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We use the inverse scattering transform and a diffusion approximation
limit theorem to study the stability of soliton components of the solution of
the nonlinear Schrodinger and Korteweg—de Vries equations under random
perturbations of the initial conditions: for a wide class of rapidly oscillat-
ing random perturbations this problem reduces to the study of a canonical
system of stochastic differential equations which depends only on the inte-
grated covariance of the perturbation. We finally study the problem when
the perturbation is weak, which allows us to analyze the stability of solitons
quantitatively.

1. Introduction. The aim of the present work is to study the stability of the
soliton components of solutions of completely integrable systems under rapidly
oscillating random perturbations of the initial condition. We will consider and
compare two important examples of equations widely employed to model non-
linear and dispersive effects in wave propagation: the (1-dimensional) nonlinear
Schrodinger (NLS) equation,
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and the Korteweg—de Vries (KdV) equation,
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The NLS equation models in particular short pulse propagation in single-mode
optical fibers (then ¢ is a propagation distance and x is a time) [14]. The KdV
equation models shallow water wave propagation [16].

Explicit results are derived for the case of a square (box-like) initial condition
perturbed with a zero mean, stationary, rapidly oscillating process v(x/&2),

3) Uo(x) = (q + %v(x/ez))l[o,mx),
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but the results on the fast oscillating regime of Section 3 can be extended to the case
of perturbation of a more general initial condition defined by a bounded, compactly
supported function g (x). The function g must be real for KdV, but is allowed to
take complex values for NLS: the computations presented in Sections 3 and 4 are
relative to the case of a real ¢, but can be easily extended to the case of a complex
(but with constant phase) function g. The rapidly oscillating fluctuations of the
initial condition can model the high frequency additive noise of the light source
generating the pulse in nonlinear fiber optics, for instance.

Our approach to both examples relies on the inverse scattering transform (IST),
a powerful tool used to study solutions of completely integrable nonlinear equa-
tions; see [2]. In this framework, the problem is transformed into a linear system of
differential equations where the initial condition enters as a potential, and soliton
components correspond to eigenvalues. Indeed, the solution of a nonlinear dis-
persive equation modeling the propagation of waves may show two components
with a very distinct behavior: the soliton components, composed of solitary waves
that propagate over arbitrarily large distances with constant velocity and constant
profile, and in addition, the radiation component, whose amplitude decays in time
as a power law. The identification of the soliton components therefore character-
izes the long-time behavior of the solution of the PDE. A short introduction to the
IST is presented in Section 2, together with a discussion of the deterministic case
[c =0 in equation (3)].

We will show in Section 3 that for rapidly oscillating processes (small values
of ¢) the limit system governing the stability of the soliton components reads as a
set of stochastic differential equations (SDEs), and it is formally equivalent to the
system where the initial condition contains a white-noise perturbation,

(4) Up(x) = (g + 200 W) 110, ) (%),

where « is the integrated covariance of the process v. This shows that to study the
soliton components in the limit of rapid oscillations the only required parameter
of the statistics of v is its integrated covariance. Notice that we cannot directly use
a white noise to perturb the initial condition, as the IST requires some integrability
conditions on the initial condition (e.g., Ug € LY, which are not satisfied by a
white noise. The main result is presented in Theorem 3.2.

We also obtain that solitons are stable under perturbations of the initial condition
for both examples studied; this is shown in Sections 4 and 5. However, a few
interesting differences will be pointed out; in particular, thresholding effects for
the creation of solitons are present in the NLS case and absent for KdV.

We also provide an easy way to compute the first order corrections to the pa-
rameters characterizing the soliton components of the solution.

Results and some future directions of research are discussed in the last section.
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2. The inverse scattering transform and the deterministic problem. In the
IST framework, a direct scattering problem (known as the Zakharov—Shabat spec-
tral problem, ZSSP) associated to the NLS equation is introduced

3
W iU — gy,
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F iUy ()Y + iy,
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where x € R, ¥;(x), i =1, 2, are the components of a complex vector eigenfunc-
tion W(x) € H'(R) and ¢ € C is the spectral parameter. The space HY(R) is de-
fined as H'(R) = {W|y; € L2(R), 9,y € L*(R),i = 1,2}. When Uy = 0, it is
easy to see that the continuous part of the spectrum is composed by the whole real
line. The eigenspace associated to the eigenvalue ¢ € R has dimension 2, and the

functions
~ 1 —igx ~ 0 icx
v <0> ¢ ’ @ <1 ¢

define a basis of this space. In this case, the discrete spectrum is empty because
the nontrivial solutions of 3, f =i f are not in L2(R).

