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Abstract

This paper studies the behavior of solitons in the Korteweg-de Vries equation
under the influence of multiplicative noise. We introduce stochastic processes
that track the amplitude and position of solitons based on a rescaled frame
formulation and stability properties of the soliton family. We furthermore
construct tractable approximations to the stochastic soliton amplitude and
position which reveal their leading-order drift. We find that the statistical
properties predicted by our method agree well with numerical evidence.
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1. Introduction

In recent years, stochastic traveling waves and more general stochastic
pattern dynamics have become major areas of interest in the field of SPDEs.
This paper employs modern stochastic phase-tracking techniques to study
traveling waves in stochastic Korteweg-de Vries (KdV) equations with mul-
tiplicative noise, such as

du = —(u+ 2udyu) At + ou - AWS. (1.1)

Here u is a real-valued process on (¢,2) € RT x R, and the scalar parameter
o > 0 encodes the noise strength. The noise WtQ is a cylindrical @)-Wiener
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process on a separable Hilbert space H, and - denotes a suitable product
between elements of H and L?*(R). Both multiplicative space-time noise and
multiplicative scalar noise can be treated in this setting.

In the deterministic case (¢ = 0), it is well-known that admits
soliton solutions u(t, z) = ¢.(x — ct) of the form

¢o(z) = Lsech’(Ver/2), ¢>0. (1.2)

We describe the evolution u(t, z) of such a soliton under the influence of the
multiplicative stochastic forcing (o > 0) by using the modulation Ansatz

u(ta 1:) = ¢c(t) (ZE - f(t)) + T(tv l‘) (1?))

Here, ¢(t) and &(t) are stochastic processes that track the amplitude and
position of the modulated soliton, respectively, while the perturbation r re-
mains small in a suitable sense. Numerical evidence based on these phase
definitions strongly suggests that such solutions remain close to the soliton
family for exponentially long times. We furthermore construct tractable ap-
proximations to the modulation parameters which reveal their leading-order
drift.

Solitons in the Korteweg-de Vries equation. The family of solitons has
been central to the analysis of the deterministic KdV equation (¢ = 0). At
the time of its introduction by Boussinesq [I] and rediscovery by Korteweg
and de Vries [2] in the late nineteenth century, the KdV equation was pri-
marily used as a model for shallow water waves along a canal. The equation
has since appeared as an amplitude equation to describe a wide variety of
physical wave phenomena, such as internal waves in stratified oceans [3] and
acoustic waves in plasmas [4]. Let us specifically mention the Fermi-Pasta-
Ulam-Tsingou (FPUT) chain, whose dynamics in the continuum regime can
be described by the KdV equation [5 6 [7].

As a dispersive system, the dynamics generated by the KdV equation
spread out localized initial conditions. Yet, due to nonlinear effects,
with 0 = 0 admits the family of traveling wave solutions that can have
arbitrary amplitude, propagating at the proportional velocity. The relation
de(x) = co1(y/cx) apparent in is a direct consequence of the fact that
the KdV equation enjoys the scaling invariance

u(t, z) = o?u(a’t, ax), (1.4)



in addition to its translational symmetry.

Zabusky and Kruskal observed in numerical experiments [§] that, asymp-
totically, solutions to the KdV evolution decompose into several solitons of
the form followed by a radiation component, which undergoes a dis-
persive evolution. See the work of Schuur [9] for rigorous results in this
direction. Another key property of the deterministic KdV equation is that it
is a completely integrable system, and consequently has an infinite number
of conserved quantities [10]. For example, the KdV evolution conserves the
energy [, u?(t,z)dx.

Deterministic stability. In the deterministic setting, the family of solitons in
(1.2) was shown to be orbitally stable by Bona, Souganidis and Strauss [11].
Their work asserts that a slightly perturbed soliton remains, upto trans-
lations, within an H!'-neighborhood of the initial soliton. This result was
improved upon by Pego and Weinstein, who established asymptotic stability
of the soliton family [12]. More precisely, the authors show that if u(¢, x) is
initially a small perturbation of the soliton ¢., (- — &), then there exists a
final velocity ¢ > 0 and a final phase-shift £ € R such that

u(t,-+&+ct) —p.—0 as t7T o0,

in the weighted spaces

a

L2 = L*(R,e**dx), 0<a<./c.. (1.5)

Here, the final velocity ¢ and phase-shift £ contain small corrections to their
starting values c, and &,. The exponential weight ensures that disturbances in
the wake of the soliton decay at an exponential rate. The result holds under
the assumption that the initial perturbation and its derivative lie in L? N L2,
This assumption was later relaxed by Merle and Vega [13] to accommodate
general L%-perturbations, with convergence in L? ..

The proof of Pego and Weinstein relies on the spectral stability of the
linearization of the KdV evolution around a soliton ¢., encoded by the op-

erator
L= —33 + (C — 2¢c>ax - angbc - _ai + Caac - 28&8 [¢C]

As a linear operator on the space L?*(R), the operator L. has spectrum
tR. Contained therein is a double eigenvalue at 0 with an associated two-
dimensional generalized kernel spanned by 0,¢. and 0.¢.. Considering the



operator £, on a weighted space L? with 0 < a < /c moves the essen-
tial spectrum to the left of the imaginary axis. Its (formal) adjoint £ on
the space L?, has a generalized kernel spanned by the soliton ¢. and the
primitive

(o) = / Otely)dy € 12,

This primitive (. is not a localized function, which is evident from the fact
that (.(z) tends to [, 0.p.dz = 3¢/ as @ — oo. Pego and Weinstein
show that L. generates an exponentially stable Cp-semigroup {e“t};>q on the
subspace of L? consisting of functions v € L? which satisfy the orthogonality
conditiond]]

<'U7CC>L2 = <Ua¢c>L2 =0. (1.6)

Stochastic KdV equations. Several stochastic versions of the KdV equation
have been introduced in the literature, which incorporate random perturba-
tions that affect the propagation of solitons. In [I4], Herman derives a KdV
equation perturbed by a single Brownian motion to model the propagation
of an ion-acoustic soliton in the presence of noise. Since the KdV equation
arises as an approximation for more involved models, such as for fluid dy-
namics or wave dynamics in the FPUT lattice, stochastic KAV equations also
serve as starting point for studying the effects of random perturbations in
such systems [15 [16].

In [17], de Bouard and Debussche establish the well-posedness of in
the space H'(R), in the case that the covariance operator @ is a translation-
invariant and non-negative convolution operator on L?(R) given by

Qf(x) = / oz — 9)f(y) dy, (1.7)

with a convolution kernel ¢ in H*(R) N L'(R). The same authors also prove
the existence of solutions to in two cases that approximate a space-time
white noise on L?*(R) [18, [19], corresponding to Q = Iy2.

The multiplicative forcing in breaks the conservative nature of the
KdV equation, which can readily be seen in the scalar case where WtQ is a

n expression (1.6) we slightly abuse notation, as (. ¢ L?. The product Jg v¢e da is,
however, a well-defined real number, since e~**(, € L? and e®v € L2



real-valued Brownian motion ;. Indeed, by formally applying 1t0’s lemma
to the SPDE
du = —(02u + 2ud,u) dt + ou dj;,

one finds

d(u, w2 =[—2(u, Bu + 2udyu) 2 + 0 (u,u)r2] dt
+ 20<u, U)LZ dﬁt
=0 {u,u) > dt + 20 {u,u) 2 dj;, (1.8)

which shows that the energy fR u?(t, z)dr undergoes a geometric Brownian
motion with positive drift. See [I7, Proposition 3.1] for a similar result in
the case of space-time noise. As the stochastic forcing slightly perturbs the
soliton continually, its aggregated effect produces a stochastic phase-shift and
a substantially varying soliton parameter c¢(t).

The conservative nature of the equation is, however, not entirely lost.
One easily verifies that the average L?*-norm of solutions to the stochastic
KdV equation is conserved:

EJlu(t, )z2] = [luollzz-

Due to its diffusion, the same does not hold for nonzero powers p € R of
the L2-norm. In this context it is worthwhile to point out that the soliton
parameter c is related to the L?-energy as ||¢.||2, = 6¢*2. This hints at a
relation between the stochastic soliton parameter ¢(¢) and the process

u(t, Y55 = lluol|jae 37 3%, (1.9)

a basic prediction that the results in this paper will reproduce and refine.

Stochastic traveling waves. The effect of noise on traveling waves has been
previously been analyzed in various settings, primarily for equations of reaction-
diffusion type. The subject has seen considerable activity in the physics
literature, see for instance the works by Garcia-Ojalvo and Schimansky-
Geier[20, 21] which introduce stochastic corrections to traveling waves in
bistable RDEs. One well-known example of a noise-induced velocity cor-
rection is the Brunet-Derrida conjecture [22, 23], which describes a speed
correction for traveling fronts in randomly perturbed Fischer-KPP equations
and was proved by Mueller [24]. We also refer to the works [25] 26], which



analyze numerical methods for the simulation of stochastic traveling waves
and provide numerous intriguing observations.

Various contributions have appeared in the mathematics literature to give
(further) rigorous meaning to such results. Kriiger and Stannat introduced
a multiscale expansion of a stochastic phase for traveling waves in bistable
RDEs [27,28]. This method was later applied to the FitzHugh-Nagumo equa-
tion in [29] and extended upon in [30]. Hamster and the second author have
developed a phase-tracking method in the setting of reaction-diffusion equa-
tions that tracks stochastic traveling waves over exponentially long timescales
[31], 32, 33]. We refer to the review by Kuehn [34] for a more detailed overview
of results on stochastic traveling waves in reaction-diffusion equations.

Stochastic KdV waves. The stochastic dynamics of solitons in a randomly
perturbed KdV equation was first considered by Wadati [35], who derived
statistical properties of solitons in the KdV equation with additive scalar
noise using a Galilean coordinate transformation. See also the works [36], [37],
which expand on this method.

De Bouard and Debussche analyzed the stochastic soliton dynamics pro-
duced by the KdV equation with multiplicative space-time noise in [3§].
Similar to the approach to the approach taken in this work, the authors con-
sider a decomposition of the form and formulate modulation equations
for the soliton parameters. The authors, moreover, estimate the exit-time
of the solution from a neighborhood of the modulated soliton. See also the
works [39, [40], where the same authors study solitons in the KdV equation
with additive noise and a stochastic Gross-Pitaevskii equation.

While the method in [38] yields rigorous stability results, it only allows
for a small variation of the soliton parameter ¢(t). The resulting modula-
tion equations, therefore, do not incorporate the full dynamics of the soli-
ton amplitude and are valid only on timescales of order O(1/0?), where the
parameter ¢(t) remains close to its starting value c¢,. Our method allows
for large variations in the parameter c¢(t) by not only translating the solu-
tion, but also rescaling the solution in accordance with the natural scaling
u(t,-) — o?u(t, o) of the soliton family (L.2).

