PHYSICAL REVIEW E 74, 011303 (2006)

Front propagation sustained by additive noise
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The effect of noise in a motionless front between a periodic spatial state and an homogeneous one is studied.
Numerical simulations show that noise induces front propagation. From the subcritical Swift-Hohenberg equa-
tion with noise, we deduce an adequate equation for the envelope and the core of the front. The equation of the
core of the front is characterized by an asymmetrical periodic potential plus additive noise. The conversion of
random fluctuations into direct motion of the core of the front is responsible of the propagation. We obtain an
analytical expression for the velocity of the front, which is in good agreement with numerical simulations.
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I. INTRODUCTION

The description of macroscopic matter—i.e., matter com-
posed of a large number of microscopic constituents—is usu-
ally done using a small number of coarse-grained or macro-
scopic variables. When spatial inhomogeneities are
considered these variables are spatiotemporal fields whose
evolution is determined by deterministic partial differential
equations (PDEs). This reduction is possible due to a sepa-
ration of time and space scales, which allows a description in
terms of the slowly varying macroscopic variables, which are
in fact fluctuating variables due to the elimination of a large
number of fast variables whose effect can be modelized in-
cluding suitable stochastic terms, noise, in the PDE. The in-
fluence of noise in nonlinear systems has been the subject of
intense experimental and theoretical investigations in the last
decades [1-17]. Far from being merely a perturbation to the
idealized deterministic evolution or an undesirable source of
randomness and disorganization, noise can induce specific
and even counterintuitive dynamical behavior. The most
well-known examples in zero-dimensional systems are
noise-induced transitions [1,7,9] and stochastic resonance
(see the review in [2] and references therein). More recently,
examples in spatially extended system were found, such as,
noise-induced phase transitions [3-5,12], noise-induced pat-
terns [13-15], stochastic spatiotemporal intermittency [16],
and noise-induced traveling waves [17]. Here, we present
another robust effect of noise in extended systems: the mo-
tion of a static front connecting a stable homogeneous state
with a stable inhomogeneous (spatially periodic) state due to
additive noise. A first preliminary discussion of this effect
was done by the present authors in a recent Letter [18], and
the aim of this article is to study and characterize the univer-
sal mechanism which is at the origin of the front motion in
the presence of noise.

The concept of front propagation emerged in the field of
population dynamics [19], and the interest in this type of
problems has been growing steadily in chemistry, physics,
and mathematics. In physics, front propagation plays a cen-
tral role in a large variety of situations, ranging from reaction
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diffusion models, to general pattern-forming systems (see the
review in [20] and references therein). A front solution is a
solution which links spatially two extended states. One of the
most studied front solutions is the front connecting a stable
uniform state with an unstable one: the Fisher-Kolmogorov-
Petrovsky-Piskunov (FKPP) front [21]. The speed of propa-
gation of this type of front is not unique, and it is fixed by the
initial conditions [22]. Another well-known type of front, the
normal front, connects two stable uniform states. The speed
of this kind of front is unique, and for a variational system it
is proportional to the difference of free energy between the
two uniform states. In Fig. 1 the dashed curve represents the
typical behavior of the speed of a normal front as a function
of an arbitrary parameter. Note that the speed of the front is
zero only at the Maxwell point where both states have the
same energy. This picture is modified when one considers a
front connecting an spatially periodic state with a uniform
one, which is the case of interest for us here. In this case the
speed is zero not only in one point but in a whole interval of
variation of the relevant parameter, the pinning range [23],
and additive noise will induce front motion [18]. In Fig. 1 the
solid line represents the typical speed of these fronts and the
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FIG. 1. (Color online) Speed of the front as function of one
parameter. The dashed curve depicts the typical behavior of the
speed of a normal front as function of arbitrary parameter, and the
solid curve represents the speed of a front that links a spatial peri-
odic state and uniform one. For the sake of simplicity the origin
represents the Maxwell point. The pinning range is depicted by the
interval between 7, and 7,,.
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interval [ 7,, 77,] represents the pinning range. The effect of
additive noise on the speed of a “normal front” is just a
random fluctuation of its speed. On the other hand, the influ-
ence of multiplicative noise in a front, which will not occupy
us in this paper, has been extensively studied in the literature,
particularly concerning the issue of velocity selection [24].

The paper is organized as follows. In Sec. II, we present
several examples of numerical observations of motion of
fronts induced by additive noise. In Sec. III, we use a proto-
type model which exhibits this type of front to derive an
adequate equation for the envelope of the front solution: an
amended amplitude equation, which includes a resonant term
coming from the additive noise whose origin is discussed in
Appendix A and also nonresonant terms. It turns out that the
contributions of the noise and of the nonresonant terms are
of the same kind, giving rise to an asymmetric potential with
denumerable stable equilibria in the equation for the core of
the front which is derived in Sec. IV. In this equation the
dominant contribution to the potential near threshold comes
from the noise term. In Sec. V, we obtain an analytical ex-
pression for the mean velocity of the front using Dinkyn’s
equation, which is proportional to Kramer’s rate in the weak-
noise limit. This expression is in good agreement with nu-
merical simulations. In Sec. VI, we summarize our results. In
Appendix A, we show that, as stated and used in the text in
Sec. III, noise is always resonant in the sense of the stochas-
tic normal form. In Appendix B, we give the technical details
involved in the derivation of the equation for the core of the
front. And finally in Appendix C, we show that the mean
value of the derivative of the phase remains bounded, which
is a necessary consistency condition of our approach.

II. NUMERICAL OBSERVATIONS OF ADDITIVE NOISE-
INDUCED FRONT PROPAGATION

In order to illustrate the generic nature of additive noise-
induced front propagation, we consider the effect of additive
noise over several dynamical systems which have fronts
linking a spatially periodic solution and a uniform one.

(a) Lifshitz normal form. A prototype model that exhibits
coexistence of a spatially periodic solution and a uniform
state is the Lifshitz normal form [25]

=1+ pu— 1w + v u— dy + dud u+ c(du)?
+VAL(x) (1)

This model describes the dynamics close to the confluence of
a Dbistability of homogeneous states and a spatial
bifurcation—that is, near a critical point of codimension 3,
called a Lifshitz point. Here, w is the bifurcation parameter,
7 accounts for the asymmetry between the two homogeneous
states, and the term d,,,u describes a superdiffusion, ac-
counting for the short-distance repulsive interaction, whereas
the terms proportional to d and c are, respectively, the non-
linear diffusion and convection, {(x,f) is a Gaussian white
noise with zero mean value and correlation (Z(x,#){(x",t"))
=8(x—x")8(t—1"), and A represents the intensity of the noise.
Recently, this model has been used to describe the complex
dynamics observed in a liquid-crystal light valve with optical
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FIG. 2. (Color online) Spatiotemporal evolution of Eq. (1), with
time running up. The gray scale is proportional to field u. The
inset is the initial condition. The parameters have been chosen as
7=-0.044, ©=-0.0126, v=-1.0, ¢=0.177, and d=0.2 (a) 6=0.0,
and (b) 6=0.9.

feedback [25]. In the region corresponding to the pinning
range of the above model, the system exhibits a motionless
front that connects the spatially periodic state with the uni-
form one [cf. Fig. 2(a)]. When we consider the effect of
additive noise, we notice that it induces the invasion of one
of the states over the other one, or vice versa, depending on
the region of parameters we initially choose. This situation is
depicted in Fig. 2.