When introducing any localized initial condition Uy, by Weyl’s theorem the
continuous spectrum (unlike the discrete spectrum) remains unchanged, and for
¢ € R the solutions W, \TJ, (ON ® defined by the boundary conditions

lD~<(1)>e_i{x, E’N(?)d“, X — —00,
d>~<(1)>ei§x, Ef>~<(1)>e—"”, x — 400

produce two sets {W, {17} and {®, CTD} of linearly independent solutions. These func-
tions are related through the system

o (3)=Go #0)(5)

where a, b are called Jost coefficients and W, @ are called Jost functions. The
Jost coefficients are complex-valued functions, while the Jost functions take values
in C?. Therefore, products in the above equation have to interpreted as “scalar
times vector” products, so that one has

()= (8) o (§)
and similarly for U,

If Uy € L'(R), the function a(¢) can be continuously extended to the upper
half of the complex plane C* = {¢ € C|3[¢] > 0}, where it is analytic and can
only have a countable number of simple zeros; see [2], Lemma 2.1. These zeros

(6)
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turn out to be the eigenvalues of the discrete spectrum of the ZSSP (5). If ¢, is
a zero of a, then from (7) we obtain that ¥ and & are linearly dependent. Due
to (6) this implies that the eigenfunction W, relative to the eigenvalue ¢, has an
exponential decay both at —oo and +o0.

The IST is a powerful tool which allows us to solve many nonlinear completely
integrable systems, and the introduction of the IST formalism is particularly con-
venient when dealing with soliton components of the solution, as solitons have a
very easy representation in terms of the scattering variables: each zero of the Jost
coefficient a in the upper complex half-plane (¢ = & + in, n > 0) corresponds to
a soliton component of the solution. As we have just remarked, these zeros of the
Jost coefficient a correspond to the discrete spectrum of (5).

When we study eigenfunctions of the spectral problem (5) with a potential Uy
of compact support in [0, R] we can rewrite the system (5), which is defined for
x € R, as a system defined for x € [0, R], with some boundary conditions in x =0
and x = R obtained from (6). This can be done as follows. By inspecting the
spectral problem (5) we see that if ¢ € C™ is a discrete eigenvalue, then the cor-
responding eigenfunction ¥ € H'(R) for x < 0 is given by v1(x) = ¢~/¢* and
Yo (x) = 0. For x > R it must satisfy 9,11 = —i¢ {1 and 9, ¥ =i Yo, that is, to
say Y1 (x) = ¥1(R)e 0B and v (x) = Y2 (R)e!*“~ R Since the eigenfunc-
tion ¥ must be integrable and J[¢] = n > 0, this implies that

Y1 (R) =0.

A pure soliton solution of the NLS equation has the form

. exp(=2ikx —4i(E* —nP))
Ul x) = 2= on G + 48y

up to a shift and a phase.

Similarly, one can link the existence of soliton components of solutions of the
KdV equation to the spectral properties of an associated equation, the first equation
of the Lax pair,

82<p 5
(8) 8x—2+(Uo+;)<p=0,

where the real function ¢ (x) belongs to the Sobolev space W22(R). We need to
assume that

9) Upe P ::{f:ReR‘/Oo(l+|x|)|U(x)|dx<oo};

see [1], Chapter 2. Consider the continuous part of the spectrum of equation (8),
which is again the real axis. For ¢ € R, there are two convenient complete sets of
bounded functions solutions of (8), defined by their asymptotic behavior:

P (x, ) ~e 8, G(x, ) ~ e'l* for x — —o0;

V(x,¢) ~e'tx, U (x, ) ~e 18 for x — +o00.
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It follows from the above definitions that

P, ) =d(x,—¢), Y, =V, —¢)

and

(x, ) =a(OV(x,¢) + bV (x, 0,
G(x, ) =~ (x,0) +bOP(x, ).

The function a can be continuously extended to the upper half of the complex
plane C*, where it is analytic and can only have a finite number of simple zeros
located on the imaginary axis ¢ = in; see [1], Lemma 2.2.2. These zeros are the
eigenvalues of the discrete spectrum, and they correspond to the soliton compo-
nents of the solution. A pure soliton solution is given by

U (t, x) =21 sech®(n(x — x(1))),

where x (1) = xo + 4n2t is the center of the soliton.