In a more recent work by Cartwright and Gottwald [41], the authors ap-
ply a collective coordinate framework developed in [42] to in the scalar
case, where WtQ in is a scalar Brownian motion f;. Their approach
modulates the amplitude and width of the soliton independently, instead
of requiring that the modulated soliton remains in the family (1.2). The



authors develop an O(¢) modulation system which dictates that the ampli-
tude follows a geometric Brownian motion with zero drift. The modulation
system of [41] furthermore predicts to leading-order that the soliton-width
remains constant, which is not captured in numerical simulations of
that naturally also include higher order effects.

Soliton tracking. In this paper, we introduce a soliton-tracking method that
adapts a phase-tracking method developed in [32] by Hamster and the second
author for traveling waves in reaction-diffusion equations. The method relies
on a transformation of that translates and rescales a solution u(t, x) to
closely match a fixed soliton ¢., at the origin. More precisely, we introduce
the process

o(t.2) = o?(t)u(t. alt)a + E(1)) - b (2), (1.10)

which is the remaining difference between the translated and rescaled solu-
tion, and the fixed soliton ¢.,. From the scaling process a(t), we can recover
the effective soliton parameter c(t) of the solution u(t,z) as c(t) = c.a™%(t).

The translation process {(t) and scaling process a(t) are a-priori not
specified. Their drift and martingale components bring about four degrees of
freedom. We formulate an SPDE that governs the dynamics of the remainder
v produced by translation and rescaling as in by noise-driven processes
€(t) and «(t). We use the four degrees of freedom brought about by £(t)
and «a(t) to ensure that v satisfies the orthogonality conditions of at
all times. Intuitively, this should mean that the remainder v continuously
experiences exponential damping, and will remain small. This argument has
been made rigorous by Hamster and the second author for traveling waves
in reaction-diffusion equations in [33], where the authors establish exit-times
on the remainder which are exponentially long with respect to the parameter
1/o.

We restrict ourselves in this work to formal arguments to support the
construction of the soliton-tracking method, which yields a coupled SPDE
system that describes the evolution of v(t), c(t) and £(¢). Although we antic-
ipate that a rigorous meta-stability result based on the methods presented in
this work is possible, one needs to control transformations of the perturba-
tion due to the rescaling. It seems that this requires spatial information on
the linearized frozen-frame evolution beyond the semigroup bounds obtained
in [12]. For the moment, we rely on numerical simulations to validate our
findings.



Stochastic soliton dynamics. In order to gain insight into the stochastic soli-
ton dynamics described by our method, we design an approximation proce-
dure for the processes «(t) and £(t). In contrast to the stochastic wave posi-
tion studied in [31] and [32], the evolution of the perturbation v(t) does not
decouple from the rescaling process a(t). This significantly complicates our
analysis, since «(t) develops significant fluctuations on short timescales. In
order to account for this, we first expand the perturbation v(¢) in terms of the
small parameter o, using « as an external input. Expanding the modulation
equation for «(t) in terms of v subsequently produces SDE approximations
for a(t) that have random coefficients. Solving these SDEs then provides
the desired final approximations, which can in principle be computed at any
desired order in o.

We find that the soliton velocity primarily follows the amplitude process
c(t), with additional correction due to the noise. The amplitude process c(t)
experiences an almost linear positive drift which develops on the time-scale
O(c*t). Numerical simulations of show that this drift is captured quite
well by an approximation of ¢(t) that takes into account coupling terms that
are quadratic in o.

The amplitude growth rate and velocity correction are determined by sta-
tistical properties of the perturbation with respect to the modulated soliton.
This further motivates the use of the frozen-frame formulation ((1.10f), which
keeps the stochastic traveling wave in a fixed reference frame and facilitates
analysis of the perturbation shape.

Outlook. This work extends the phase-tracking results of [31] and [32] to a
system where stochastic perturbations not only induce a translation, but also
a rescaling of the traveling wave. Numerical simulations indicate that our
method tracks the KdV soliton over exponentially long times. However, this
work does not provide a rigorous stability result to support this claim. We
hope that the decompositions and approximations obtained here will provide
a pathway towards such a result.

Outline. This paper is organized as follows. In §2.2] we derive an SPDE that
describes the dynamics of the remainder v defined in (|1.10)) via [t6’s lemma.
We proceed by constructing the It6 processes £(t) and «(t) that track the
soliton position and amplitude, respectively, in §2.3] In §3] we formulate an
expansion of the SPDE system that governs the dynamics of a(t) and v(t),
and from there derive the leading-order behavior of the mean and variance of



the effective soliton parameter ¢(t) and position £(t). We verify these findings
via numerical simulations throughout §3|
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2. Stochastic soliton tracking

In this section, we introduce a system of modulation equations to describe
the evolution of the solution wu(t,z) to the stochastic KdV equation in a
stochastic co-moving frame. In particular, we consider the SPDE

du = —(0%u + 2ud,u)dt + o M (u)[dWS), (2.1)

with initial condition u(0,z) = ¢, (z), where ¢., is the soliton defined in
(1.2). The noise term M (u) is of general multiplicative form and is driven
by a translation-invariant noise process WtQ, which we both describe in more
detail in §2.1]

We introduce a position process £, which (roughly) keeps the stochasti-
cally evolving soliton centered at the origin, and a rescaling process «, which
neutralizes its amplitude fluctuations. More precisely, we introduce the re-
mainder

o(t,z) = o*(t)u(t, a(t)z + £(t)) — ¢, (2), (2.2)

which describes the deviation from the soliton ¢., in a frame where the
solution u(t,x) has been translated and rescaled according to the natural
scaling ¢. — a?¢.(a-) of the soliton family. The aim is to choose the processes
a and £ in a fashion that keeps the perturbation v in the space characterized

by , where the linearized evolution is stable.

First, in §2.1] we describe the forms of multiplicative noise that can be
treated by our method. In §2.2 we derive an SPDE that describes the
evolution of the perturbation v in the co-moving frame, which we use in
to prescribe the dynamics of our processes £ and «. Finally, we illustrate the
effectiveness of our decomposition in and explore the resulting dynamics

via numerical simulations.



2.1. Stochastic set-up

Let us outline the setting of in more detail. We follow the approach
of [43] and [44], and consider noise from a separable Hilbert space H with
the inner product (-,-)3 and an orthonormal basis {ej}7>,. We then pick a
covariance operator () that satisfies the following properties:

Assumption 2.1. The operator () : H — H is linear and bounded, and for
each h,g € H we have

e (Qh,h)y > 0; (non-negativity)

o (Qh,g)n = (h,Qg)n.  (symmetry)

With this assumption in place, we let WtQ be a Q-cylindrical Wiener
process on H; cf. [43, §4.1.2] and [44], §2.5.1]. This H-valued Wiener process
has the property that for each h € H, the process (WtQ, h) defines a real-
valued Brownian motion, which satisfies the correlation identity

E[(W?, h)(WE, g)] = (t A s)(Qh, g),

for t,s >0 and h,g € H.

In order to define a stochastic integral with respect to WtQ, we follow
[43, [44] and introduce the space Hg = QY2(H). Equipped with the inner
product

(0, W = (@70, Q7 Pwhn,

Hg is a separable Hilbert space for which {Q/?e;}?2, is an orthonormal
basis. Let us furthermore introduce the notation HS(#Hq,H) for the space

of Hilbert-Schmidt operators between H¢g and H. We recall that HS(Hq, H)
is a Hilbert space with the inner-product

o0

(A, B s = Y _(AIQex], BIQ'?ex]),,.

k=0

We refer to [43), §4.2.1] and [44], §2.5.2] for the construction of the stochas-
tic integral

/ b(s) (2.3)
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with respect to WtQ, which defines an H-valued stochastic process for HS(Hg, H)-
valued integrands ® that satisfy the integrability condition

t
E [ 190 s r0 ds <
0

For convenience, we also introduce a rescaling and translation transfor-
mation T, ¢, which acts on functions u € L*(R) as

Toeu = ul(a - +E). (2.4)
This allows us to write (2.2)) as
v(t,z) = ()T cyult, ©) — ¢e. (). (2.5)

With these preliminaries in place, we impose the following conditions on the
noise-term M (u) and its relation to the scaling operators Ty, ¢.

Assumption 2.2. For each u € L*(R):

1. M(u) defines a Hilbert-Schmidt operator from Hg to L*(R). If further-
more u € H'(R), then M(u) defines a bounded linear operator from H
to L*(R).

2. For each B € R and h € H we have the identiti]

BM (u)[h] = M(Bu)h].

3. There exists a bounded linear operator Ta,g on H, such that for each
a >0 and £ € R we have

Tog[M(u)[R)] = M(Togu)[Toch).
4. There ezists a linear operator 9, on Ho such that we have?
O [M (u) 1] = M (uz) (] + M(u)[0:h).

for every h € Hg and u € H'(R).
5. The translation invariance identities

T.eQTr =T.QT: and T,e0,QT% = 1,0.QT;

hold for each o > 0 and & € R, where 1., is shorthand for Ta,O and T;‘E
denotes the H-adjoint of Ta,g.

11



The operator M takes on the role of multiplication between u and an
element of H. We remark that for each v € H'(R) the operator M (u) has
an adjoint M*(u) : L*(R) — H, which by definition satisfies

(M@, £) oy = (e M@, (2.6)

for each h € H and f € L*(R).

With this assumption in place, we can assign a rigorous meaning to the
SPDE (2.1)). Based on the flow S(t) = e~ generated by the linear equation
u; = —03u, we call an H'-valued process v a mild solution to (2.1 with
initial condition u(0, ) = wy if the mild formula

u(t) = S(t)ug — /Ot S(t — $)0, (u?(s)) ds + U/Ot S(t — s)M (u(s))[dWE]
(2.7)

holds for all £ > 0. Alternatively, one can also consider weak solutions:
an H'-valued process u is a weak solution to (2.1) with initial condition
u(0, -) = ug if the identity

MWQB#M@B—A@M%%@WJW@%@KWdS
+UA<MW@MMW%QB (2.8)

holds for all ¢ € H?(R) and ¢ > 0. See for instance [45], which asserts the
existence of weak solutions for posed on a bounded domain with scalar
noise. This solution type is, however, less common in the stochastic KdV
literature.

Let us illustrate the broad applicability of this abstract setting with three
examples, which we use throughout the paper to showcase our results.

Ttems 2 and 4 of Assumption restrict the setting to linear noise terms, in order to
keep our computations tractable. More general noise terms can be treated by applying a
function g : R — R point-wise and considering the noise term M(g(u)) Items 2 and 4
then generalise to SM (g(u))[h] = M (Bg(w))[h] and 9, [M (g(u))[h]] = M (g'(w)us)[h] +
M (g(w))[0zh].