(b) Population dynamics. In order to take into account the
long-range effect of the environment one can consider non-
local models to describe the population dynamics. In this
type of models the emergence of self-organized structures
and patterns is well known [26,27]. A minimal model that
exhibits the coexistence of a spatial periodic state and a uni-
form one is the variational nonlocal Nagumo model [28].

Au(x,1) = o+ ula—u)(1 —u) +

—u(x,t)J u(x',0)%f(x,x"d’x" (2)
9)

where u(x,7) is the local density and « is the adversity pa-
rameter which accounts for the complications of develop-
ment of the species under study. The adversity characterizes
the equilibrium point and can always be chosen to satisfy
0= a=1 without loss of generality. The function f,(x,x’) is
the influence function, characterized by a range o and nor-
malized in the domain () under study. For simplicity, we
consider the environment to be homogeneous and isotropic.
Then  f,(x,x")=f,(x—x"), with f(z) even, and
Jof,(x,x")dx"=1. In the extreme local limit o— 0, one has
fs(x,x")=8(x—x"), and Eq. (2) reduces to the Nagumo model
[26]. Let us now consider the simple influence functions
fs(2)=0(c+2)0(o—1z)/20, where 6(z) is the Heaviside func-

011303-2



FRONT PROPAGATION SUSTAINED BY ADDITIVE NOISE

&
Time)>

Space

b)A

Time

Space

FIG. 3. (Color online) Spatiotemporal evolution the population
density u(x,t) for the model (2), with time running up, a=0.35,
0=4% of total system size, system size=400 points, (a) without
noise, and (b) with additive noise. The gray scale is proportional to
the population density.

tion. The dynamics is described by the parameters {«, o and
Eq. (2) can be written as

OFu]
ou

du=—

where the Lyapunov functional F{u] has the form

Flul= J{ —(au)*+ —u? (a;l)bﬁ}dx

1
+—f f ulu'?f,(x,x")dxdx'" .
4JaJa

Hence, the dynamics of model (2) is of the relaxation type
and the stationary states are local minima of Flu].

The model (2) exhibits a motionless front that connects
the spatially periodic state with the uniform one [cf. Fig.
3(a)]. Note that these motionless front solutions are not the
global minimum of the Lyapunov functional F{u]; however,
they are local minima of this functional and the population
only can spread if one adds energy to the system. For in-
stance, if we consider the effect of additive noise, the peri-
odic population state can invade the unpopulated state
(u=0). In Fig. 3, we depict the spread of population due to
the presence of additive noise in the variational nonlocal
Nagumo model.

(c) Subcritical Swift-Hohenberg equation. A prototype
model used in pattern-forming system is the Swift-
Hohenberg equation [20]. Initially, this model was used to
describe the onset of Rayleigh-Bénard convection [20]. From
the point of view of dynamical systems theory, this model
describes the confluence of a subcritical stationary and a spa-
tial bifurcation. Generalizations of this model have been used
intensively to account for pattern formation in several sys-

PHYSICAL REVIEW E 74, 011303 (2006)

ai||||||\|

ol

Iilnm.m,

FIG. 4. (Color online) Spatiotemporal evolution of Eq. (3), with
time running up. The gray scale is proportional to field u. The inset
is the initial condition. The parameters have been chosen as
v=1.0, ¢=0.7, (a) e=-0.16 and %=0.0, (b) €e=-0.16 and 7=0.4,
and (c) e=-0.177 and €=-0.16.

Time

tems (see the review in [20] and reference therein). We shall
consider here the subcritical Swift-Hohenberg equation,
which exhibits the coexistence between a uniform state and
an spatially periodic one. In the presence of additive noise
this equation reads

du=eu+ v — 1’ — (dy + ¢>)’u + V/77§(x,t), (3)
where u(x,) is an order parameter, e—g” is the bifurcation
parameter, ¢ is the wave number of the periodic spatial so-
lution, v is the control parameter of the type of bifurcation
(supercritical or subcritical), {(x,?) is a Gaussian white noise
with zero mean value and correlation ({(x,?){(x’,t'))=8(x
—x")8(t—1"), and 7 represents the intensity of the noise. In
the pinning range of the model above the system exhibits a
motionless front that connects the spatially periodic state
with the uniform one [cf. Fig. 4(a)]. When one considers the
effect of additive noise, depending where is the control pa-
rameter inside the pining range, it induces on average that
one of the states invades the other one. This situation is
shown in Fig. 4, and in Fig. 5 we show the speed of the front
of this model (3) with and without additive noise.

v

0.0004
0.0002

S a
-0.1 -0.05 0. €

-0.0002

-0.0004

FIG. 5. (Color online) Mean velocity of the front with and with-
out noise. The thick and dashed curves are the average velocity of
the front of Eq. (3) for £=-0.16, v=1.0, ¢=0.7, =0.0, and
7=0.01, respectively.
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FIG. 6. (Color online) Bifurcation diagram of the subcritical
Swift-Hohenberg model (3); the horizontal axis represents the con-
trol parameter and the vertical one represents the maximum value of
the absolute value of the equilibrium state. As solid lines are de-
picted the stable states and as dashed lines the unstable ones. The
model (3) exhibits the coexistence between two uniform states and
spatial periodic one. In the insets are illustrated the local potentials
V(u) for negative, zero, and positive €, respectively.

In brief, we have considered three different dynamical
systems, which exhibit a motionless front solution linking a
spatially periodic state and a uniform one. When additive
noise is taken into account generically one state starts to
invade the other one by means of a noise-induced front
propagation. In order to figure out the mechanism of this
propagation in the next section we shall study in detail the
dynamics of the subcritical Swift-Hohenberg equation with
additive noise at the onset of spatial instability.

III. AMPLITUDE EQUATION AND EVOLUTION OF THE
CORE OF THE FRONT

In order to understand the mechanism through which ad-
ditive noise induces front propagation, we consider a proto-
type model that exhibits this type of front, the subcritical
Swift-Hohenberg equation with noise, Eq. (3). This model
reads

OF

it =— — + ' (x,0), 4)
Su

where the free energy has the form

P 4 6 )’
.7:J { (e= g s —%+%—q2(ﬁxu)2 (2)}.

Hence, the dynamics of the above model is characterized
by the minimization of this free energy. In Fig. 6, we show
the typical bifurcation diagram observed in the subcritical
Swift-Hohenberg model. Note that the system exhibits
coexistence between different homogeneous states and the
spatial periodic one. For small € and u, the system shows
spatially periodic solutions with small amplitude (propor-
tional to \v), and consequently the amplitude equation will
be an adequate framework for our study. The free energy has
a local potential
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which characterizes the stability properties of the uniform
states.

