)—(8) involves a bifurcation parameter
v which, when changing from g < 0 to g > 0, brings about oscillatory
instability. Note that equation (8) is linear; this allows to solve it for S in
terms of X and substitute in (7). Provided that the parameter k is small,
k ~ O(|p]), this leads to the complex nonlocal Ginzburg-Landau equation

O A = oA — BIAPPA+ 6V?A + kn' / dr'G(r — ') A(r't), 9)

where A is loosely proportional to X; o, 3, 6 and 1 are parameters. It is
assumed that
Reo > 0. (10)

The coupling function G satisfies the normalization condition

Q/G&ﬁhzl. (11)

The complex parameter J is responsible for diffusion and, therefore, should
have positive real part,
Red > 0. (12)

Using (11), it is convenient to write (9) in the form
A = po’ A — BlAIPA+ 6V A+ kn' / dr'G(r —v")[A(r',t) — A(r, t)], (13)

where
o =0c+kn'/n. (14)

The system is assumed supercritical,

Reo’ > 0. (15)



Some parameters in (13) can be eliminated by changing variables. The imagi-
nary part of the coefficient 10’ vanishes after transforming A — A exp|ip Im o't
and the diffusion coefficient D as well as Re 3 and p Re o’ become unity by
rescaling A, t and r. Eventually (13) is transformed to

O A = A— (1+ic)|APA+ (6 +1i65)V2A

(16)
+K(1+ic) /dr’G(r —1)[A(X,t) — A(r, t)],

where ¢y, cg, d1, 02 and K are real constants. Condition (12) is equivalent to

The complex amplitude A is connected to the real phase of oscillations, ¢,

via
A=ae ", (18)

where a is the real amplitude. We consider a one-dimensional case keeping
the symbol V for convenience. In one dimension

Glr) = 5(C -+ imeCHml, (19)
where
(20)

(o (LT e (evire)”
- 2D = 2D ‘

Here the parameter § = wy7 is proportional to the basic frequency of oscil-
lations, wy, and characteristic time 7. The diffusion coefficient D becomes
unity upon the mentioned rescaling of z leading to (16). The form (19)—-(20)
expresses the physical fact that effective coupling radius, 1/, is proportional
to the square root of the diffusion coefficient, D'/2. We refer to [7] for more
details.
As for the phase, it is convenient to analyse its departure from cot, defined
by
o =-Ccot +. (21)

For 1) we will derive the phase equation (1) using (16) and (18). During
this procedure the integral term is decomposed in a power series in V. Each

coefficient in equation (1) turns out to be a combination of the parameters
51, 52, C1, Co, K and 6.



It is important to note that the value of the parameter K is limited. After
transferring from (13) to (16), K (1 + ic;) appears as the combination

kn'/p
=K
Reo’

(1 + iCl) .

Taking real part and using (10), (14) and (15), we have

Re(kn'/u)  Reo’ —Reo ] Reo

K= —
Reo’ Reo’ Reo’

<1. (22)

The results above were obtained by Tanaka and Kuramoto [7]. Tanaka sub-
sequently showed [8, 9] that, when the values of the parameters are appropri-
ately chosen, equation (16) reduces to the Kuramoto-Sivashinsky equation
or the Nikolaevskii equation. We present and briefly discuss these equations
in Section 5.

2 Complex GL equation with two nonlocal
terms

Tanaka and Kuramoto commented that the Ginzburg-Landau equation (16)
“Involves six independent parameters ¢y, ¢o, K, 6, 6; and ds” [7] (p.026219-
5). Our aim in the paper is to satisfy the six conditions (4) by choosing
the values of the parameters. However, our computations indicate that to
achieve this we seem to need more than six independent parameters.
Therefore, we add one more reactant into (7)—(8); this will allow to raise
the number of independent parameters to nine. By selecting their values we
will be able to satisfy in Section 4 the conditions (4) subject to all necessary
restrictions. So we consider an extended reaction-diffusion system