12



2.1.1. Example I: Scalar multiplicative noise
As a first example, consider the KdV equation perturbed by a single
Brownian motion [;, which we write as

du = —(0u + 2ud,u) dt + ou dj;. (2.9)

Here, the Brownian motion takes values in the Hilbert space H = R. Since
the perturbation is uniform in space, the covariance operator acts trivially
as ( = Ir. In this case, we have Hg = R and the multiplication between the
noise and the function u is simply given by M;(u) : R — L?(R), which acts
on h € R as

My (u)[h] = hu.

By the defining identity (2.6)), the formal adjoint M (u) must satisfy

{hu, f)r2 = hM; (u)[f],
which implies that Mj(u) : L*(R) — R acts on f € L*(R) as

Mi (w)[f] = (u, f)L?(R)-
We furthermore compute

T [Mi (u) 1] =hTgu = M (T cw)[h],
0, [ M ()R] =hat, = My () B,

which shows that M fits items 3 and 4 of Assumption with Taf =Ir
and éx acting as érh =0 for all h € R.

As pointed out in [41], we remark that can be transformed into
a KdV equation with a random coefficient on the nonlinearity. Indeed, by
factoring out the geometric Brownian motion

0,2
g(t) ="z

1

as v = g u, we find

dv = —(02v + 2g(t)vd,v) dt.

This reduces matters of well-posedness to the well-posedness of a KAV equa-
tion with varying coefficient on the nonlinearity. We are, however, unaware
of results that establish the well-posedness of such an equation with a non-
smooth coefficient.

13



2.1.2. FExample II: Translation-invariant colored noise

Our setting also allows for space-time noise from the Hilbert space H =
L?(R), with the usual inner product. We consider translation-invariant noise,
with a spatial correlation structure given by an even function ¢ € H*(R) N
L'(R) that has a non-negative Fourier transform ¢§. We then introduce the
covariance operator ) that acts on f € L*(R) as the convolution

Qf(x) = / oz — ) f(y) dy (2.10)

with respect to the kernel ¢q. The integrability of ¢ ensures that @) is a
bounded operator on L*(R), and the non-negativity of the Fourier transform
¢ provides the remaining properties of ) in Assumption [2.1]
Well-posedness in this setting is asserted in [I7], where the authors con-
struct mild solutions as per . We have the formal covariance identity

E[dWQ(x, H)dWe(y, s)} =0(t — s)q(z —y),

which quantifies how ¢ determines the spatial correlation of the noise, de-
pending only on the distance between two points.

Using the kernel g, it is possible to provide an explicit formulation of the
operator Q2. To this end, note that @ acts as a Fourier multiplier with
symbol §. It follows from the assumption ¢ € H'(R) N L'(R) and elementary
properties of the Fourier transform that ¢ lies in L'(R) and is bounded.
As a consequence, the function £ — 1/G(£) is also bounded, and defines a
Fourier multiplier which is bounded on L?*(R). Denoting the inverse Fourier
transform of v/g by ¢1/ allows us to characterize Q/? as

QY21 (x) = / qua(z — ) f () dy.

R

For future reference, it is convenient to introduce here a rescaled family
{Qu}as0 of the convolution operator @), which rescales correlation lengths of
the kernel ¢ as

Quf = aq(a) * f. (2.11)

Similarly, we set

(@%)af = aqipp(a-) * f.

14



In applications, one often encounters the Gaussian kernel

1 —ma?

q(z) = e i, (2.12)

where the parameter ¢ > 0 is a measure for the correlation length. In this

case, ¢ is given by
1 —¢2¢?

7l = (& ™
q(¢) NorTe
We note that, with the kernel (2.12), @, acts as

2.2

Quf =g & %,
so that the correlation length ¢ of the Guassian kernel is effectively rescaled

to (/a.

In the setting of this example, the space-time noise enters the KdV equa-
tion via the operator My (u) : L*(R) — L?(R) that acts on h € L*(R) as the
point-wise multiplication

(My()H]) () = h(a)ulc).
In order to verify that My (u) is in the class HS(Lg), L*) for each u € L*(R),
we compute

o0

||MU(U)||?—IS(L2Q,L2) - Z<UQ1/2€k, UQ1/2€k>L2

= u(x)Q 12(1'_')76 izdx
> e aate =)

_ / (@) ga(@ — el — ))ade = llgyalZelulle.

We then note that

larallze = 1V/all72 = lldllz,
via Parseval’s theorem, and we conclude that the operator My (u) is indeed
Hilbert-Schmidt.

Applying the adjoint identity (2.6) to the multiplication operator M
yields

(hu, f)r2 = <hv M;(u)[fDsz

15



which reveals that M (u) is self-adjoint:

My (w)[f] = uf = My(u)[f].
We can furthermore compute

Toe [My(w)[h]] = ToguTach = My(Toeu)[Taeh],
0, [M (w)[H] = wsh + uhy = My ()R] + M (w)[ho],

which shows that M satisfies items 3 and 4 of Assumption with 7T, o =
T, and 0, = 0,. Lemma then shows that we have the identities

where we recall that the operator @, is defined in (2.11]). Consequently, item
5 of Assumption [2.2]is met.

2.1.3. FExample Ill: Space-time white noise

The setting described above formalizes translation-invariant space-time
noise with arbitrary correlation length. It is inviting to consider the limiting
case where the correlation length ¢ in tends to zero. This leads to
a space-time white noise W;, which is completely uncorrelated in space and
time as specified by the formal identity

E[dW (z,t)dW (y, s)] = §(t — $)d(z — y).

Upon doing so, the regularising effect of the convolution with respect to the
kernel ¢ is lost. As a consequence, it is unclear how to interpret the noise
term M (u)dW;, since My (u) is not in the class HS(L?, L?) and violates item
1 of Assumption [2.2] Indeed, to our knowledge, no well-posedness theory is
currently available for the KdV equation with multiplicative space-time white
noise.

Despite these limitations, we can proceed formally by considering the
covariance operator () = I;2, since convolution with respect to the Dirac
distribution acts as the identity operator I;2. We stress that this procedure
only amounts to a formal computation, but as we shall see in the sequel the
results are very insightful. In this case, the translational invariance identities
simplify to

TaQTa* =o' and TaéxQT; = a20,.
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2.2. Frozen-frame transformation

In this section, we formulate an SPDE that governs the evolution of the
remainder v in the co-moving frame introduced in (2.5). We postulate that
the rescaling and translation processes a and £ satisfy the system

da =5 (v, a) dt +~7 (v, a, &) AW, (2.14)
d¢ = pg(v, @) dt + pg (v, o, ) AW, (2.15)
where 7§, 15 are real-valued and 77, ¢ are linear operators from H to R. The

drift components 7, ug and martingale components 77, 12 will be explicitly
provided in §2.3] For now we note that 7 and ug can be written as

(0, @, )l = —00(Toeh, 7,(v))n, (2.16)
13 (0,0, E)[H] = —oa(Theh, 7,(0) (2.17)

where 7, and p, are H-valued, depending only on v. In addition, the drift
components v and p are of the form

V9 (v, ) = o Fg(v) + 0 74(v, @), (2.18)
ug (v, @) = coa”? — a g (v) + 0 fy(v, @) (2.19)

where 7Y, 119, 7, and i, are real-valued.
In we apply It6’s lemmaf| to show that the remainder v
defined in (2.2) with £ and « as in ([2.14)-(2.15)) satisfies the SPDE

dv =a73L, v dt + R%(v,a) dt + oS (v)[Th.dWS), (2.20)
where the drift term R7(v, «) is of the form

R (v,a) = a *[N(v) + Ro(v)] + 0> Ry(v, a). (2.21)

i=1
Here N(v) is the KdV nonlinearity

N(v) = —0,(v®) = —200,v,

3There are several Ito-type formulas available in the literature, tailored to different

solution types. In|Appendix Al we apply the regular It6 formula [43], Theorem 4.32] to
the weak formulation (2.8)). Applying the mild It6 formula [46, Theorem 1] to the mild

formulation (2.7) gives, after tedious computations, an equivalent result.

17



while Ry through Rg are given by

Ro(v) = = 7a(v)(2 + 20:)[@e, + v] = Fg(v)Oulée. + v],
Ri(v,0) = 3| QY Tim,(v)|[;, 2 [0e. + 0.
Ra(v, ) = [|Q*T:7,(0) |3, (3°0% + 200, + D, + )
Rs(v,0) = (Q'PT7,(0), QT T, (v)),, (207 + 200) e, + 0],
Ri(v,a) = = 2M (e, +0)[TaQT;7,(v)] — 2M(Ds0e, + v2) [LaQT 7 ,(v)]

—axM(p., +v) [TaéwQT;%(v)} ,
Rs(v, ) = = M(D,6c. +0,) [TaQT T, (0)] = aM (e, + ) [T00, QT (v)],
Re(v,a) = a™! (Wd(v, a)(2 + 20;)[pe, + V] + T1y(v, @)Op|Pe, + v]) (2.22)

In addition, the operator S in ([2.20]) acts on h € H as

S)[h] =M (¢, +v)[h] = (202 + 2) ¢e. + v]{h, Ts(v))n
= Oz[¢e, + v]{h, 115(v)) 3¢ (2.23)

Note that the noise term in (2.20) has been transformed via TAaé. The
translation invariance of 7, EQT (see item 5 of Assumption |2. ) implies that

the transformed noise process T, 5W does, in distribution, not depend on &.
In what follows, we therefore omit the dependence of the noise transformation
on £. We do stress that it should be taken into account during numerical
simulations if a pathwise correspondence is desired.

2.3. Modulation equations

The SPDE describes the evolution of the remainder where
the shift £(¢) and rescaling by «(t) are of the form (2.16)-(2.19). This leaves
the freedom to make an informed choice for the drift components 77, g and
the martingale components 7, 7z, of a(t) and £(t). The objective underlying
this choice is to ensure that the remainder v remains small in the weighted
spaces L2 defined in (L.5)), with 0 < a < \/c;.

We note that (2.20) is a non-autonomous semi-linear equation on ac-
count of the fact that the linear operator L., carries a (¢,w)-dependent fac-
tor a3(t,w). This comes at no surprise in view of the scaling symmetry
, where the time-variable receives a factor a®. By transforming the
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time-variable ¢ path-wise as (t,w) fot a3(s,w) ds, we can scale out the
(t,w)-dependent factor in (2.20]) as

Ao = L, dr + &*R%(0, &) dr 4+ @*/%0S(0)[TRdW 9], (2.24)
where 0, & and é are time-transformed versions of v,a and £. For details,
we refer to [31, Lemma 6.2], where the same argument is carried out in the

setting of reaction-diffusion equations. After this transformation, (2.24]) is
semi-linear, and we can recast it into the mild form

o) = [ @R G dr 4 [ 6 S () TS
0 0
(2.25)

In order to control the drift and martingale components of v, and equivalently
v, we demand that the drift component R’(v,«) only takes values in the
subspace of L? characterized by , where the semigroup generated by
L., is contractive. Similarly, we demand that the stochastic integrand S(v)
defined in (2.23]) maps H into this stable subspace.