A. Amplitude equation

In the limit of small v, we look for a solution u(x,?) in
Fourier modes putting u=Aqe™*+Age "+ -+, with A, of or-
der v'"2. Replacing in the subcritical Swift-Hohenberg equa-
tion (3), we find that A, satisfies

sAg+3V|Ag|* Ay — 10|4|*A = 0. (5)

For small and negative v and -91%/40<e<0 (cf.
Fig. 6), the system exhibits coexistence between a stable
homogenous state u=0 and a periodic spatial one:
u= \J';{ \/2(1 +\V1+408/9 v)cos[g(x—xo) [} +0(*"?), where x,
is an arbitrary number, related to the symmetry of translation.
In this region of the space of parameters, we find then a front
solution between these two states. This type of solution is a
heteroclinic curve of the spatial dynamical system (du=0)
associated with the above model [29]. A front between an
homogeneous and a spatially oscillating state can be de-
scribed by an envelope A(X,T), which is introduced through
the ansatz

u=AX=le|"*x,T=|e|Ne® +cc.+ WX, T),  (6)

where W(X,T) is a small function of the order of 172,
A~v'"2, and v~|e|"?. Introducing the above ansatz in Eq.

(3), linearizing in W, and considering the dominating order
(v?), we obtain

(& + ¢°)*W = (A + 31]AA — 10|A[*A) /% (48| dyxA
—|e|opA)e® + (VA3 — 5|APA3)eB% — ASetax

—

v A
+ 7775' (x,0)e”" ™ + c.c.,

where the self-adjoint operator L=(J+¢?)? has a nontrivial
kernel characterized by the eigenfunctions {e/®*,e™"%}. Tak-
ing W=0 at this order we obtain an equation for A(X,?)
which contains nonresonant terms

JAX 1) = {SA +3vA|A]> - 10A|A|* + 4|e|g?dxxA
V/;’ p—
+ 75' (x,0)e™ | + (VA3 — 5A%A) 4" — AdeHiax,

In this equation the terms in square brackets [- -], except the
noise term, are the ones in the usual normal form, which is
obtained from the solvability condition for W in the previous
equations—i.e., that the right-hand side is orthogonal to the
kernel L=(z92x+q2)2. The noise term is included there since it
is always resonant in the sense that it cannot be removed by
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a stochastic nonlinear and nonsingular close to the identity
change of variables as we discuss in Appendix A following
Refs. [33-37], and the rest of the terms are the nonresonant
terms up to this order which can be eliminated by a deter-
ministic nonlinear and nonsingular close to the identity
change of variables. Defining

—
[3v 2104 10
Ax,t) = EB(y,T), x= 3 v, tzﬁr,

the envelope equation reads

9,B(y,7) = 0B+ B|B|* - B|B|* + 9,,B

+ (%33 _ lB“E) priavienel _ LBSeZiqy/av’H
v 2 10

[3\‘"77 —igylae]
+—"0 l(/_V/CY\‘S' 1), 7
e {(y,7) (7)
where the new noise { is proportional to ' and has mean
value zero and correlation ({(y,7){(y",t'))=8(y—y")8(t—1").
One has

10e o 3y 4 10410
o="">, V=\gpy, a= > =T ~5
917 2410¢ 817

If in the above amplitude equation we eliminate all the terms

with an explicit dependence on the spatial variable y, we

obtain the normal form without noise:

Sr [B,B]
5B

d.B(y,7)= 0B +B|B|*~ B|B|* + 3,,B= - (8)

which is variational, as indicated, with the functional

_ 1 1
F[B,B]:—fdy[0|B|Z+E|B|4—§|B|6—|ﬁyB|2].

By minimizing this free energy functional, we find that the
system has five uniform states, three of which are stable: B
=0and B,==\(1+V1+40)/2 (cf. Fig. 6). It is then straight-
forward to show that the previous equation (the normal form
without noise) has front solutions connecting two homoge-
neous stable states, B=0 and B=B.==+\/(1+V1+40)/2,
when —j—lS(r< 0, and these fronts will be stationary only
when the free energy for both states is the same—i.e., when
the system is in the Maxwell point. As already stated all the
terms which were eliminated to arrive at Eq. (8) are nonreso-
nant (except the noise term), in the sense that they can be
eliminated by a nonlinear and nonsingular change of vari-
ables near the bifurcation point [33], and hence are usually
neglected. As we shall see these terms can give an explana-
tion to the locking phenomena and the pinning range [31].
Nevertheless, it should be pointed out that if we include only
the noise term which is always resonant [34-37] (Appendix
A), this would be enough to explain the locking phenomena,
the pinning range, and the motion of the front, since this term
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FIG. 7. Motionless front solution of Eq. (8), computed at the
Maxwell point. As the vertical axis is represented the modulus of
amplitude B as a function of the position. y, represents the position
of the core of the front.

dominates the similar terms coming from the nonresonant
terms near the bifurcation point [see Eq. (12)]. The nonreso-
nant terms and the noise term give exponentially small con-
tributions due to the fast oscillating exponentials and can be
treated perturbatively in the amplitude equation.

We can calculate the Maxwell point from f [B,B], and we
obtain o;,=-3/16. We put now o=0,,+ do in the complete
equation for B(y, 7), which we treat as the variational part in
the Maxwell point plus small terms which can be treated as
perturbations. One has

3
9.B(y,7) = (— EB + B|B|* - B|B* + ayyB)

+1 6B + (%33 - 1B4I§)e2i"y/"“|:
9v 2

_ _BSe4iqy/a\f\s\ + e—iq}‘/a\f\£| Do,
10 2lep £

where the small terms are inside the curly brackets {---} and
they include the noise term. The unperturbed equation for
B(y,7) at the Maxwell point has the exact stationary front
solutions

B®(y - yo) =R (v - yp)e™®,

where ¢ is an arbitrary constant phase, y, stands for the
position of the core of the front, and Réi)(y— yo) is given by

. 3/4
R§(y - yo) = ST
From now on, we shall work with the froi Rg')(y—yo)
which goes from zero at y=— to the value \3/4 at y=+®
and we shall simply write R, for this solution which is de-
picted in Fig. 7. We put B(y,7)=R(y,ne®®7 in the com-
plete equation for B(y, 7), and we obtain
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IR(y,7) +id.O(y, DR(y,7)

3 3_ps
=\-TZR+R -R’+J,R

16
+[2id,Rd,0 +iR3,,® — R(3,0)?]

+{ SoR + (iNR%zi@ _ 1R564i(~)>eziqy/m|?
9y 2

1 By
__RS 4i0 4lqy/a\\£\+ —lq\/a\\s\ T
10 2le]? 0.7 [

B. Nonresonant terms

In order to solve the above equation we make the ansatz

R(y,7) =Ry — yo(D] +2p(y,yo(7).

O(y, 1) =£0,(y,y0(7),

where € is a small parameter, and we have promoted the
coordinate y, of the core of the front to a function of time
vo(7). We replace our ansatz in the previous equation, where
we assume that the small terms in the square brackets are
O(z) as well as the time derivative dyo(7)/d7=y,, and we
equate the real and imaginary parts at O(g), obtaining the
equations

= Roy(y = yo(1)¥o
=2L(y - yp)p+ SoRy(y - yo(7)

1 1
+ —NR3 —R )cos 2
(9v 075" ( qa\/ﬂ)

1 y ) B\ ( y )
- —RJcos| 4 + cos — |{(y,7)
100 (‘1 o) " 216l O\ T el )

ale|
)

and

d
E[Ro(y - yO(T))2®1y]

- (g 58 {20 ) - s
== g3Ro=3Ro sin qav|8| 0 Ssin| 4q /ﬂ
j‘fl o(y— m(r))mn(qﬁ)g(y,r) (10)

where

2

d“R
Roy,(0) ===, 0,

dy2 B y = a)'](yayO(T))

dR,
Ry, (y)=—,
Oy dy
and

3
— = +3Ry(y = y0)* = SRy + 0,

L(v - =
v =yo) T

is the operator obtained through linearization of the varia-
tional equation for B(y,7) around the front. The function
Ro(y—yo(7)) satisfies the equation
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—iRO+R(3)—R(5)+(9, R,=0.
16 yy

Taking the derivative with respect to y one shows

L(y = y0)Roy(y = y0) = 0.