X = £(X) + 0VX + kyg1(S1) + kaga(Ss) (23)
7'181551 = —51 + DV251 + hl(X) y (24)
790;Sy = —Sy + DV2Sy + hy(X), (25)

where ki ~ ko ~ O(|p]). The extra term kogo(Ss) in (23) leads to the extra
integral term in the respective nonlocal Ginzburg-Landau equation,

A = poA — BlAPPA+ 6V2A

6



+kim / dr'Gy(r — v)A(X',t) + ko' / dr'Gy(r —v)A(r') 1), (26)

where each coupling function G,, carries its own 6,, n = 1,2. The coupling
functions satisfy the normalization conditions

/Gl(r) dr = /Gg(r) dr=1.
Using these conditions, equation (26) is modified to

OA = po' A — BlAPA + 6V2A
e [ G = F)LAG, ) = Afe, 1) (27)

o’ / /G (r — ')A, 1) — Ar, )],

where
o =oc+kim' /4 ken' /1. (28)
Rescaling (27) in the similar way to (13), we obtain

DA = A— (1+ic)|APA+ (6, + i6,)V2A
+ K1 (1 +ic) /dr'Gl(r —r')[A(r') — A(r)] (29)
FE(1+ i) / dr' Gl — ) [A() — A(r)],

where

kim //M Fkana ’/,u
Reo’ '’ Reo’
Now we have the 9 independent parameters at our disposal: 91, o, 11, €12,
ca, K1, Ko, 01 and 0 (the latter two are part of G; and G).
Let us derive restrictive conditions on K; and K> in place of (22). Taking
real part of (30) and summing up, we get

Re(kin ' /1) + Re(kanz /1)

Ki(1+icy) = Ko(1 4 iciy) = (30)

K+ K, = .
L Reo’
Then, using (28), (10) and (15),
Reo’ — Reo Reo
1+ Az Re o’ Re o’ < (31)



Another restriction to be met is positiveness of the coefficient at V% in (6),
g1 >0. (32)

It is necessary to ensure that the term is dissipative.

3 Derivation of the phase equation

We start with the derivation of the phase equation for the Ginzburg-Landau
equation (16) and then will generalize it for the extended variant (29). Denote

Io = K(1 +ic1) / dr’ Gz — ') [A(z') — A)]. (33)

Substituting (41) into (16) and separating real and imaginary parts, we ob-
tain

oa=a—a>+6Va—6a(Vp)?+25,VaVy + d,aVip+Rel. (34)

VaV V2 1
Bip = caa® + 26, ~0F 4 502 — 5276‘ +0x(Ve)? = ~tm I, (35)
where
I = lo 36
- e_i@ . ( )

Spatial variations of both the real amplitude a and phase ¢ are assumed
slow, therefore V ~ 1/L ~ g1 is a small parameter. For consistency with (3)
we state

g, = &2,

As we said in the previous section, the integral [ in (34)-(35) can be rep-
resented as a series in V. Since A(z') — A(z) = (¢/ — 2)VA+ (1/2)(2" —
7)?V2A + ... and G(r) = G(—x) the leading term in such series is of order
V2.

We face a typical centre manifold situation involving the fast variable a
and slow variable ¢. The amplitude a is quickly attracted to the vicinity of
the equilibrium state, ap = 1, by means of d,a = a — a® and then is weakly
affected by the perturbations. The phase is subject to the almost constant
force cya® ~ cya? = ¢y plus the weak influence of the perturbations. Thus,
the phase and amplitude end up changing slowly is space and time about



@ = cot and ag = 1. The centre manifold theory says that there exists a
manifold to which the dynamics are attracted exponentially quickly,

a=a[Vy]. (37)

Equation (37) manifests a stiff connection between the amplitude and phase
on the attractor. This link allows to eliminate the amplitude from (35) and
thus obtain a closed equation for the phase.