Martingale components. Let us determine what form the martingale compo-
nents of o and ¢ must have to ensure that S, as defined in (2.23]), maps into
the stable subspace. More precisely, we require that

<S<U)[h]’ CC*>L2 = <S(U)[h], ¢C*>L2 = 0,

for each v € L*(R) and h € H. This is achieved if 7,, i, are chosen in such
a way that

v <h’ 7S(U)> — <M<U + ¢c*>[h]7 ¢C*>L2
K(v) {<h,ns<v>>ﬂ = [<M<v T qsc*)[h],cc»y}

holds for all v € L*(R) and h € H, where K (v) is the matrix

_ <(x81 + 2)[¢e, + 0], ¢C*>L2 <3xv, ¢C*>L2
K(v) = [((x&,; +2)[be, +0],Ce )y (Oulde +v],Cc*>LJ : (2.26)

The matrix K (v) is invertible in case ||v||z2 < ¢ for some § > 0, since K (v)
is invertible at v = 0 and the mapping v + det K (v) is continuous from L?

to R. We then set
J— K*l 4*(U+¢C*)[¢C*]
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Drift components. Applying the orthogonality conditions (1.6) to the drift
component R?(v,«) also gives rises to a system of two linear equations

<RU<U7a>7Cc*>L2 = <RU(U,05),¢C*>L2 =0,

which is solved by setting
[ZM _ k(o) [W), qsc:m} | 2.28)

together with

] =asoy [(foshen]. e

(v, 0) 1 oo

7

We collect that the position and scaling processes £ and « are governed
by the modulation system

dv = a L. v dt + R (v, @) dt + oS (v)[T,dWE), (2.30)
da = [—07272(1)) + 0?7y,(v, 04)} dt — a&(TathQﬁs(v»H, (2.31)

d¢ = [c.a™® — a7 Iy (v) + 07 Hy(v, )] dt — aa<TathQ,ﬁs(v)>

and remark that the v-dependence on the right-hand side of (2.30]) can be
summarised as

Lo (2.32)

dv = a?[L,v+ 0] dt +c*0(1) dt + cO(1) T,dW}.

We now return to the examples presented in Sections|2.1.1H2.1.3] which allows
various terms in the modulation system (2.30)-(2.32) to be simplified.

2.3.1. Example I: Scalar noise
In the setting of §2.1.1] the modulation system takes the form

dv=a 3L, v dt + Rj(v,a) dt + oS;(v) dB;, (2.33)
da = [—a_Qﬁg(v) + 02a7d;1(v)} dt — acﬁs;l(v) dg;, (2.34)
d¢ = [c.a™? = a72mg(v) + o’ afig, (v)] dt — oafiy (v) dB:. (2.35)

Here the drift component is given by

Ri(v,a) = a?[N(v) + Ro(v)] + o? Z R;.1(v),

i=1
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where

Ri1(v) = 37 (0)? e, + v, (2.36)
Ry (v) = T, (0)* (32705 + 220, + 1)[¢e, + v, (2.37)
R (v) = 1 (V)i (0) (205 + 20,) e, + 0] (2.38)
Ryp(v) = — (27,1 (0) (e, +0) + 27,1 (0)(0ue, + v2)) (2.39)
Rs1(v) = = [ (v) (Oz¢c. + vz) (2.40)
Re;1(0) = Vg1 (V) (2 4+ 20)[be, + 0] + Tig (v) 0|, + 0] (2.41)

while the martingale component is given by

SI(U) = ¢C* +v— 273;](“)[¢C* + U] - 73;[(”)$6x[¢c* + U] - ﬁs;l<v)6x[¢c* + U]‘
The martingale components 7, ; and fi . ; are real-valued and take the form
75'1 (U):| -1 |:<U + ¢c*7 ¢c*>L2:|
_ ’ = K 3 242
|::us;l(v) (,U) <U + ch*a Cc*>L2 ( )

where we recall that the matrix K (v) is defined in (2.26]). The drift compo-
nents 7,.; and 1, are given by
4

i) -t ] o B oo 3

fig.1(v) d a\v v
(2.43)
_ (205 + 2)[e. + V], Pe.) ;s
TR [ T e
— -1 < ch +U ¢C> 2]
+ i, (0) K (0) [< oo o, C 0| (2.44)
where the terms 7}, ..., 75 and @}, ..., 5 are defined by the expressions
Ta(v)] _ (5026, + 0], ¢ >Lz}
)] = KO [Mazor +00 ) (2:49)
2(0)] L1 [((32202 4 220, + 1)[¢e. + V], 0c, ) ;2
_ﬁ%(v)_ = K(@)™ < 1220? +2x8 +1) [¢c +v, . >; (2.46)
73 (v)] 21 [{(202 + 20,)[be, + V], 0, ) 1
i) = KO (o st et (247)
We remark that 7,; and fi,; induce an O(¢?) drift on « and &.
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2.3.2. FExample II: Translation-invariant colored noise

In the setting of translation-invariant colored noise of §2.1.2 the modu-
lation equations for v, o and & take the form

dv = a 3L v dt + RS (v, @) dt + 0S,(v)[Tod W),
da = [_04_272(@ + U27d;11 (v, O‘)} dt — aa<TathQ, 70(”)>L27
d¢ = [c.a™® — a7 ag(v) + 07 hgy (v, )] dt — 0a<TathQ, Tio (V) -
Here, the martingale component S, (v) acts on h € L?(R) as
So(v)[h] = (¢e. + v)h — (205 + 2)[¢e. + v](h T, (V)

— 0,060, + o) T (0)) (2.48)
The functions 7, and fi, are L?-valued and given by
|:7<>(U):| — K*l(v) |:(U + ¢C*)¢C*:| (2 49)
Fio(v) (v+ e )Ce. | '

The drift component R} (v, «) follows from the general formulation (2.21)),
where one evaluates the terms R, and Rjs using (2.13). These identities
also show that the inner products in R;, Ry and R3 can be computed for
f,9 € L*(R) as

QT f. QY Trg) 12 = (TuQTLf, 9)12 = o QY2 f, QL g) 12,
where (), is a rescaled version of the covariance operator () as introduced in
(2.11]). The drift components Ya.n and Jig; are given by the expression

o) == 10RO [0 = ekl )
Q7.0 @m0 |41
N

]Qg ¢C*>L2}

+0]Qalio(v), Ce.)

(00 QTN +1) )]

+ Qa0:H,(v))(fe, + U)ch*>L2
(2.50)

where we recall that the terms 79, ..., 73 and @9, . .., 715 are defined in ([2.28))

and (Z15)- @17,

+ K(v)™! << Z

-1 < an x7<> v
+K(v) | {((2Qa0:7, (v
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2.3.83. FExample Il: Space-time white noise

In the setting of space-time noise of §2.1.3| the modulation system takes
a slightly simpler form, in the sense that the dependence on the rescaling
process « is more straightforward:

dv=a L, v dt + Ry (v,a) dt + oS, (v)[T,dW;], (2.51)
da = [—a*39(v) + 04 (v)] At — o TodW,, 7, (v)) ., (2.52)
d¢ = [e.a™ — a2 my(v) + 0% gy (v)] dt — O'CY<Tath,ﬁO(U)>L2, (2.53)
where
Ry (v, o) = a”® [N( ) + Ro(v + o’a! Z Rim(
and
Run(v) = 5[.(0) |5, 0200c. + v
RQ;[][('U) HW H'H 1 262 + 2$8 + 1)[¢c* + U]
Rg;[]](’l]) <7 >H va + 28x>[¢c* + 'U]
Rym(v) = 2(¢c* + U)’Yo( ) — 2(0ue, + v2)7o(v)

— z(¢e. +v)0:7,(v)
R (v) = = (Oue, + v2) 1o (V) — (e, + )i, (v)
Rg;m(v) = Vd;m( 0)(2 + 20;)[¢e. +v] + Md;m( )0y [Pe, + ).

The martingale components S,, 7, and fi, are as in (2.49) and the drift com-
ponents of o and ¢ take the form

[Ziggm == [l7@)ll. {_1 Z] — 7@ [—;Zﬂ

v 1]
20, +2)[[¢

+E@™ -<(x8w +2)

7
7

]

o]
(v
(v

(¢e. + ), Pe.) s
(6. +0),Co ) } (2.54)

—~

. Bo. + v
-1 -<aw[¢c* + )1, (v)
FEOT o0l + vlov)
[{(20:7,(v) +

< xﬁx'yo( )+

+ K(v)™!

—~ T

OxT1,(v))
O:T1,(v))
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We recall again that the terms 79, ..., 73 and 1l ..., 7> are defined in ([2.28))

and (Z05)-(E17).

2.4. Numerical stmulations

Having fully laid out the modulation systems in the stochastic co-moving
frame for our three example setups, we now explore the dynamics that the
systems produce via numerical simulations. We restrict ourselves to simula-
tions of scalar noise (Example I) and space-time white noise (Example II),
as the modulation systems for these examples are the most tractable. See

for the numerical schemes that were employed to simulate the
stochastic KAV equation (|1.1)) and the modulation systems (2.33))-(2.35)) and
252)-E53).

Pathwise simulation. Figure [1] shows one realization obtained from a simu-
lation of the KdV equation with multiplicative scalar noise in both the
original frame and co-moving frame.

In Figure we observe that the soliton propagates approximately at
a constant velocity, and at times slightly speeds up or slows down when it
increases or decreases in amplitude, respectively. The transformation from
the stochastic KdV equation to the modulation system —
allows us to ‘freeze’ the stochastic soliton. In Figure [Ib] the soliton remains
centered and roughly has constant amplitude. To the left of the soliton we
observe slight perturbations due to the noise. These can be observed more
clearly upon removing the soliton in Figure [Id which reveals the ‘wake’
of the stochastic soliton. The stochastic perturbations encountered by the
soliton result in a radiation field to the left of the soliton. In Figure [Id] we
furthermore observe that the radiation field has undergone a rescaling in the
z-direction, as is evident from the distortion of the radiation waves. The
effect of the stochastic frozen-frame transformation can also be visualised in
the case of space-time white noise, see Figure [E.11]in [Appendix E|

For comparison purposes, we define ‘fitted” versions of the position &g (%)
and amplitude cg¢(t) of a solution u(t, x) to (2.1)) implicitly via the identities

(u(ts + &iult) = Peny(t)s Cenet) ) 2 = 0 (2.55)
(u(t, + & (1)) — Pegy(t): ¢cﬁt(t)>L2 =0,

which we solve numerically. This allows us to compare the evolution of
soliton parameters obtained by direct simulation of (2.1]) and the modulation
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(a) Original frame. (b) Stochastic co-moving frame.
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(c) Original frame, soliton removed. (d) Stochastic co-moving frame, soliton removed.