The operator L(y—y,) is self-adjoint in the scalar product

{f().e} = f dyf(y)'g(y),

where f(y)" stands for the complex conjugate of f(y). We
multiply the equation for y,(7) by Ry(y—y,(7)), and we inte-
grate over y. We obtain the solvability condition (putting &
=1)

- {ROy’ROy}dTyO(T)
= {ROy’LP} + 50'{R0y’R0}

1
+ f dyRq,(y —YO(T))(;N}RS - R(S))cos(Zq aj@)

1 f y
—— | dyRy,Ry(y - (T))SCOS<4 —)
10 YRoyXolY = Yo qa\/m

BF
" 2lef?

f dyR,(y - yo(T))COS<q ﬂ)g’(y,f)

(11

One has {R,,Ry,}=3/4=1/a and {R,,Ro}=3/8. On the
other hand, since L is self-adjoint, one has {R,,Lp}
—{LRoy, p}=0 and we obtain an equation for y,(7) of the
form (\Vp=aB\5/2|e]?)

Yo(1) =A(o(1) =7 fdyRO)cos<q /ﬂ)i(y,r)

(12)

with

3
AQyo(7) = - gado

1
afdy[Roy( o RO+R5>COS<2qa\/ﬂ>]

dyRy.,R (7)) cos(4 )
10] YRy Ro(y = yo(7) qmﬂ

In the equation for yy(7) the product of a function of the
stochastic process yo(7) with the white noise {(y,7) is not
defined due to the singular properties of the noise. We define
it considering {(y,7) as the limit of a physical noise with
time correlation proportional to a symmetric function A (7
—7') of width u, where u is much smaller than the charac-
teristic times of variation of the macroscopic physical vari-
ables, which tends to &(7—7') when u tends to zero. This
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leads to the Stratonovich interpretation for the undefined
product [38]. In Appendix B we show that this gives a
supplementary drift which is added to A(yy(7)) and we trans-
form the noise term to obtain (neglecting an exponentially
small contribution to the last term)

Yo(7) = A(yo(7) + \/225(7)
a

J dyROyRo)ycos(2q 2 )
2 el

where &(7) is a Gaussian white noise of zero mean value and
correlation (&(7)&(7))=48(7—7'). If we make the change of
variables y’' =y—y,(7) in the last integral and in the integrals
in the definition of A(yy(7)), we obtain the equation (see
Appendix B for the calculation)

3
dyo(7) = -4 SaVK; + chos<2q yo% ¢)
avle

+ 1/ 1{(7‘) + e_"zq/‘sm, (13)
2a

where ¢ = V4m/3a. In the last equation K, and K, are not
exponentially small (for small |]) and we have neglected a
term O(e™ 8) We have
_ c2q/\fm 9_77 4q
K =e Re(K) - — Im/
12 a\r|8|

o
Ky = 29| tm(K) + —~ —L= Rer
128 aje|

$=—s

COS =T,

V(K)? + (Kp)?
Kk

T "

S 6= K+ (K)

with
1 | -
K= f dy{_ 53Ry 0IRO) + TR, (IR(7)” | el

=0(e T,

and

e—2\ 3/4)y W ﬂ
_ i2gyla|e| _ —c2q/\|e
I—fdy(1+e_\my)3e Vel = O(emeael),

We have obtained then in Eq. (13) our final equation for the
core of the front which tells us that the coordinate y,(7) of
the core is a stochastic diffusion process defined by this
equation. In the next section, we shall study Eq. (13) and
show that it is at the origin of the motion of the front. We
take care now of Eq. (10) which involves the phase 0.
There is no solvability condition here, and we have then to
show that ®, can be calculated and is bounded. Since
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Ry, (y=yo(7)) vanishes for y— -, we integrate Eq. (10)
from — to y to obtain

Ro(y = yo(1)*01,(y,y0(7))
_ ’ rf_ i ’r_ 4 l 6|.: y,
= f_m dy [ Q;RO(Y yo(7)* + 2Ro} sm(Zq av/g)

y 1 /
+ f_w dy’F)Ro(y’ (T))s1n(4q )

ayle]

\F ¥
+ 777J dy'Ry(y’ —yO(T))sin<q )g’(y’,r).

v
e

In the last term of this equation, we have the same problem
as in Eq. (11)—i.e., an undefined product of a function of the
process yo(7) with the white noise {(y, 7) which we interpret
in the Stratonovich sense. After a long calculation done in
Appendix C, we obtain

Ry(y = yo(1)*0,

1 yo(T) )
=— —|sW(y = (2 _ o
16VI (v = yo(7)|cos qa\/m @
+ —|S @y -y (T))ICOS(M ol -¢?
128 0 Vel
+ —lS By =yl T))ICOS(Zq olo 90(3))
640 Vel
9N YO(T) )
- —256 Iy - yo(T))ICOS(Zq Tl @
\5] 4
+ 7[f dy'Ro(y" = yo(7))

WEZWA
(‘”ﬂ 7,(0)

where ,(0) in the noise term means that in a time discreti-
zation yo(7) has to be evaluated at the beginning of the time
interval (prepoint discretization) [38], which corresponds to
the Ito prescription, and consequently the mean value of this
term vanishes. It is shown in Appendix C that for all Values
of y one has that |SV(y—y,(7)| is bounded by o(\|e|
=1,2,3, while |I[(y—y,(7))] is bounded by an exponentlally
small quantity. If we take then mean value of the above
equation, we conclude that (Ry(y—yo(7))?@,,) remains
bounded everywhere.

IV. EVOLUTION OF THE CORE OF THE FRONT

The evolution equation (13) for the core of the front can
be written in the form

011303-7
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FIG. 8. (Color online) Schematic representation of the potential
U(yp), when 0>A>A_ and |A| <|T|. {a’,b",c'} are fixed points.
The insets represent two equilibrium states of Eq. (3).

yo=- aU(”’) \/ Le(n)
24+ ¢) o\ e, ()
a\/myo 2a ’

where the potential has the expression

=A+Fcos(

3
Ulyo) = Eaﬁoyo -b sin(qu—Or),
a\e

with A=-3ado, I'=e 2K )7+ (K,)%, and b= 44T,

Due to the interaction of the large scale with the small
scale underlying the spatial periodic solution, the dynamics
of the core of the front is modified with terms which are
exponentially small and periodic in space. The above deter-
ministic system is characterized by the spatial periodic state
invading the homogeneous one with a well-defined velocity
when A <0 and |A| >|T'|. Increasing A, the system exhibits a
simultaneous transition to infinite saddle nodes for |A_|
=|A|=|[|. For A>A_
nite number of stable equilibria. Each equilibrium point rep-
resents a static front with different bumps (see Fig. 8). In-
creasing further A, all critical points disappear by the saddle
node when A>0 and |A,|=|A|=||. For A>A, the homo-
geneous state invades the spatial periodic one with a well-
defined velocity. Therefore, for A_<A <A, (pinning range)
the system exhibits the locking phenomena.