Rescale the variables via t; = €3t and x; = ¢; . Then

V= €1V1 s 8t = 8%&31 . (38)
Expand the amplitude into the series
a(z) = 14 2ay(x) + etas(z) + Lag(x) + ... . (39)

Using (38), (21) and (39) in the phase equation (35) and the amplitude
equation (34), we obtain, for the phase departure introduced in (21),

200,10 = 2co et ay + 2co €] ay + co €] a3 + 255 ag

—|—251 8;1 V1GQV1¢ + (51 8% V%Qﬂ — (52 8;1 V%CLQ — (52 8(1; V§a4 (40)
1

—|—52 8% (vlw)2 — EIIIII —+ ...

and, for the amplitude,

E10nas + 90 as + - - = —2etay — €] (2a4 + 3a3) — 5 (2a6 + 6azay + a3)
+0167 (61Vias +eiVias+...) — & (L+ejas +elas + ... ) e1(Vieh)®
+20561 (e7Vias + e1Vias + ... ) e1Vid -
+05 (1 +efas +ejas+ ... ) TV + Rel .
Collecting terms ~ €7 in (41) we obtain
0= —2ay — 6 (V1¥)* + 5, Vi + (Re )y, (42)

where (Re I)y denotes the coefficient at €2 in &;-series for Re I that we need
yet to determine. Inserting (18) into (33) we get

In=K(+ic) /d:z’ Gz — ') [a(z)e @) — q(x)e @) (43)

9



implying that a and ¢ also depend on t. We want to decompose the integrand
into a series. Using the Taylor series

A } 2 2
a(z") = a(x) + Va(z) Az + 2V a(z)Az + ... (44)
= a(z) + e1Via(z) Az + 3e1Via(z)Az? + ...

where
Ar =12 —x,

and substituting the e;-series (39) into (44) and then the latter together with
the coupling function (19) into (43) we get
Koy e ! o—(CHinlaal
Iy = 5(1+w1)(g+m)e ¢ | da' e ST
X [(emw — 1) + elas(z) (emw - 1)

&3V 1ay(z) Az 49

+e1 <a4(x)em“” + %V%ag(z)A:Ez e'he — a4(:)3))

+€3 <V1a4(x)Ax AP 4 %Vi’ag(x)Ax?’ eiA“”)

+£8 <a6(x)em“° + %V%a4(z)A:ﬂ2 A 4 %V?ag(z)A:ﬁl e'hv — ag(a?)) +.. } ,

where

Ap=p—¢
(¢ = ¢(2')). In order to determine (Rel)s we need to extract cumulative
component ~ &7 from (45). We need the Taylor series

1
3!

1

et =14+ iAp — %Aﬁ — =

1
z'Ag03+EAgo4—|— PiAQ° ... (46)

and also the Taylor series for Ay,

Ap=—(¢ —p)=—{ —¥)
1 (47)
= — Vi Ax — §€%V%¢A$2 +....

10



Substituting (47) into (46) we find

ehY — 1= <—51V11pA:c —51V2wA:c +. )
2 (48)
1 | 2

—5 81V1¢A$+§€1v1wASL’ + ... + ...

Now we substitute (48) into (45) and take into account that the integrals

involving odd powers of Az give zero. The leading term ~ &7 in (45) comes

from e2¢ — 1, it is (—ie; V19 Axz); upon integration it gives zero. In order
2

~J 5‘1

(Rel)s = Re {g(l +ic1)(C +in) /dx/ o~ (C+im)|Aa|
{_Z VigAz? —1( Vi) Ax}} .

Using(49), we express as from (42),

52 52

V2¢ - —( 1) + (Re 1)y = —V1¢ - —( 1)?