Figure 1: Simulation of the KdV equation with scalar noise of strength ¢ = 0.25. Panel
(a) shows the original frame realization wu(t,z), from a simulation of (2.9). Panel (b)
shows ¢, (z) + v(t,z), from simulation in the frozen frame of (2.33)-(2-35) with the same
realization of the noise. Panels (c) and (d) show the perturbation with respect to the
soliton, that is u(t, ) — ¢c)(z — &(t)) with the phase-definitions in panel (c), and
v(t,x) in panel (d).

system ([2.30)-(2.32)). Recall therefore that the amplitude process ¢(t) can
be recovered from the rescaling process a(t) as c(t) = c.a2(t). We also
introduce the phase shift processes

Qt) =&(t) —/0 c(s) ds and Qgi(t) = &ae(t) —/0 cae(s) ds,  (2.56)

25

2
8 ¥
18
T
16
. .
14
5 12
n w1
08
3
06 ’
2
0.4
1
02
]
o
15 10 5 ) 5 10 15
T

45

35

0.3

0.2

0.1



which track the deviation of the soliton position from the integrated stochas-
tic velocities ¢(t) and cq¢(t) and isolate the noise-induced effects.

—‘Cﬁt (t)‘/C* —‘Qﬁc(t‘)
|/, — o

L L L L L L L L L L L L L L L L L L
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2 0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2
t t

Figure 2: Path-wise comparison of soliton amplitudes c(t) to cgi(t) (left) and phase shifts
Q(t) to Qg (t) (right) at noise strength o = 0.25 and initial amplitude ¢* = 3. The param-
eters cgi,(t) and Qg (t), defined in and (2.56)), are obtained from direct simulation in
the original frame of (2.9). The soliton amplitude c(t) and phase shift (t) are obtained

from simulation of the frozen frame system (2.33))-(2.35)).

Figure [2| shows the correspondence between the evolution of the soliton
amplitude and phase shift in both frames. Note that the soliton amplitude
in this realization attains almost twice its original value at t = 2. The phase
shifts 2 and Qg develop a small discrepancy over time, which we attribute
mainly to truncation effects and the fact that errors in cg; are compounded

through the integral in ([2.56)).
)

Stability. The construction of the modulation system in §2.3| should ensure
that the perturbation v remains small in the exponentially weighted spaces
L? defined in . Figure |3 shows the average growth of the in L?-norm
of the perturbation v with respect to the soliton. The spatial norm of the
perturbation appears to grows logarithmically, as indicated by Figure [3D]
where we observe a linear growth of the perturbation size on logarithmic
scale. For the case of space-time white noise we refer to Figure [E.12

The logarithmic growth strongly suggests that our soliton-tracking method
is valid over exponentially long timescales. A logarithmic growth of the re-
maining perturbation is also observed in [32, Figure 3.8|, where the spirit
of our approach is applied to traveling waves in reaction-diffusion equations.
Using this fact, Hamster and the second author rigorously prove in [33] that
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(a) Perturbation size over time. (b) Perturbation size over time, log-scale.

Figure 3: Sample mean of the process sup,; [|v(s)|| 2 (50,20} for scalar noise, see ,
computed over 500 realisations for ¢ € {0.05,0.075,0.1,0.125} and ¢, = 3. The expo-
nential weight e?® in the L2-norm strongly amplifies numerical effects entering from the
right boundary of the computational domain [—50,50]. We take care to avoid these by
computing the LZ-norm on [—50,20], with a = 0.5. For the initial soliton-parameter used
in this simulation, the relevant dynamics occur well within [—50,20] (see Figure [1)).

the exit-time from the soliton family is exponentially long with respect to
the parameter 1/0.

3. Soliton dynamics

In this section, we set out to derive explicit, tractable expansions to un-
cover the effects of the multiplicative noise on the soliton amplitude ¢ and
position €. In §2] we have seen that the dynamics of the soliton parameters
c and £ are governed by the rescaling process a and the infinite dimensional
perturbation v, which follow the coupled equations

v(t) = I (v, a,t),
a(t) = I7(v,a,t). (3.1)

For v, we choose to work with the mild formulation

t S / !
I% (v, i, ) :/ els A Le RO () ds (3.2)
0

t
+ 0/ efs a73(t/)dt/£6*S(,U)[TadWsQ]’
0
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which follows from (12.25)) by undoing the time transformation. This has the
advantage of being suitable for constructing explicit approximations. For 7
we use the strong form

t
IZ(v,a,t) = 1—|—/ [—07272(11) + 02%(@,04)] ds
0

—o / (TudWO. 7, (). (3.3)

which corresponds to (12.34)).

To develop our approximation procedure, it is relevant to note that the
process « exhibits significant fluctuations, while the perturbation v remains
relatively small due to the damping of the semigroup. Indeed, we observe
that a grows as O(ov/t), which can be anticipated by noting that 7 contains
no damping terms. On the other hand, Figure |3| indicates that v grows
at a slower rate, namely O(oInt). To construct approximations of a that
account for the influence of the perturbation v, we introduce SDEs based on
an expansion of the v-dependent coupling terms. In broad terms, we will
expand the a dynamics in terms of v, while expanding the v dynamics in
terms of o, treating a as an external input.

Below, in §3.1 we describe the approximations to the coupled system
in more detail and discuss how they lead to approximations for the
soliton amplitude ¢ and phase shift 2 defined in . We proceed by eval-
uating the first few approximations for the cases of Example I (scalar noise)
and Example III (space-time white noise) in and , respectively. These
explicit approximations are used to compute leading-order statistical proper-
ties, which we compare with sample statistics of the numerical observations
che and Qg defined in (2.55) and ([2.56]).

3.1. Ezpansion of the rescaling process

In order to unravel how the rescaling process « is influenced by the per-
turbation v, we introduce an expansion of « in terms of v. As a first step,
consider the situation where the perturbation v is set to zero in . That
is, we introduce a process Ay which satisfies

Ap(t) = I2(0, Ap, t) (3.4)

and we supply this SDE with the initial condition Ay(0) = 1. The process
Ap then constitutes a relatively crude first approximation to a, which we
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subsequently refine by increasing the order of the perturbation v that we
take into account.

In particular, let us now include terms in the It6 form IZ(v, o, t) that de-
pend linearly on v. We assume that there is an approximation of v available,
for which we introduce the variable ;. This variable should be thought of as
approximating v with an error of O(c?). The next approximation A, given
the process 71, is defined through the SDE

Ay (B, 1) = I(0, Ay, 1) + [IZ]D (05 Ay, 1),
Here, [I7]®) is defined as

t
@) =0t GO0 a) ds =0 [ alfudW 8 FIO0),,
0 0

with [57,]") and [7,]") denoting the linear parts of the mappings v + 7,(v, @)
and v — 7,(v). We remark that the functional 79(v) in (3.3 contains no
linear part, and is therefore not included in the definition of [17]™.

In general, if f is a map from a Banach space X into a Banach space Y
that is IV + 1 times differentiable at v = 0, we write

N

f(o) =Y 11" w) + O(llolIX™)

k=0

where [f]®)(v) ~ v* is the symmetric k-linear map that collects the order
k powers of v in f(v). Alternatively, one can say that [f]*)(v) denotes the
order k term in the Taylor expansion of v — f(v) around zero.

This expansion procedure extends naturally to higher orders. For the
next approximation, we also include quadratic terms. Furthermore, we base
this approximation on an additional variable vy, which should be thought of
as an approximation to v with error O(c?). Given two processes 01, Uy, we
define A, as the solution to

A1, 02, t) = 150, Ag, t) + [ (025 Ao, ) + [I7]) (015 As, t).

In general, Ay is defined implicitly in terms of the processes vy, ..., U; via
the SDE
k
Ap(Br, - By t) =I7(0, A t) + Y D (B85 Ak, ) (3.5)
i=1
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with
121" (v; a,t) = / [~ 27 P () + o[ (v; )] ds
o / (T dWE, 7] (0)),

3.2. Ezxpansion of the perturbation

We now turn to the complementary problem and examine how the per-
turbation v depends on the rescaling process . Treating « as an input, we
expand the perturbation v in terms of the small parameter o as

Vil t) = oVO(a,t) + ... + o* V) (a, 1) (3.6)

based on the integral form (3.1). Here, V*) collects all terms of O(c*) in the
It6 form (3.1)). Collecting all O(o) terms in 17, gives

t
VW (a,t) = o190, a,t) = / els W Len 5(0) [T, dWE).
0

In order to find the subsequent term V® in the expansion (3.6]), we
note first that the drift component in the Ito form satisfies R? (v, ) =
O(v? + 0?). Consequently, we can explicitly define V) in (3.6) using V.
Indeed, collecting the O(c?) terms in I7, we arrive at

¢
V®(a,t) :/ aBels oA L [N(V(l)(a, 8)) + [Ro]® (VW (a, s))} ds
0

. 6
+/ els a7 (@)dt L, Z R;(0,a) ds
0 i=1
t
+/ pls @73 ()dt Lo, [S](l) (V(l)(a, 5))[TadWSQ].
0

Any subsequent term V*) in (3.6) can now be found by continuing sys-
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tematically. In general, we have

t
v(k)(ayt) / @ 3€ft _B(t )dtL [X(k)N( g Oé 8 +Z RO (l ))i| ds

ik

/ J{am3(e)ar ce, Z SR 5)(a, 5);0) ds

=1 j|(k—2)

. / el o Lo S (510 (V) a, 5)) [T d W),
0

il (k—1)
where x(k) = 1if k is even and (k) = 0 otherwise.

The combined system approrimation. We now combine the expansion of «
in v and the expansion of v in ¢ to construct our full approximations to the
coupled system (3.1). We define for k£ > 0 approximations oy to « as

a(t) = A (Vi(ak—1,+), -, Vi(ag_1, ), t),
and introduce for £ > 1 the approximations
v (t) = Vi(ag-1,1),
to v.