We now consider the effect of noise in Eq. (15). Due to
the asymmetry of the potential, the system does not have a
global stationary state and continuously converts the random
fluctuations in directed motion of the front; i.e., the noise
induces front propagation. This type of phenomena is well
known as a Brownian motor [32]. One can easily understand
the origin of this phenomena: if initially y, is inside the basin
of attraction () of a fixed point; the front just fluctuates
around the fixed point during a time of the order of the mean
first passage time to d€); the border of (}; after this time the
system makes a transition to the basin of attraction of the
nearest stable fixed point separated from the first one by the
lowest-energy barrier. This behavior is repeated in this new
basin of attraction, and the final result is a directed motion of
the front. Since the energy thresholds for jumping to the right
or to the left are different, the probability of jumping to
the side with the highest-energy threshold will be exponen-
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tially small with respect to the probability of jumping to the
other side and this determines the direction of motion of the
front.

V. MEAN VELOCITY OF THE FRONT: ANALYTICAL
RESULTS

From the above analysis, we can estimate the mean ve-
locity of the core of the front:

(v)= _ﬂ'a\ﬂ(i - L)
q

T, T

where wav’H/ q is the distance between the two successive
fixed points and {7_, 7,} are the escape times to move to the
basins of attraction of the left or right fixed point, respec-
tively. To calculate these escape times, we use Dynkin’s
equation or mean first passage time (MFPT) equation
[39,40]. This equation describes the evolution of the stochas-
tic variable first passage time (FPT) 7({), € ;x,), for a given
domain ) with boundary J€) and initial condition x,. The
mean first passage times to each side of the basin of attrac-
tion where x, lies are called {7_,7,}, or escape times.
Dynkin’s equation for Eq. (15)) is [39,40]

7 d’7_ ULyl d7

- =-1, (16)
da dy% dyg dyg

with boundary condition 7(a’')=7(b")=0, where a’' and b’
are two successive maxima of the potential (cf. Fig. 8). In-
tegrating this equation, we compute the escape times. They
have the expression

1 1\t 2
(T— — :) = EJ f EZ[U[YJ_U[Z]]/adde
+ — C, cl
eZU[y]/de

2 a’ y o
_= ez[U[)']—U[Z]]/ﬁdde — |
0Jcr Jor ezu[y]/ady

’
c

(17)

where ¢’ is a maximum of the potential U(y,) (see Fig. 8)
and, in this case, = 77/ 4qa. In the limit of weak noise, the
expression for the mean velocity is

2 Vﬁ

—[U(c/)—U(a')]/H
qa\' yU(a")]d,,U(c")
NGO

X(l _ | —U(c’)]/.9>_
IﬂyyU(b )|

From the above expression one can find that in this limit
the velocity is proportional to Kramer’s rate. Numerically,
we have measured the front velocity for different values of
the noise intensity and we obtain good agreement with the
theoretical prediction, as is shown in Fig. 9. It is important to
remark that U(y,) is a function of the noise intensity. For
finite noise intensity this dependence is dominant in the

(v)=
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FIG. 9. Logarithm of the mean velocity of the front as a function
of noise intensity. The solid lines are the analytical formula of the
mean velocity and the dotted lines are the numerical measuring of
the mean velocity of the front of Eq. (3).

terms K; and K, in the limit of é— 0. Hence for finite noise
intensity one only needs to consider the terms coming from
the noise to explain the locking phenomena and the induced
front propagation.

VI. DISCUSSION AND CONCLUSION

In order to understand the mechanism of noise-induced
front propagation we have considered the subcritical
Swift-Hohenberg equation. This model allows us to obtain
analytical expressions for the mean velocity of the front. For
an arbitrary model it is thorny to obtain explicit formulas
for the front velocity, since in general we do not have
access to explicit expressions of spatial periodic solutions.
Given a system that exhibits locking phenomena between
a spatial periodic state and a homogeneous state, we expect
to find, close to a spatial bifurcation, an amended envelope
equation since the spatial periodic solutions in the onset
of the bifurcation are harmonic and coexists with the
homogeneous state. Hence, one can use an ansatz similar to
Eq. (6), and noticing that the envelope satisfies the symme-
tries {x——x,A— A} and {x— x+x,A — Ae'?0} [31], we can
conclude that the amplitude equation has a form similar to
Eq. (7) with real coefficients which can be written in the
form

(97A :f(|A|2)A+ ayyA"' 2 gmnAmAneiq(Hn—m)x/s, (18)

m,n

where the terms which have explicit exponential are non-
resonant and rapidly varying in space. However, it is pre-
cisely due to these terms that we can explain the locking
phenomena [30,31]. In the presence of additive noise in the
original problem, we shall have an additive noise in Eq. (18),
since noise is always resonant (cf. Appendix A) and the final
equation will be of the form of Eq. (7), and once again the
noise term will give the dominant contributions to the lock-
ing effect and to the motion of the front. We can conclude
then that the noise induces front propagation due to the
asymmetry of the core of the front potential and the lack of a
global stationary state. Another way to understand this phe-
nomenon is that noise prefers to create or remove a bump,
because the necessary perturbations to nucleate or destroy a
bump are different.
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B

uli

b) _ 0)

1148
d) . :

FIG. 10. (Color online) Noise-induced propagation of the inter-
face of localized patterns. (a) Numerical simulations of the gener-
alized Swift-Hohenberg model in one-extended system with addi-
tive noise. The inset is the initial condition. (b), (c), and (d) are
different snapshots of the sequence time for numerical simulations
of the generalized Swift-Hohenberg model in a 2D extended system
with noise.

The existence, stability properties, and bifurcation dia-
grams of localized patterns in the pinning range in one-
dimensional extended systems have recently been studied
[29,41], from a dynamical point of view and front interac-
tion, respectively. When we consider the effects of noise on
these solutions, we expect, due to our previous discussion,
propagation of the interface of these localized patterns. In
Fig. 10 we show, in one and two extended dimensions, the
noise-induced propagation of one state into the other. In one
spatial dimension, one can then understand the localized pat-
tern solutions as the interaction of two fronts [41]. In two-
dimensional spatial systems, the understanding of the phe-
nomena is in progress.

From the above results, one realizes that the localized
patterns are unstable in nature—that is, in the presence of
noise. The velocity of propagation of the interfaces and
fronts is proportional to Kramer’s rate. Therefore, experi-
mentally, one can observe these localized patterns, when
noise is weak enough, for long intervals of time, as meta-
stable states.

In summary, we have studied the effect of internal noise
in a motionless front that links a periodic spatial state with a
homogeneous one. Noise induces front propagation; that is,
one extended state invades the other one. In order to explain
the mechanism of this phenomenon we have consider a pro-
totype model of pattern forming, the subcritical Swift-
Hohenberg equation with noise. From this model, we deduce
an amended amplitude equation for the envelope and the
core of the front. The equation of the core of the front is
characterized by an asymmetrical periodic potential plus ad-
ditive noise. The conversion of random fluctuations into di-
rect motion of the core of the front is responsible for the
propagation. We have obtained an analytical expression for
the speed of the front, which is in good agreement with
numerical simulations.