+5¥&<—cmy/dfefﬁﬂ[—lanwFAf%mamAﬂ>—1v%wm9ﬁmmAﬂﬂ
4 2 2
—(01§+n)/dm’6_cm| [ V3 Az? cos(n|Az|) + ( )2 Az? sm(n|A:c|)]}

(50)
The terms (V11)? and V3t do not depend on 2’ so (50) contains the integrals

Cn(C,m) = / dx’ eI~ cos(n|a’ — z|) (2’ — )",

— 00

&«nnzjmdfefﬂﬂammf—xwf—xw

—00

for n = 2. Tables of integrals give

4¢ (¢2 = 3n?)

D= e MO e

11



Later we will also need cases n =4 and n = 6,

2(n +1
Calém) = — D) cos [(n -+ 1) arctan(n /<)
(C+n?) (51)
s _ 2l(n+1) . 1) arct
(61 = iy sl D arctan(a/C)]
Straightforward manipulations in (50) lead to the answer
Gz = Oélquﬂ - 042(V1¢)2 ) (52)
where
by K K
o =5 = 5 —am) + Ol +n),
) K K (53)
Qg = —1 + —CQ(C — 0177) + —52(01C + 77) .
2 8 8
In order ~ 3 the amplitude equation (41) says

Let us show that this is true. From (45) using (48) we find

[e.e]

K .
(Re I)3 = Re {?(1 + ZCl)(C + 21’]) / dZL'/ 6_(<+177)|Ax‘

X {—i%vi’lp Ax® — %vﬁpvﬁb Ax® + %zvi’zp Ax®

—a2iV1¢ Az + V1a2 ALL’] .

This integral is equal to zero as it involves only odd powers of Az. Grouping
terms ~ ¢} in the amplitude equation (41) we have

ar = —(1/2)0,as — (3/2)a3 + (1/2)6:1Viaz — (1/2)01as(V19))?
(55)
+52V1a2V1w + (1/2)52&2V%’¢ + %(Re I)4 .

(Re ) is the coefficient at €] in the series for Re [.
Here we make the crucial remark that the time derivative in (55) can

be ignored straight away as justified by the following. Having placed a,

12



expressed by (52) under the time derivative in (55) and subsequently into the
phase equation (40) we get the terms of higher orders than the time derivate
e20,,1 ~ €1 already present in (40), for example 2coei; 0y, Vi) ~ &f. Such
terms can be ignored.

Now let us determine (Re )4 by grouping terms ~ e} in (45),

(Rel)s = Re {g(l +ic1)(C + in)/ do! e~ (C+in)|Aal
< | (—im Vivast - L(v2past - 1y uvipa
24 8 6
1 1
i (V19 VivAct + ﬂm@b)mzx)
1 1 1
Ta <_i§V%wA5”2 - §(V1¢)2A9§2) - §Vfa2Ax2} } .

Substituting (52) into (56) and the result into (55) (with the time derivative
removed) and rearranging we come to

ay = BV + 51 (V2)" + ViV + B3V2(V19)? + Ba(Va)t (57)

with the coefficients

1) K K
B = 04151 + g(g —c1n)Coan + g(n + ¢1() Sz
K K
_M(C —c1n)Ss + M(U + ¢1¢)Cy,
3 1) K K
B = —§af — 019 + §2a1 + @(C —c1n)Cy — 3—2(77 +¢1() S,
K K
_Z(C —c1n)Coag — Z(U + 1) S (58)

K K
_g(g —c11)Sa0n + g(n + ¢1()Caary

K K
/62 = —51(12 + 52@1 — ﬂ(c - 0177)04 - ﬂ(n + ClC)S4

K K
_Z(C - 0177)02% - Z(U + ClC)S2Oéz )

13



01 509

By = 3a0n — 5041 - 7042
K K
_g(g — ) Cooy — §(77 + ¢1()Saan
K K
+1_6(C —c1n)Sy — E(U + ¢1¢)Cy
K K (59)
""g(g — c11) S0 — g(ﬂ + ¢1()Csasy
_ 3 5 K K
o= —g05+ 2 (O —an)Ca+ =2 (n + e¢) S

K K )
+§(C — 0177)02(12 + g(?’] + 01C)520é2 + %OZQ .