Soliton parameters. The soliton amplitude directly follows from the rescaling
process « via the relation c(t) = c,a™2(t). We can therefore define approxi-
mations cg, ¢, Ca, ... to ¢ by directly writing

Cp = C*Oz,;2 for k>0.

dq

On the other hand, ¢ depends less straightforwardly on v and «. In §2)
we have seen that ¢ can be recovered from the identity

£0) = [ elo) ds-+ I3 01),

where
t t t R

I5(v,a,t) = —/ a9 (v) ds + 0’2/ Iy(v, ) ds — 0/ a<TadW§,ﬁs(v)>H.
0 0 0
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Note that the position primarily follows the velocity c¢(t), with additional
noise-induced corrections resulting in the phase shift

Q(t) =¢(t) — /0 c(s) ds = I3 (v, a, t). (3.7)

Analogously to (3.4) and (3.5)), we define approximations to the phase shift
Q(t) as

Qo(t) = 15(0, a0, ),

and for £k > 1

K
Qi (t) = I5(0, o, t) + Z[Igz](i) (ng (o, t); s, t).

i=1

We now examine what these approximation constructions produce for the
examples discussed in §2

3.3. Example I: Scalar noise

We first turn to the setting of Example I outlined in §2.1.1, Here, v, a
and ¢ follow the modulation system ([2.33))-(2.35). We observe that the fully
decoupled approximation in this setting satisfies the SDE

dOé[) - 7&[(0)0—2@0 dt - 75;1(0)0—040 d/Bt
= (% + %)02060 dt — %O’O[O dﬁt

with ag(0) = 1. Here we have used Table to evaluate the constants. This
SDE admits the explicit solution

~ 12 2, — 44 | 472 2
ao(t) = a1 =372, OB _ (445300308,

which is a geometric Brownian motion.
At first order, the perturbation is given by

t
Ul(t) _ 0‘/ efs ag ()t Le, S[(O) dﬁs
0
where we remark that

SI(O) = _%QSC* - §$8x¢c* + %C:1/28x¢c*'
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The subsequent approximation a; to the rescaling process is the geometric
Brownian motion

day = ® K (t)oy dt — o K7 (t)ay df,
with random coefficients K" (t), K7 (t) that are given explicitly by

Kp(t) =74.1(0) + Wd;[](l)(vl (1)),
K7 (t) =751(0) + [,) M (01 (1))

The second order approximation for the perturbation is given explicitly
by
(] (t) = Jv(l) (ala t) + 0-2‘/(2) (ala t)?

using

t -3

t
V(l)(a,t) — / els @) Le, S7(0) dg,
0
and

t
VE(a,t) = [ a (e)ell e O [N (V0 (a,5)) + (Rl (VD (a, )] ds
0
to, 6
+/ efs a=3(t)dt' L, ZRi;I(O) ds
0 i=1

t
+ / el oL S (VD (a2, 5)) dB,.
0
This approximation collects the leading-order drift effects in the perturbation
v. The sample mean of v and v, are displayed in Figure [4] which shows the
development of an average radiation field induced by the noise. These sample
means are computed by first subtracting the process v, which has mean zero.
This eliminates the leading-order fluctuations and speeds up convergence to
the mean. In contrast to wave profiles in the stochastic (FitzHugh)-Nagumo
equations analysed in [32], the average perturbation does not localise around
the wave profile and does not seem to converge in time. Rather, the noise
leads to an average pattern of radiation waves that expands far behind the
soliton.
Using v9, the approximation as is defined through the scalar SDE

day = [KY? (o + 02K} ()] dt — o K7 (t)an df,
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Figure 4: Sample mean of v (dashed) and the approximation v, (solid) as the perturbation
develops between t = 0.5 and ¢t = 2. Computed over 3000 realisations for o = 0.03.

with random coefficients
K2 (t) = g)® (oV (0, 1)),

Kp2(t) Va.1(0) + Wd;f](l) (va(t)) + Wd;[]@) (UV(I)(OHJ))’
E72(t) = 93,00) + [Tl (02()) + Fat)® (VD (01,1)).

Amplitude. The first approximation for the soliton amplitude ¢(t) is the ge-
ometric Brownian motion

co(t) = coay®(t) = C*e*(%+%)"2”§”5t.

We remark that for small noise strengths o, the dynamics of ¢y(t) are largely

determined by the factor 398 Note that this factor is also present in (|1.9)),
which heuristically explains how the leading-order stochastic dynamics of ¢(t)
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arise. Using the exact expression

64 1672

Var[co(t)] = 2eliss i )7t (e 977 — 1), (3.8)

we compare the variance of ¢o(t) to the sample variance of cg(t) in Figure [5a]
Although the approximation ¢ is fully decoupled from the perturbation v,
we see that its variance already agrees quite well with that of ¢(t).

0.2

—o0 =02 —o0 =0.15

.18 0.045 |-
e —0o =015 —o =011
c=01 | 00sl|—— 0 = 0.07 -
P '
0.035 g
7
7
0.03 [ _ 7
-
7
0.025 e
7 - -
=
002 7 =
z ==
z =
0.015 z7 ==
Z
0.01 _
oost ST e
0 = L
0 05 1 15 2
t
(a) Scalar noise. (b) Space-time white noise.

Figure 5: Sample variance of the process cgt(t)/cs for scalar noise and space-time white
noise at various noise strengths o. Solid lines indicate the sample variance, dashed lines
indicate the variance of ¢y(t) as in and 7 respectively. The sample variance is
computed over 204 - 10* and 8 - 10* realizations, respectively.

Figure [ compares the mean of cg(f) with that of the increasingly refined
approximations ¢o(t), ¢;(t) and co(t), using

32 8n2

Elco(t)] = c,eliss—365)7! (3.9)

for co(t). The means of ¢;(t) and c5(t) are not as easily computed analytically
due to the dependence on o and v in the random coefficients K(t), K% (t
and K?’Q(t). We therefore consider their sample means. We see in Figureé
that the mean of cg(t) is not well-approximated by that of co(t) or ¢ (t).
The sample mean of co(t), however, agrees well with that of ¢g4 (%), indicating
that the quadratic terms of v contribute significantly to the evolution of the
mean amplitude.
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(a) Mean of cq(t)/cx at various noise strengths.  (b) Means of cat(t)/c« and approximations co(t) and
c2 (t)

Figure 6: Sample mean of the process cgy(t)/c. computed over 2-10* realisations for scalar
noise. The mean of c(t) (dashed) agrees well with that of cas(t) at the simulated noise
strength values o € {0.1,0.15,0.2}, whereas the mean of ¢y(t) (dash dot) as in fails
to capture the correct amplitude drift. The mean of ¢; (¢) provides no improvement, it can
not be distinguished from that of ¢y(t) at these simulation values.

Phase shift. The first approximation to the phase shift process Q(t) defined
in (2.56)) is given by

t t
(t) = gy (0)* [ an(s) ds+ 367 [ ao(s) .
0 0

We remark that numerical computations of {24 (¢) are unsuitable for ensemble
simulations, due to a large truncation error (see Figure . We therefore
consider ensemble simulations of the more robust process Q(t). Figure [7]
shows that the soliton position, on average, develops a phase lag from the
velocity ¢(t) which appears to grow almost linearly in time. The mean of the
lowest approximation €2y(¢) is evaluated as

H%whﬂw@flEMWHw

(167r2 — %)0_1/2 74, 4n2y 2
— 05 4547r20 (eliastas)7™t — 1), (3.10)
135 T 405
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For the variance, we write
t
Var[Q(t)] = ¢, 'o” Var [/ ap(s) df]
0
t t
+ %c;lﬂﬁd;](o)a3 COV(/ ap(s) ds,/ ap(s) dBy)
0 0
t
+ Tig.1(0)?0* Var [/ ap(s) ds],
0
and explicitly compute the leading-order term
t t
0% Var [/ ap(s) dﬁs] = gc*_laQE (/ ap(s) dﬁs>
0 0
t
= %c*_la?/ E[af(s)] ds
0

= —20*(';15-‘,-7@) (e(%Jr%)th o 1) (311)

2

In Figure [7] we compare these statistics of Qq(¢) to sample statistics of Q(¢).
The sample variance agrees well with the prediction . The sample
mean, however, differs slightly from the prediction (3.10). We observe that
the approximation is significantly improved upon considering the sample
mean of Qs(%).

Remainders. In order to confirm that our approximation procedure only
neglects higher-order noise effects, we numerically investigate the result-
ing error. Figure [8 shows the growth of the remainders |[v(t) — vi(t)][z2
and [c(t) — ca(t)]. Indeed, the size of the remainders |[v(t) — vi(t)||z2 and
le(t) — co(t)| decreases significantly with decreasing values of 0. An estima-
tion of the order 8 at which these remainders depend on o (see Figure
in reveals that the remainders |[v(t) —v1(¢)[| 2 and |c— ¢, scale
with a power of o higher than 2 and 3, respectively. This indicates that ¢y
indeed captures all effects of O(c?).

3.4. Exzample HI: Space-time white noise

We now turn to the setting of space-time white noise, introduced in §2.1.3],
where « and £ follow the modulation equations ([2.52))-(2.53). A key differ-

ence in this example is that the noise is space-dependent. The modulation
equations are formulated in the stochastic co-moving frame, where the noise
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Figure 7: Sample statistics of the process Q(t) for scalar noise. Computed over 3 - 10°
realizations for o € {0.1,0.15,0.2}. Dash-dotted lines indicate the theoretical mean and
(leading-order) variance of Q(t) as in and (3.11)), respectively. Panel (a) also shows
the sample mean of Qy(t) (dotted), which gives significant improvement over the mean of
Qo ().
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Figure 8: The error made by approximating v with the first order expansion v; and ¢
with the second order expansion co, for scalar noise. Computed over 200 simulations, for
o € {0.05,0.075,0.1,0.125}.

undergoes a spatial rescaling by T,. We discuss this noise transformation
in , where we show that the process W, := o'/2T, W, generates
the same statistics as the white noise W;. In what follows, we formulate the
modulation equations — using the space-time white noise W,.
The first approximation to the rescaling process « is then defined as the

38



process ag which satisfies the SDE
dag = g (0)0” dt — oay*(dW,7,(0)) .., (3.12)

with ap(0) = 1. Note that, in distribution, the Brownian motion driving this
SDE equals

PP d ||= /
_O'<Wtaﬁ)/<>(0)>L2 = ”70(0)||L205t = %ci“o’ﬁt?
so that (3.12) is of the form
AX(t) = 0 dt + sXY2(t) d,. (3.13)

The solution to (3.13) with § > 0 is known as a squared Bessel process
[47]. The squared Bessel process X (¢) remains strictly positive for § > %sz,

and therefore the drift component 7, ,(0) ~ 0.093¢y* > %Ciﬂ in (3.12) is

large enough to ensure that ag(t) remains strictly positive. The mean of the
approximation ag is easily computed asﬂ

E[ao(t)] = 1 +F4(0)0t ~ 1+ 0.093¢}/ %0t

At first order, the perturbation is given by
t
Ul(t) — 0‘/ a_l/Q(s)efs %—S(t/)dt/ﬁc* SQ(O)[dWS],
0

where

So(0)[h] = e, h — 3¢ (20y + 2) e, (h, 07 12
— 20,00, (h, ;207 — ;7 0e, G ) 1o (3.14)

The second order approximation for the perturbation is given explicitly as

ve(t) = O'V(l)(Oél, t)+ 0'2V(2)(Oél, t),

4Higher order and negative moments can in principle be computed explicitly by using
that a Bessel process X (¢) as defined by (3.13)) has the noncentral Chi-square distribution
X (1) ~ X e (55 X(0))
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using
t
V(l)(a,t) :/ oz_l/Q(s)efs a3 (t)dt" Le, Se(0)[dWs]
0
and

t
V(e t) = [ (s)elle O [N (VO a,5)) + (Rl (Ve 5)] ds
0

" 6
+/ ogfl(s)efs a=3(tdt Lo, Z Ri;][] (0) ds
0 =1
t
+/ a_l/g(s)efs a=3(¢)dt Lo, S,]® (V(l)(a, 3))[dWS].
0