ACKNOWLEDGMENTS

The simulation software DIMX developed by P. Coullet
and collaborators at the laboratory INLN in France has been

011303-9



CLERC, FALCON, AND TIRAPEGUI

used for all the numerical simulations. M.G.C. and E.T. ac-
knowledge the support of FONDECYT Projects Nos.
1051117 and 1020374, ECOS-CONICYT collaboration pro-
gram, and ring program ACT 15 of Programa Bicentenario.

APPENDIX A: STOCHASTIC NORMAL-FORM
THEORY

We have stated in the text that noise is always resonant in
the reduction to normal forms in the neighborhood of an
instability. The discussion will follow closely the previous
works. If we have a dynamical system

aU(1) = F(U(D.AND + nH(r.U(), (A1)
where
N
U() = 2 Uyne,.
a=1
— N —
F(U1).0\) = 2 Fo(U0).\De..
a=1
N
H(t,U(1) = 2, H(t.U(0)e,
a=1
is a noise term, {)?}:{)\1 ,..-»Ng} is a set of control param-

eters, and \# is a parameter measuring the intensity of the
noise. Let E be the linear space of dimension N spanned by

,ey) and UO(\}) a fixed point of
Eq. (A1) for A € ), where () is a domain in the space of

the basis vectors (e, ...

parameters {\}={\,,...,\}. If we linearize the deterministic
part g,U=F of Eq. (Al) around UP({\}) putting U=U"
X({N\})+V, we find a linear equation for V of the form

3V =AY, (A2)

The solution Q(O)({)t}) is stable if all the eigenvalues of the
operator A({\}) have negative real parts. If we move X in Q
and arrive at a critical point \©) in the space of parameters (

N e Q, Q the closure of )) where the elements of a set of
eigenvalues (o, ...,0,) have zero real parts, while the rest
of the eigenvalues (0,,,;,j= 1)have negative real parts such
that Re|o;|=d,j=m+1, where d is a fixed quantity, then
the solution l_](o)({)t}) has lost its stability and the operator

//\\({)t})ELA(O) has two invariant subspaces, the critical sub-
space  E© and the stable space EC). Let

()_((1), ,)_((”),)_((”“), ,)_((N)) be the Jordan basis of E asso-
ciated with the operator L(?).One has L(©) )_(<“)=EZ=1L2);)_((“’),
a=1,2,...,N, where L(O(i is a Jordan matrix. The critical

subspace E© is spanned by (K(l),...,z(”)) and E©) by
(X(n+1)’

tor L© has all its eigenvalues with zero real part
(010, LONY=3}  JpxP,  «

<.sx™). In the L©-invariant subspace E®the opera-

m=n, and
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=1,2,...,n, where J,g is an nxn Jordan matrix, and Jop
=Lg)0)1, l=a,B=n.1If )_(':EN=1XDI)_((“) e E,we define the op-
erators Py projecting on EY and P(_) projecting on E©) by

n N
PoX=2 XX PoX= 2 XX  (A3)
a=1 a=n+1

If we are in a neighborhood of the critical point ):)(C), we put
A=ND46N, U =UO{N9})+V, and then Eq. (A1) (with-
out the noise term) is written as

gV =[LOV+NOW]+[D+LVV+ND(W)], (A4)

where the terms in the first set of square brackets on the

right-hand side are of order zero in {5\} and in V7, and the
terms in the second set of square brackets of order 1 (or

more) in the unfolding parameters {5?} and zero in \,'77, If
D=0, where D is a constant vector belonging to E, the fixed

point l_](o)({):)(c)}) is persistent in a neighborhood of {)_\)(C)},
£U>L/ are linearterms in V, and NV(V) are nonlinear in V
(j=1,2). In order to construct the normal form of Eq. (A4)
we make the ansatz

V=[U"A) + U A) + -]
+[UOTA) + U IA) + -],

where @[“1'"2] stands for the part of X which is of polyno-

(A5)

mial order n; in A= (A,...,A,), order n, in the unfolding
parameters {O\}, and zero in V7. In Eq. (AS) we have
Q[LOJ(A)=E';:1A(,)_((“> and the normal form is the “ simplest”

equation involving only the critical variables A
=(A;,...,A,). As shown and discussed in detail in [42].The

ansatz (A5) leads to self-contained equations for A (the nor-
mal form) which are

0= A) + ) + -]
A1) + A @) + -],

where f{al’o](X)=JaBA g Adding the noise term in Eq. (A1) to
Eq. (A4) we obtain

(A6)

oV =[LOV+NOW)]+[D+ LYY+ NY(W)]
+[G() + SV + NP1, V)], (A7)

where G(¢) is an additive noise, §(t)\_/ a linear multiplicative
noise, etc., and the added terms are of order v 7. In order to
obtain the stochastic unfolding we change the ansatz (A5)
adding in the right-hand side a third set of terms

V= [Q[I,O](X) +Q[2,O](X) + ]
+ [l_][(),l](;) +(_][1,1](X) + - ]
+ U0 + g0 A) + -],

where the notation @[”1’”2'”3] stands for the part of X which

(A8)
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is of polynomial order 7, in A, n, in {5_)t}, and n; in V7. The
normal form (A6) will be now (a=1,2,...,n)

9 0= @)+ f20A) + -+
A A) + £ 0@ + )
LA () 4 L0 A 4 o],

We remark that the ansatz (A7) can be derived from a gen-
eral stochastic nonlinear change of variables; i.e., the coeffi-
cients of the change of variables are now stochastic pro-
cesses [43] in a similar way to what is done for the unfolding
of the parameters or for the unfolding due to the addition of
periodic perturbations to the original equation [44].

The problem now is to calculate the stochastic terms of
the ansatz (A9)—i.e.,

(A9)

Ui A= > Ual ap(DAT AN P,
5==] /i
(A10)
and the new random terms
TN = 2 Fuca DA AT (AL
a=1

in the stochastic normal form. We call Z and @ the left- and
right-hand sides of Eq. (A7). Then we have

U[IO( )

'—'[001]_(&‘/)[001] (z?A )[001] = +S’ZQ[O’O’]]([)

a

= /200 + ﬁ,g[‘)")’”(t), (A12)

where 4, stands for the time derivative with respect to the
explicit time dependence—i.e., the one in the random func-
tions and not the one in {A ,(¢)}—and

(I)[O,O,l] — LA(O)U[O,O,I](,) + 5(;) . (A13)

Then E00U=@l001 gives [putting G(t) VnG(1), f[’(”]
(0 gives

(3= LU 1) =G (1) - 2 \pfl0 ().
a=1

(A14)

Projecting with P, (EE)‘)):ﬁOE(O)ﬁ(O)) we obtain
n

ORI

a=1

A NONA ~
(3= L) Pl 0) = Py mG(r) -

(A15)

Since lA,f)O)has eigenvalues with zero real part, the linear sto-
chastic differential equation (A13) has no stationary solution.
One has G(1)=3N_,G ()XY, PoG(t)=3"_,G ()x'?, and if
we assume that the random functions {G(z),@=1, ... ,n} are
o-correlated white noises with zero mean and correlations
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(Ga(t)GB(t’))=6‘)‘35(t—t’), then Eq. (A13) is a Markov pro-
cess whose conditional probability density P[P,U00(z)
=X|P,U*011(0)=X] has no limit when r—, and then
one has no stationary probability and no stationary state. We

solve then Eq. (A15) choosing PoU**(r)=0 and conse-
quently

A0 =G (), a=1.2,....n (A16)