In order ~ &7 the amplitude equation (41) requires
0= (Rel)s.

Let us show that this is true. Using (45), we obtain

[e.e]

K .
(Re I)5 = Re {?(1 + ZCl)(C + 21’]) / d!lf/ 6_(<+177)|Ax‘
_ 1

1
55 VIV A — LYV A

1
X [—Z§V?w Ax®
1
HL V(T AL i (Vi) VG A
2 1
+E(V1¢)3V§¢ Az® — ig(wb)s Az®

) 1 1 ) 1
—mz(if)gvifw Az® — az(if)ivltbvfw Az’ + mz(l‘)g(vﬁb)g Az?
1 1
—zEVf@DVlag Al’g - i(Vlw)2V1a2 Al’g

1
+iay(z)Vi Az — zEVfang@D Az?
1
+V1a4(x) Az + §V§CL2 ALL’3:| } =0

14



as only odd powers of Az are involved here. Grouping terms ~ &9 in the
amplitude equation (41) we have

1 1 ) 5
ag = ——8t1a4 — 3&2&4 — 5&% + 1V1&4 ( 1’l7b)2
(60)

+52V1&4V1’¢ + CL4V w + = (Re I)

The time derivative d a4 in (60) can be immediately ignored for the same
reason as Oy az in (55). From the rest of equation (60) we need to retain
only linear contribution that is the terms proportional to V$1 because all
the nonlinear terms of order €% are negligible as we argued in Section 1. Such
linear terms may come only from two terms in (60):

ag = linear terms from{ 5 Viag + = (Re Ig } (61)

where

(Rel)s = Re {g(l +1c1)(C + “7)/ dg! e~ (CHmlAe]
1 (62)
[ z—v 6 A + v a4A$2+IV‘1‘a2A9:4]} |

Using as from (52) and a4 from (57) and doing some algebra we obtain

ag = Vi B(Slﬁ + %(C —c1n)Cof + L(C —c1n)Caany

4 - 4!
K K
I 6'@_ 177)56+4 6,(C1C+U)Ca (63)
K(clc +1)S20 + 4K4, (¢ +n)Sian

with Cg and Sg given by (51) and 3 given by (58).

We are getting closer to achieving the goal of transforming the phase
equation (40) into a closed form. To this end we determined all the com-
ponents of the amplitude, namely ay, a4 and ag appearing in (40), in terms
of ¢. The next task is to express the input from (1/a) Im [ in terms of .
First, we decompose Im I into the series

Im/=¢e(ImI), +e}(ImI)y+e(ImI)s +...

15



and take into account that all the odd terms disappear because I} = I3 =
-+ =0 as we explained earlier. Thus, we have

a'Im [l = (1+¢€lay +ejas +elag+...)7"

x [e3(Im 1)y 4+ ef(Im 1)y + 5(Im )6 + .. . |
= —¢clag(ImI)y + ei(Im 1)y + ef(Im 1), + S (Im D) + . . . . (64)

To find (Im I), we use the expression under Re in (49),

K .
(Im )y = Im {5(1 +icy) (¢ + in) /d:c’ e~ (CHin)| Azl

[—z V2 Az’ ——(v ¥)?Ax ”

D) [—(C - C1U)C2%V%¢ — (¢ + 77)02%(V1¢)2

HE = amSu (Vi) = (a6 +1)Se5 V0] (63
To determine (Im I)4 we use the expression under Re in (56),
K
(Im 1), = 5 {(C — ) [ (Vie)2Ss + - V1¢V3¢54 - i( Vi)'S,

+ag9— ( 11D) Sg V%CLQSQ — ﬂV%QﬂCﬁ

P (VIPVINC vw@]
(66)

+(n + 1) {—g(v ¥)?Cy — —V1¢V3¢C4 + ( 1)'C

1
—Qa9—= ( ﬂﬂ) CQ+ V2CLQCQ 4V‘11¢S4

FTPVIS - o |

with ay given by (52). In order to determine (Im I)g we need to take imagi-
nary part of the expression under Re in (62) and retain only linear part,