The subsequent approximation 4 to the rescaling process satisfies the square
root SDE 3
doy = 2K ;' (t) dt — aa}/2<th, KIQH’I(t»

L2

with random coefficient
Kpy'(t) = Y. (0) + Wd;m](l) (711 (t))7
where K ,2]}1 is the process
K (8) = 7.(0) + [7,]0 (wn (1))
Subsequently, the approximation as is given by the SDE
dag = [~ K7 (Hag? + o? K (1)) dt — oay*(dW,, K32 (1))
with random coefficients

Ky (t) = 7@ (VD (as, 1)),
K111}2<t) = 7d;111<0) + Wd;m](l) ('U2(t)) + Wd;m]@) (UV(1)<0‘1: t))>

where K3;(t) is the process

K2 () = 75(0) + o] (v2(t) + [Fo]? (aV W (i1, 1)).
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Amplitude. Using 1t6’s lemma and ([3.12)), we find that the first approxima-
tion c(t) = c.ap () for the amplitude process c(t) has the Ité form

t
co(t) = e + 20*0/ oz(;5/2<dW5,70(0)>L2
0
t
+ 00 [20l0) + 3T O] [ 0 s
We compute the leading-order variance
¢ 2
Var|cy(t)] = 40%c’E [(/ 0485/2<dWs,70(0)>L2> } + O(c?)
0
t
_ 2 _
= 402&“%(0)”]:2/ Elap’] ds+ O(c”)
0
t
= %0202/2/ Elay°] ds+ O(c”) (3.15)
0

and compare this expression to the sample variance of cg(t) in Figure [5b
Figure [0 compares the mean of cg(¢) with that of the increasingly refined
approximations c¢y(t), c;(t) and co(t). Here we use

Efe(t)] = . + ¢:0*[-27,00) + 37, 0)}] [ Elog*e)) a5 (310
~ ¢, 4 0.16¢3202 /tE[a53(s)} ds, (3.17)

and numerically compute the negative moment E[ag?(¢)[P] For the means of
c1(t) and c5(t) we, once more, resort to the sample mean. As is the case for
scalar noise, the quadratic terms of v contribute significantly to the mean
amplitude, and the mean of cg(t) is not well-approximated by that of c¢o(t).
We see in Figure [ that the amplitude drift is well-approximated by the mean
of co(t).

5We remark that, alternatively, this moment can be evaluated numerically by repeated
integration of the moment generating function of cy(t), which has a noncentral Chi-square
distribution.
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Figure 9: Sample mean of the process cgi(t)/c. computed over 36 - 103 realisations for
space-time white noise. The mean of ¢o(t) (dashed) agrees well with that of cge(t) at the
simulated noise strength values o € {0.07,0.11,0.15}, whereas the mean of cy(t) (dash
dot) as in fails to capture the correct amplitude drift. The mean of ¢;(¢) provides no
improvement, it can not be distinguished from that of ¢ () at these simulation values.

Phase shift. The first approximation (¢) to the phase shift process €(t)
defined in (2.56)) is given by

t
u(t) = ey Ot = 7 [ ol (AT, (0)) (3.18)
0

We can explicitly compute the variance of the phase shift approximation
Qg(t)l

Vaslgu (0] = o7 [ (.m0 )

0

:‘72H<'7 -(0) LQHHS(LQR/

= 0-2H/'L<> HL2 1+ 2%1111( )o’t?)
~ 0.435¢; 20?4+ 0.020%. (3.19)

This expression agrees well with the sample variance of Q(t), as shown in

Figure [10a]

The mean phase shift from the primary velocity c¢(¢) is influenced by
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Figure 10: Sample statistics (solid) of the process Q(t) for space-time white noise, at noise
strengths o € {0.07,0.11,0.15}. Dashed lines indicate the theoretical variance of ()
as in and the sample mean of Qy(¢), respectively. The dash-dotted line in panel
(c) shows the mean of Q(t), see (3.18)), which fails to capture the correct phase drift.
The sample variance is computed over 2500 realizations and the sample mean over 10
realizations.

quadratic terms of the perturbation v. We thus consider the process
b 09 bol2
0uft) = [ Mi(s)az*(s) ds+ o [ M) ds
0 0
t
1/2 /7 115
- U/ 042/ <dWS7M[3172<S)>L2
0

with random coefficients

M2 (t) = [pg]® (Vi(as, 1)),
M111}2<t) = ﬁd;m(o) + [ﬁd;]ﬂ](l) (‘/2(@% t)) + [ﬁd;][]]@) (Vl (g, t))

22 .
and where M ;" is the process

My (1) = 11,(0) + [71,) " (Va(aa, 1)) + [75]®) (Vi s, 1))
We compare a numerical evaluation of the mean
t t
E[Qa(1)] :—/ E[MS;Q(s)ag_z(s)] ds—|—02/ E[Méjz(s)} ds
0 0

to the sample mean of €(¢) in Figure and observe that they agree quite
well.
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Appendix A. Frozen-frame transformation

Our goal here is to derive the SPDE for the remainder v = o*T,, cu—
¢.,, where we recall that the processes a and ¢ satisfy and ,
respectively. We define &, u = 042Ta7§u so that v = ®ycu — ¢.,. For an
arbitrary test-function {, we now characterize the evolution of the real-valued
process

<U7C>L2 = < a,tl — ¢c 7C>

To this end, we collect the first and second-order (Frechet) derivatives of the
mapping (u,a,§) — (Ppeu,()r2. For the derivatives with respect to u,«
and £ we can write

8u<q>o¢,$ua C>L2 [U] = aQ <Ta7fvv C>L2
Oa(Pacu, ()2 = 20Ty eu, () 2 + a2(xTa,§uz, C)r2
Oe(Pagu, ()12 = a*(Tugug, )12,

and for the second derivatives we find

2P e, ) p2[v, w] = 0,
2 ®a g, ()2 = 2(Toeu, () 2 + 4@ Ta i, Q) 12 + (2T ian, C) 12,
02 (Pagu, )2 = (T,
One(Pactt, ()2 = 20(Ty ey, () 2 + (2T U, ()12,
Oua{Pagtt, C) 12[v] = 20(To g0, Q) 12 + 0* (2T g0z, C) 12
Ot (Pagu, ) 12[v] = a*(Ta vz, ) 12

« §uxx7 >L2

Upon choosing an orthonormal basis {ey}32, of H, [t6’s lemma [43, Theorem
4.32] now gives

6
d(v, Qe =Y R (u,0,€,¢) dt + 57 (u, o, &, Q)[AW],

1=0
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where

_U(u Q 6 <) = u< a{u C>L2[_urmﬁ - 2uux]7

U a, &, C Z’Ys Ql/z a,§u7C>L2

Ry (u,0,€,¢) = Zus [Q'/%€]20F (Paeu, ) e

k=0

Ry (u,0,6,0) = 31710 el u7 QY€1) Oug (@1, ) 12
k=0

Fi(ua a, 5’ g) =0 Z Vg[Ql/Zek]GUG«I)Oééu? C>L2 [M(u) [Q1/2€/€H ;

k=0

Eg(u7 o, g) =ag Z I [Q1/2ek]auf<q)a,fu’ C>L2 [M<u) [Ql/gek]] )

k=0
Eg<u7 a, 57 C) = 73804 <(I)a,§u7 C>L2 + /’Lga§<®a,£ua C)L2

and

ga(u7 «, 57 C)[h] - O-au<q)a,5uv C>L2 [M(U) [h]] + aoé <(I)Ot,§u7 <>L27§ [h]
+ 0¢(Pa,cu, C) 2l [R].

In the term Ry (u, o, &, ¢), we simplify the summation as

Z% Q2] ul[Q"?e)] = o®a Z 0@ en V(T eQ P er, Ti)m

=o’a <Q1/2 e QT )
where we have used that 77 is of the form (2.16). In the mixed derivative
Oag(Pactt, C) 12 = 20T gtla, ()2 + 0 (2T gaa, C) 12
we substitute
Toeldlu] = a” U2, + 0], (A.1)
for j = 1,2 and find
Ry(u,,€,¢) = 20°(QY* T} 7, QT T ) w{0s e, + 0], C)re
+ 0 QAT 7, QYT iy (002, + 0], ).
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An analogous computation shows that

R (u,0,&,C) = 0| QYT 7,13, (2(¢e. +v,() 12
+ 420, [¢e, + ], ()12 + (2702 @e. +v],()12)

and

Ry (u,0,&,C) = 02(|Q" 2Ty (11,13, 0u e, + 0], )2

In order to simplify the term ﬁg(u, a, &, (), we rewrite the summands as

HZQ"er] 02 (@ g, €) 12 [M(u)[Q'?ex]]
= —00* (T eQ"er, T1,) 3 (Ta e 0u M (u)[Q'er], O) 12
= 50® (e, QYT (i) w{ e, QY2 M (w)[0,T7 ),
so that
B (w0, Q) = 0%’ (QVT] 1, Q' M (w)[0: T €Ty,
= o%q <Ta7§axM( )[Q gﬁs] C)r2
:—0'20{3<M<Ta§ux)[ agQ g:us] Q)re
— o2 (M( agu)[ 55 QT, el C)re

After substituting (A.1]) for 7 = 0,1 we find

RE(U,Q,S,C) _02<M( ¢c* +U])[ OéfQ gﬂs C>L2
— ?a({M(¢e, +v)] aga QT, oeHs); C) 2

An analogous computation shows that

ﬁZ(u,a,f,C) :—20'2<M(¢c* +U)[ a{Q 575] g)
— (M (0y¢e. —HJ])[ T0eQT, ag’Ys C>L2
— o*a{zM(pe, + )] aga Q oVl C) L

In the term Ry (u, o, &, ¢) we substitute (A1) for j = 0,1,3 and

_ai [¢C* + U] - 2[¢C* + U]ax[¢c* + U} =L, v+ N(”) — COy [¢c* + v]
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to obtain
Eg(u, a,§,() = a’?’(ﬁc*v + N(v) — c0[pe, + V], () 2.

In the martingale component S°, we substitute the derivatives and (2.16])-
(2.17)), which gives
5 (u, ,&,Q)[h] = 00 (M (T, cu) [T ch), ) 12
— (20 (Taeu, C) 2 + o (@Th gty C) 12) (Toeh, Vo) n
— 00 (T etiy, O) 2 (T chy Ty ) -

Substituting (A.1]) then yields

5% (u, 0,6, Q)R] = (oS (0)[Tugh], C) 2,
where S is defined in (2.23). We collect also that

Ro(u,0,€,¢) = (a3 L0, v, Q) 2 + (RS (v, 0, €), () 2

and -
R?(ua Q, 57 C) = <R?(U> a, 5)7 C>L27

fori=1,...,6, where R],..., R are defined in (2.22)). Since the test func-
tion ¢ was arbitrary, we conclude that (2.20)) follows.