This equation tells us that additive noise is always reso-
nant as stated in the text. We can go to higher-order polyno-
mial orders in A and the conclusion will be the same. Let us
calculate the terms in the linear stochastic unfolding; for this
we need the projection P_U%%')(¢) on the stable subspace
E_. We project Eq. (A14) with P_ to obtain

9,~ LOB_U%(1) = P_\nG(1); (A17)

Since all the eigenvalues of LP=P_LP_have negative real

parts, this linear equation has can be solved for P_Uto01(y)
and we can go to the next order in 7. One has

E[l,o,l] = (0’)[‘/)[1,0,1]

[1,0]
A) . .
_ ((9A )[1 0, I]T() + (9[[_][17071](1«’14)
p1o.1] {2,0]
P | oot
a aACY
(A18)

2[1,0,1] =1:(0)Q[]’°’]](t,f_f) +1l/§°)(‘_/=g[]’°](/?),\_/=Q[O’O’l](t))
+ NPV = U0 (0), v = U110%A)) + S U1 OA).

(A19)
Then EH0N=@l101 gives (/{j’o]:laﬁAﬁ)
R o -
9+ 5——L(°))U[1’0’1] 1A
( oA U H(,A)
=111.4) = 2 AN, (A20)
a=1

with /1-0-1(z, A) Eﬁ— nl[1 0. 1](t)A )(
the right-hand side is (9 +H(L(O)) where H(L(O) J BAB pe

~LO is the homological operator and !{1 0, 1](t,A) can be read
directly from Egs. (A18) and (A19). Projecting Eq. (A20)
with ﬁowe obtain

. The operator on

~ (9 A -~ -
(a, + JaﬁABm - LE)O))POQ["O"](LA)

n

=Pl (1.A) = 3 £ e, )

a=1

(A21)

@

part, we have the same situation as in Eq. (A15) and we must

Then, since (JaﬁAB {7‘9 AE)O)) has eigenvalues with zero real

011303-11



CLERC, FALCON, AND TIRAPEGUI

solve (A21) putting ﬁOQ[l’O’l](t,X)=O and then

A= X 1 wA.
B=1.,...n

a=1,....,n

(A22)

This equation is the analog of Eq. (A16) for linear multipli-
cative noise, and once again we find that we have to keep all
the noise terms. For a complete discussion of the stochastic
center manifold see [37].

APPENDIX B: DERIVATION OF THE EQUATION
FOR THE CORE OF THE FRONT

We call M the noise term in Eq. (12), where the product
of the function of the stochastic process y,(7) with the white
noise {(y,7) is interpreted in the Stratonovich sense. We dis-
cretize the variable y as {y;=Aj.j e Z}, i.e., y,—y;_;=A, and
then the discrete form of the noise correlation is
(i DL, 7))= 8y =y) Slr=') = 87— 7). We define
ZI(T) =A"2¢(y,;,7), which has correlation <ZI(T)Z;(T,)>
=6, 8(t—7'). With this, M can be written in the form

Z(7)

-, Bl
= (B1)

M=\7AY a/(y(7)
l

with

qy#), (B2)
€

a100(7) = (= DRy -y()(T))cos(
ay|

and Eq. (12) takes the form
Jo(7) = AGo(M) + M = Ao(D) + VIA S, a(ro(D) Z).
I

(B3)

If we discretize the time 7 as 7,=06j, j € Z, f=T7;— 7|, We
can write Eq. (B3) for the variables y,(7;)=y, ;. Defining

A)’o,ﬁ)’o,f)’o,;-p
— 1
Ayo ;= BA(yo-1) + V%E a1<y0,j—l + EA)’o,j) Awy;,
/

(B4)

where we have discretized a;(yy(7)) in the midpoint of the
interval [7;_;,¢;] due to the Stratonovich prescription. In Eq.
(B4) one has Awj=w;—wj_y, w;=w(7;), where {w/(7),l
€ Z} are independent Wiener processes defined by dw,(7)
={(7dr, and consequently AwAwy ;= B6;r. Since Ay ; is
of order B'2, we obtain up to order 3 the expression

i
VA
AyO,j=BA(y0,j—l)+ > Eaz (yO,j—l)AyO,jAle
I

[—x
+N WAE a/(o,j-1)Awy;, (BS)
!

where the prime denotes derivative with respect to the argu-
ment. Using the fact that Awy; is of order B'2, the dominant
term in the latter equation is
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=+
A)’o,j =\ UAE al(yo,j—l)Ale- (B6)
l

Replacing expression (B6) in the right hand side of equation
(B5) and using Aw;;Aw;;=B3;;; we obtain

b
Ayovl' =B A(y(lj—l) + 72 a ()’O,j—l)az(yo,j_l)
I

[
+V WAZ al(yo,j—l)Ale- (B7)
I

The stochastic differential equation for y,(7) is now written
in the prepoint discretization (Ito prescription). The noise
tem is a sum of independent white noises
V7AZ,a/(yg j-1)Aw;; which can be replaced by a white noise

7Q.L(7) with

Q=A% a/yo(n)?
l

1(~ 2qy
= EJ dyRo,(y —yo(T))z{ 1+ cos( h) } :
—oo a\’|6

and {(7) is a white noise of zero mean and correlation

(U L(7))y=6(7—17"). The contribution of the cosine in the

integral gives an exponentially small contribution of order
172

q(e‘cz"’ €™y with czé—z, and consequently we approximate

Q by

1 o0
Q= Ef dyRoy(y = yo(7))* = 1/2a.

On the other hand, the second term on the right-hand side of
Eq. (B7) is

A !
52 al(yo,j—l)az ()’0,]‘—1)
!

1(” 2qy d
= —f dy| 1+ Cos<7) —Ro,(y — yo(7))*.
4) ., avle/ |dy
(B8)

Since [ waO},Royy=O, we can finally write the stochastic dif-
ferential equation for y,(7) in the form

Yo(7) = A(yo(7) + ; J dyRoy(y)Royy(y)cos(z‘l(Ly:T(T)))

; |
7
. \/; (. (B9)

After doing all the integrals in Eq. (B9), we obtain the fol-
lowing equation:

ay
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FIG. 11. (Color online) Contour of integration I' on the complex
plane.

yo(7) =~ " Re(K)COS<2qy—(LT)>
a|€
~m( mn( 24y0(7)> +Re(J)co (m@)
& alel
4gyo(1)\ 7 24y,(7)
_Im(J)sm< il ) -2 {RdS)cos( e )]
. 2qyo(7)> ¥
—Im(S — B10
m( >sm( R Al (B10)
where S=——L 1 I and K are defined in expressions (14) in

the text, and J 1s defined by

a * e
=% f dyRo,(y)Ro(y) et w0 /enlel,

We show below that K ~ O(e~¢% \H), I~ O0(e% “‘F[), and
J~ O(e*"1d): consequently, we can neglect in Eq. (B10)
the terms proportional to J. We obtain

3ad ot 2
a2 o + o2/ lK1COS< 4])’(/)(_7'))

[ 24y0(7) ﬁ;
+K251n( a\ﬂ )} + 4 (),

yo(7)=—

(B11)

where K; and K, are of order 1 and defined in the text.
Finally Eq. (B11) coincides with Eq. (13) in the text. We
obtain now the estimates for the oscillatory integrals K,I,

and J. We define I (u is a positive number),

_ o0 e_;y)v ) /
— iwy
I= f dy(l +e—Vy)ne VE.