K
(Im I')g = linear terms from {E(C —cn)

16



1
|:—gv wCG V%CMSQ — gv%a254:|

K 1 1 1
+—(01C +n) {—V%%Cz + ZV?%CH - @V?@Dsﬁ} } :
Inserting ay expressed by (52) and a4 by (57) this leads to
K 1 1 1
(Im1)g = =V} ¢7 —c1m) [——Cﬁ - —S2ﬂ - $S4Oé1]

(
o >[ i Lo - s ). "

Substituting (64) and (65)—(67) into (40) and returning to the unscaled op-
erators 0; and V we finally obtain the phase equation in closed form,

o) = Vzw {2020(1 + 01 + 5(C —c1n)Cy — g(ch + 77)52}

4

+(Vip)? [ 2co09 + 09 + K(ClC +n)Cy — %(C - 0177)52}

K K
+V4¢ |:2025 52041 + — 48 (7] -+ 01C)54 + — 48 (C — 017])04
K K
_Z(W + ¢1¢)Cran + Z(C - 0177)52041]
« (68)
+V¢V w |:20262 + 2510&1 + 2520&2 — E(C — 017’])54
K K K
+E(77 +c1¢)Cy — 5@ — ¢1n)Saap + 5(77 + ClC)sz}
K
+ (V2w) |:202/61 + 2020&1 + 2520&2 — 1—6(< — 0177)54

fg(ﬁ +¢c1¢)Cy — %(C — 1) Sa0 + %(7} + 01§)02a2]
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+v2¢(v¢)2 |:20263 — 4CQO&10&2 — 4510&2 — g(g — ClT])C4 — g(ﬂ + 01C)S4:|

+(V)! [20254 + 2cp05 + %(C —1m)Sy — 458(7] + C1C)C4}
K
B

K
_4-—6!(C —c11)S +

K
(¢ —cn)Caff + m(( —cn)Caan

(e ey (69)

K
14l (1€ + 77)54041)

+V5 {2@ (%51/6 +

+§(01C +1)S28 +

K 1 1 1
— B0y — E(C —n) (‘@CG - 5525 - 154041)

K 1 1 1
_E(Clg + 77) <§C25 + IC4CY1 - aS@)} +....

Equation (68)—(69) is in the form (1) with the coefficients ay, as, by, by, bs,
by, bs and ¢g; being combinations of the independent parameters ¢y, co, K,
d1, 09 and 6 (the latter is present via ¢ and 7, see (20)).

For the extended Ginzburg-Landau equation (29), which is our primary
interest, the phase equation is straightforwardly obtained by replacing

K(¢—can)S, — Ki(¢G — c11m1)Sn + Ka(Ca — ¢12m2)Sn2

(
K(n+c10)Sn — Ki(m + c1161)Sna + Ka(n2 + ¢12(2) S
K(¢—can)Cp — Ki(G — c11m)Cnr + Ka(G — 12m2)Cna
K(n+ca1Q)Crp — Ki(m + ¢11G1)Cr1 + Ka (2 + 12C2)Cha
(n=2,4,6)

in (68)—(69) and also in the expressions for a; and ay, (53), and for 3, (i,
Ba, B3 and Sy, (58)—(59).

4 Computational results

We solved the system
alzagzblzbgzbgzo, b4:—€ (70)
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numerically using a program written REDUCE. In the program, we assigned
some value to € and also to 3 of the independent parameters, 01, 6, and cis.
Those values are not unique but taken arbitrarily from a range of acceptable
values. The following system of 14 equations was solved: the 6 main equa-
tions (70), 2 equations (53) representing a; and as, 5 equations (58)—(59)
representing (3, 01, B2, P3 and (B4 and 1 equation representing ¢g;. As solution
the values of the following 14 parameters were found: aq, as, G, (1, (2, (33,
B4, 11, C2, K1, Ko, 01, 02 and g;. Here we report the results of just two
computations which demonstrate that all the conditions and restrictions are
satisfied. We chose
91:5, 92:10, 012:3.