Appendix B. Noise rescaling

In this appendix we collect several useful properties of the family {Q4 }as0
defined in (2.11)) in relation to the transformation operators T, ¢ defined in

24).

Lemma B.1. Let o, f > 0 and § € R. Denote by T}, the L*(R)-adjoint of
The. Then we have the identities

L (Qu)"? = (Q%)a;
2. Ta,EQB - QﬂaTa,E;
3. TO(*,g — ailTa717_a71€.

Proof. Recall that ¢ denotes the Fourier transform of the convolution kernel

q, and q1/2 == F '{\/q}, where F~! denotes the inverse Fourier transform.
Let f € L*(R).
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1. We compute

o’ qpa(ar) * quala) « f = FH{Vq(e )V ala )
= F a0 )f} = agla) « f = Quf.
2. Substituting y = az + £, we have

ToelQsf] = 3 /R a(Blax + € — y)f(y) dy

- Ba / g(Balz — 2)) f(az +€) dz

= Paq(Ba-) x Toelf] = QpaTaglf]
3. Substituting y = ax + £, we have

(Tuelf).g)z = / f(ox + )g(z) da

~ort [ 0t - )

f a_lTa L—a— 1§[g]>
O

We now discuss the effect of the transformation 7, on the space-time
white noise W;. A defining property of the space-time white noise W, is the
isometry

E[/O1<dWS,w1>L2/02<dWs,w2>Lz] — (b Ab) wnws) e (BA)

which holds for t1,t; > 0 and wy, wy € L*(R). From the isometry (B.1)) one
obtains, upon differentiating with respect to t; and t5 and choosing w; = 4,
and wy = d,, the formal covariance identity
thl (.2?) thQ (y)
=0(t; —t2)0(x — ¥).
dt dt } (t1 = t2)0(z — y)
Let us consider the covariance structure that results from rescaling the space-

time white noise W; via T,. Picking an orthonormal basis {e;.}32, of L*(R),
we compute

<To¢€k7 Ta€j>L2 == /

R

E[

ex(ax)e;(ax) dx:ofl/Rek( Jei(y) dy,
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which shows that {a!/?T,e;}32, is also an orthonormal basis of L?(R). We
then find via It6’s isometry that,

t1 to
E [/ (2T [AW), wy) e / (&' PT,[AW), wa) r2]
0 0

t1/A\t2
=E / Z<a1/2Taek, ’lU1>L2 <Ozl/2Ta€k, ’w2>L2 d37
0

k=0

which via (B.1]) gives the covariance identity

t1 to
E[/O <Oél/2TadWs, U)1>L2 /0 <Oél/2TadWs, U)2>L2] = (tl A\ t2)<w1, U}2>L2.
(B.2)

Here we have used that {al/QTa~ek}z°:O is an orthonormal basis of L*(R). We
thus observe that the process W, := a!/?T, W, generates the same statistics
as the white noise W;.

Appendix C. Expansions

Table collects evaluations the various constants that appear in the
expansion of the modulation system in The evaluations denoted with
the symbol ‘~’ have been computed numerically. For the exact evaluations,
we have used that the defining equations consist of inner products between
@e., (., and derivatives thereof. These can be written as integrals over hy-
perbolic functions, for which exact evaluations are available.

We proceed by outlining how the expansions of the functionals 59, 9, ¥, i,
and mappings 7., ii,, Ry and S that appear in §3| can be computed. Since
these mappings are defined as products with the matrix K~!(v), we first
derive an expansion

K7 (v) = K7H0) + [K P (0) + [KP(v) + O(°).
We therefore write

93?0 by by
K(U)_ [ 9 _Qci/Ql + |ﬁ3 byl

2
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H Constant /Function ‘ Defining equation ‘ Value

Ya.1(0) ([2.44) % + %
Tia.1(0) 249 (L — 2h)e, "
V. (0) 2.54 ~ (0.093c;
ﬂd;[[[(o) 2.54 ~ —0.1
¥s.1(0) .42 2
7.4(0) D) | .
7,(0) (2.49) 1722
[76(0)[72 2.49) dc?
i, (0) 249 26202 — 2. 9.
172, (0) |13 - (2.49) ~ 0.435¢, 2

Table C.1: Values of various constants that appear in

where by, by, b3 and by denote the functionals

We furthermore write

-1

B det K

and compute

1

by = <(x(9x + 2)v, ¢C*>L2,
by = <arva ¢c*>L27
by = (0, + 2)v, <0*>L2>
by = <amva Cc*>L2‘

9 —%ciﬂ 0
-1 ci’/z

by

|2

)

det K = — 82 +9¢3/2by — 2¢1/%by — by + biby — bzbs.

1

Using —— =1 — 5 + i—i + O(z?%), we expand m
1 [o3r2 0
1 . *
K (O> _§ [20 2 9 >:1/2 )
e 2 [t 4267,
81 |c72bs + 2¢5 7 %by — ¢ ?by — 2¢74by
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and

(K1) =

729( 2c, 5/2p, +c, /2 by + 2¢,%by) [ ba _bQ}

by b
+ 73 (—40; b3 — 707 — 4,003 + 2¢, M biby

1 1/2
+ 8¢, 2byby — 41 2b1by + 20345352> [ 2_01* 632] .

We then collect that

[70](2)(1}) _ -1 <N(U)7¢c*>L2 _ %C <U Ua:vqsc >L2
Phlet) =0 [Ny & }_E@M 23, — ﬂﬁmmr

and
[Ro]® (v) = =[79)® (v) (2 + 20,)de. — [HY) ) (v)Orbe..

For the functionals 7, and 7i, we obtain

o] = oo [l - oo [

and

TP _ ety [MEO0] | remtyoyy [M(6e) 60
MNMJ‘W] ”LWWKJ+W] ”wamm}

Using these expressions, we have

[S]D (v)[h] =M (v)[1] = (20, + 2)¢e, (b, [T (0)),,
— (20 + 2)v(h,7:(0)),, — o (b, [1] N ()2 — Opv(h, Ti,(0)),,.

Lastly, we have
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and

Appendix D. Numerical schemes

Here, we describe the numerical schemes that were employed to simulate
the stochastic KAV equation and the modulation system —,
in the cases of scalar noise and space-time white noise. We employ a semi-
implicit finite-difference scheme from [26], as was also used in [41].

In space, we use N + 1 grid points z,, = nAx — L forn=1,...,N 4+ 1,
where Ax = % and L > 0 is the right-boundary of the computational
domain [—L, L]. We denote the numerical solution to at time jAt
by U/ = [UJ,UI,....U, ..., UJJ\‘,H]T, and denote by D;, Dy and D3 the
(N + 1) x (N 4 1) centered finite difference matrices of second order for
the differential operators 9,,9? and 92, respectively. We initialize by using
an FKuler-Maruyama step as

U' = U" — At(D3 * U +2U°(D; % U°)) + cU° AW,
where the noise is discretized as AW ~ /AtN(0,1) in the case of scalar

noise, and as AW = [Wy, Wa, ..., Wy, ..., Wy 1]T with W, i ,/ﬁ—;N(O, 1)
forn =1,...,N + 1 in the case of space-time white noise. Thereafter, for

j > 1, the scheme continues with a semi-implicit step and a two-step Adam-
Bashforth discretization for the nonlinear term as

-1
Uit = (I + %Dg) KI — %Dg,) « U7 + oU’ AW
— 3AtUY(Dy x U7) + AtU1 (D * Ufl)] :

To simulate (2.30]), we also employ a semi-implicit method. Denote by
VIi= [V ViV VT and AT = [Af AL, AL L A ]T the
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numerical solutions to (2.30) and ([2.31)), respectively. For j > 0, the numer-
ical solution V7*! to (2.30)) at time jAt is computed as

‘ A -1 A , . . .
o (1= 20 (1 20) v

2
+ Aty RI(VI,A) + aS(vj)AW] ,
=0

where
L() = —D3 + C*Dl — 2D1 * Dlag((I)O)

and Diag(®y) is a diagonal matrix with entries

Ge,(—L), e, (=L + Ax), ..., ¢, (—L +nAzx),... ¢ (L)

on the diagonal. o .
The numerical solutions 47! and X7t = [X{ X3, ... XJ ---7X1]v+1]T

Y n’

to (2.31) and (2.32)) at time jA? , are respectively given for j > 0 by
AT = A 4 [=(A) (V) + 0 A (V)AL — 0 A7, (V) AW,
X = X 4 [~ (AT)2HYV) + 02 AT (V)] At — 0 TR (V) AW,
in the case of scalar noise, and as
AT = AT 4 [(A)770(VY) + 074 (V)] AL — 0 AT (AW, 7,(V7)),
X = X7 4 [—(A) P Rg(V7) + 0Ty (V)] AL — 0 AT (AW, T, (V7))

in the case of space-time white noise. We remark that, to obtain path-wise
correspondence in this latter case between numerical solutions to and
the modulation system —, realizations of the noise AW should be
shifted and rescaled via the map Tj .
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Appendix E. Supplementary figures
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(a) Original frame. (b) Stochastic co-moving frame.

(¢) Original frame, soliton removed. (d) Stochastic co-moving frame, soliton removed.

Figure E.11: Simulation of the KdV equation with space-time white noise o
o = 0.05. The original frame realization shows (¢, ), from a simulation of

f strength
2.1). The
with the

frozen frame simulation shows ¢, (z) + v(t, z), from simulation of (2.30)-(2-32

same realization of the noise. Figure and Figure show the perturbation with

respect to the soliton. The original frame realization shows u(t,z) — ¢c)(z —
the phase-definitions (2.55)), and the frozen frame simulation shows v(t, x).
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(a) Perturbation size over time. (b) Perturbation size over time, log-scale.

Figure E.12: Sample mean of the process sup,<; [[v(s)||L2([—40,10) for space-time white
noise, computed over 200 realisations for o € {0.05,0.075,0.1,0.125}. This simulation was
computed on the computational domain [—40,40], with values ¢, = 3 and a = 0.15.

3.5

03 —p 1
—

Figure E.13: Estimation of the orders 8; and [ at which the remainders |¢ — co| and
lv(t) — vi(t)][z2 depend on the noise strength o. Here, £;(t) is obtained from a least

squares fit of Esup,, [c(s) —ca(s)| (as in Figure|8)) to k1 (t)o®1® . Similarly, the exponent
B2(t) is obtained from a least squares fit of Esup <, [[v(s) — vi(s)||rz to ko (t)oP2(®),
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