Using the contour I in Fig. 11, we consider the integral in
the complex plane /. We call /; the integral over I';:

L e—'yx ) _
I, = limf dxme’“’”":l.
L) ;  (1+e™)

The explicit calculation of the integral over the contour I’
gives, in the limit L— oo, the result
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I=(1—-e2emmny,

(B12)
The residue theorem gives / =27, where o
~ o™ ‘“’P(f) is the residue in the pole z=iw/v and
P(iw/ w) is a polynomial with maximum degree (2n—3). We
obtain then for 7 the final result

i= e-wﬂ/wp(@) +O(e20m), (B13)
)y

APPENDIX C: PHASE OF THE CORE OF THE FRONT
REMAINS BOUNDED

We shall study here the stochastic process Ry(y
—y0(7))?0,(y,y0(7), which involves the derivative of the
phase ®,(y, (7)), and prove that the mean value of (R 0,,)
is bounded for all values of 7. The value of ROG) 1y 18 given by
Eq. (10) in the text, and we can see there that we have in the
last term an undefined product of a function of y,(7) with the
noise {(y, 7). As explained before we have to interpret this
product with the Stratonovich prescription. We write this

. \n .
noise term as 7'Q, with

y

0= dy'Ry(y’ —yo(T))sin(

-0

)é(y 7. (CD)

a\r| |

We proceed as in Appendix B and we use the same notation.
The discretized version of Eq. (C1) involves using the mid-
point discretization for the 7 dependence in yy(7) due to the
Stratonovich prescription. Then Ry(y— yog_,-_l(r)+%Ay0’ b
=Ro(y=¥0,-1(D)+3Ay0,)+ 37870 Ri(y=Y0,-1(7), and one
has

70

0= Al/zzRo()’z Yo,j- 1)5111( ||)§1,

1 [ @y Awy;
+A2Y EROy(yl_yO,j—l)snl( l )A)’o, 5
!

avlel

(C2)

where 7, stands for the prepoint discretization. Replacing
Ay ; using Eq. (B6) and the correlation of the Wiener pro-
cesses, we obtain Q=0+ Q, with

g (7, , [ 29y’
0,=- 7[ dy ROy(y —)’O(T))2$m< /—>, (C3)
—0 a\r|6

Y qy
Q2=J dy'Ry(y’ )’O(T))Sln(a\| |)§(y T)‘Vl(o)

(C4)

We replace now in expression (6) for Ré@ly the last term
\fQ using Egs. (C3) and (C4) and we perform in all the
integrals (except in Q,) the change of variables y=y’
—yo(7). The final result is
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Ro(y = yo(7)*0,(y,y0(7) = —

27
+ — ImS@(y = yo(7))cos

128

240

2564

=1/2

where (j=1,2)
'=Y0 (T) 1
() I S YA
S (y )’o(T))f (1+e—\5My')l+je
5 ’V}O(T 1 gy’ a1
¢ )(y yo(7) = f —(] —v“my’)ixel qy'/al€] ,
+e -
~yo(7 o2V
- - i2qy'/a\e|1/2
1(y = yo(7)) = f (1+6—VMy')1+je .
(C6)

We remark that I(y—yq(7)) is bounded and moreover (see
Appendix A). Expression (C5) can be written in the form

Ro(y = yo(1)*01,(v,yo(7)

1
=—E|S“)(y—yo(r))|008( (|h)| (1))

+@|S(2(y yo(T))|COs( % 90(2))

+—|S<”(y yO(T))|COS(4qyO(/|_)| <p(3))

240

9%
—gll(y yo(T))ICOS<2q 0(|E)| so)
~1/2

Y 2qy
+ - J dy'Ro(y’ yo(ﬂ)sm( H)g(' e

a

(C7)

where, for j=1,2,3,

%[Imls(l)(y—yo(T)]COS<26]a(:%)+Re{ (1)(y—y0(7-))sin(2q O(ﬁﬂ

7" y
+ —f dy'R(y’ —yo(T))sin(Zq—h>§y’,r
a J_o a\'|e|
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av|€

<2q y0(| )|) +Re{5(2)(y )’O(T))Sln(2qy0(/|—)|>}
€ ayle

+ 27 {Im S(3)(y yO(T))cos<4q Yo(7) ) +Re S(3)(y - yO(T))sin(4q yO(,—)>]

yo(7)

a\r|€

27 [ m I(y - yo(T))cos<2q )+Re 1(y—y0(7))sin<2qy°(/_))
@ 4

a\| €

(Cs)
[
cos(o) = TSy =yo(D]} )
Sy = yo(]
0
sin(o") = Re{SY[y - yo(D]} ()

ISULy = yo(D]

and the same formulas can be written for {cos(¢),sin(¢)}
replacing SY[y—y,(7)] by I[y—y(7)]. We prove now that the
functions S(f)[y—yO(T)] are bounded. These integrals are of
the type

where n'=(m'+n +1)/2 is always an ent1re number, ()’

=(m'-n'-1)q/a, u=\e, and the integrals S comes from a
nonresonant term (see Eq. (4) in the text) of the form
Cpyr oyt AT AN @itm'=n"=Dala The functions SV[y—y(7)], S@[y
—vo(7)], and S®[y—y,(7] correspond to (m'=3,n"=0,0Q’
=2qg/a), (m'=4,n"=1,Q'=2q/a), and (m'=5,n"=0,Q’
=4q/ ), respectively. Rescaling S{[y—yo(r)]=%S[;—;0(T)]
=\Zy=yo(D1}, we have

eiﬂy'/p,

dy' ————, (C11)
(142

’—Yo(T)

S(y=yo(n) = f

where Q:%Q’. To calculate S we use the contour I' of Fig.
2.
Using the theorem of residues,

iQz/p
J= f dze— =27
r (1 + e_zz)" ’

where a(?) ~ ¢=?724 is the residue at the pole z=i7/2 of the
integrand. The sum of the integrals over I'; and I', gives
S(y—yo(1)(1—e~?™2#) and the integral over I', has the
value ie!0—vo(Mpg , with

(C12)

er/,u.
M= dy —~ .
0 (14 e 207 2yo(Dlyn

(C13)
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A short calculation gives, for the modulus of M, the
bound

T iQylu
e
|M|Sf dy =k ——
0 (1+e 2Dy 2 (1 4 g 2vo(lyn

(C14)

1- e—Q‘rr/p,

We have then from Eq. (C10)

PHYSICAL REVIEW E 74, 011303 (2006)

NN~ 277[6((0) . eiﬂ(;_yNO(T))
SO =yo(M) =1~ amp — i amaM- (C19)

Since M is bounded by O(u=1€) according to Eq. (C14),
we conclude from Eq. (C15) that it is bounded by a quantity
of O(\'e) for al values of y. If we take the mean value of
(RS@U) in Eq. (C5), the last term vanishes due to the 7,(0)
discretization and all the other terms are bounded due to Eq.
(C15) and the bound O(e=<29"T¢l) [6,45].
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