For the first computation we took ¢ = 0 implying
by =0.
The result, up to the fifth decimal digit without rounding, is
01 =4.06892, K; =17.14055, K, = —28.03970,

09 = —1.75789, o =1.68100, c3; = 0.69815.

It is important to know the sign of the coefficient at the sixth derivative,
g1 = 1.01076 .

We are satisfied to observe that all three necessary restrictions on the pa-
rameters are met, namely

g1>0, 51>0, Ki+Ky<1. (71)

For the second computation we took slightly negative b, = —e. For compu-
tational efficiency ¢ was created as a product of one of the unknowns, K7,

and a small number,
by = — K7 - 0.00001 . (72)

The result is
5 =4.06012, K, =17.14113, K, = —28.04100,

09 = —1.75795, o =1.68106, c13 = 0.69819
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and
g1 = 1.01078 .

Formula (72) means that
by = —e = —0.00017141.

Clearly we can make by as close to zero as we like. The result of this com-
putation only slightly differs from that for by = 0 so that the conditions (71)
remain satisfied.

Thus, we satisfied the conditions (70) and restrictions (71). The condi-
tions result, as we showed in Section 1, in the phase scale ¥ ~ ¢ and length
scale L ~ (1/£)3/2. The higher-order terms in ¢ and V in the phase equation
(1) can be safely ignored.

Previously we used equation (6) as a model for solid flames [5]. The
spinning auto-waves obtained in [5] demonstrate robustness of the dynamical
balance behind (6). For a two-dimensional version of (6) and rectangular
shape of domain we also obtained complex, seemingly chaotic regimes [10].

5 Scaling

The table shows the order of magnitude of the coefficients of the phase equa-
tion (1) leading to different truncations and scalings. Where important, signs
of the coefficients are shown.

aq Qo bl b2 b3 b4 b5 a1 truncation
+1 1 1 1 1 1 1] 1 diffusion eq.
excitation Kuramoto-
—£ 1 -1 1 1 1 1| 1 | Siwashinsky eq.
excitation
+&? 1 +e 1 1 1 1 | +1 | Nikolaevskii eq.
excitation
o(£%) o(e%) | o(e?) | o(e?) | o(e?) —& 1| +1 eq. (6)

Table. Hierarchy of truncations of the phase equation (1).

For the Kuramoto-Sivashinsky equation
O = =V + (Vi)? = V)
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the balance eV /L? ~ U2 /L% ~ U /L* gives
Ue~e, L~l/yeE.
The time scale is determined from W /T ~ eW/L?,
T~L*e~1/e.

Hence, from (73) and (74) we have the scaling relations

Y =ce(r,t)), r=+er, t;=¢e’.
Different scaling takes place for the Nikolaevskii equation

o) = >V + eV 4+ Vo + (V).
The balance W /L* ~ eW /L ~ W/L% ~ ¥?/[? gives

U~e? L~l/ye
and, using ¥/T ~ e?W/L[* ~ &%
T~/ ~ 1/,

Thus, the scaling relations are

Y =cei(ry,t), T=+ver, t; =¢et.
For the nonlinearly excited equation (6),

Orp = —eV*(VY)* + (V) + Vo0,
as we determined in (3),

U~e, L~ (1)),
Therefore, from U/T ~ U1/L* ~ 10,
T~1/.

Thus, the scaling is

Y= 51/11(7’1,151), T 283/27‘, t1 = et
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6

Conclusions

We derived a nonlinearly excited truncated phase equation (6) governing the
dynamics of reaction-diffusion systems with nonlocal coupling. The systems
are described by the nonlocal complex Ginzburg-Landau equation with nine
independent parameters. The form (6) is valid under the conditions (4) which
we satisfied by selecting the values of the independent parameters.
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