2.1. NLS—deterministic box-shaped initial conditions. Let the initial condi-
tion of the NLS equation be given by Up(x) = g1jo,gj(x). Burzlaff proved in [4]
that in this case the number of solitons generated is the integer partof 1/2+¢gR/m;
see also the relevant discussion and generalization of [9]. They remark how phys-
ical intuition suggests that the first soliton created when increasing R corresponds
to ¢ = 0 (this is a single soliton with zero amplitude and velocity, the quiescent
soliton); this “soliton” is created for ¢ R = 7 /2. For values of g R just over this
critical threshold the created soliton has zero velocity and nonzero amplitude 27
which can be computed explicitly solving (5) for pure imaginary values of ¢.

In the first part of this subsection we report some computations relative to this
case, as the results and explicit formulas will be used below. We then conclude
the subsection providing the sketch of an analytical proof of the claimed fact that
generated solitons correspond to purely imaginary values of ¢.

When the potential Uy is of compact support in [0, R] and for purely imaginary
values of ¢ = in, from the decaying condition of the Jost function ¥ at —oo, one
obtains the initial condition

-(o)
x=0 0/
The system (5) for x € [0, R] reads
Y

. =iqyn —ity,
X

Y

Sy vt icys
X

(10) () = (é)er’x

(11)
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and ¥ = (Y1, ¥r2) is a solution of the initial value problem for ¢ # iq if

1) ) =~ sin(g? + €% + cos(y g2 + 62x).

(13) Ya(x) = i ———sin(y/q2 + ¢2x).
/q2 + ;-2

To be an eigenfunction, W needs to be integrable and to satisfy the final condition
Y1(R) =0 at R. This condition can be rewritten for ¢ £ 0 as

/2 + 2
(14) f =tan(y/g%> + ¢%R) + l_qi; =0.

¢
Since a(¢) = Y1 (R, ¢)e'é R, the function f is linked to the first Jost coefficient a

by the relation
—i¢R /q2 + ;2

cos(y/g%2 + ¢%R)

e
f(&)=ia(g)

from which we see that the zeros of f coincide with those of a, except for { = igq.
However, for { = iq it is possible to compute explicitly the solution of (11) satis-
fying the initial conditions, which is given by

w:(lfx).
X

Since this function does not satisfy the final conditions, no soliton can be created
for this particular value of ¢.

To prove in an analytic way that the first soliton component of the solution
corresponds to a purely imaginary value of £, we can proceed as follows.

Recall that the zeros of f coincide with those of a, and observe that the function
a(&,n, R) is analytic in the domain R x (0, o) x (0, co) and continuous in R x
[0, 00) x (0, 00). We use the argument principle to study how the number of zeros
in the upper half of the complex plane evolves with increasing R. For any fixed
R we proceed as in [5], taking a loop C in the complex ¢-plane composed of the
(lower) real axis and the infinite semi-arc in the upper half plane. Then the number

of zeros is given by
N— 1 / 1 da dr
2rJeadc

Since a =1+ O(1/¢) for |¢| > 1, the integral over the upper part of the loop
is zero. Changing variables a(¢) = p(¢) exp(ia(¢)), after some computations one
obtains that unless there is a zero on the real axis, also the integral on the lower
part of the loop is zero. Therefore, the number of zeros changes for a given R only
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if a(€,0, R) = 0 admits a solution. But zeros of a and f coincide, and since in
equation (14) for real values of ¢ = & # 0 the tangent is real, and the second term
is purely imaginary and nonzero, solutions of f(£,0, R) =0 can only be found at
£ =0.

Explicit computations easily show that ¢ = 0 corresponds to a soliton solution

only for R = 2”;;171, n € N. Computing explicitly the derivative of a(¢) at £ =0
we get

2 (R )sm Va? +¢2R)
vq2+€2 \/q +§2
+iR#cos(\/q2+§2R)],

1
0ca(@)|e=0= —l; sin(gR) + i Rcos(gR),

dea(t) =ei4R[<

so that for Rg = 2”+17r the derivative is equal to (—1)"*!i /g and is never zero.
Therefore, new sohtons are generated one at a time, and they are immediately
pushed (as R increases) toward the interior of the domain. Karpman [8] showed
that if a(¢) = 0, then a’(¢) # 0; from this fact it follows that zeros in the interior
of the domain are always simple. Considering the complex conjugate W*, which is
a solution whenever W is, one obtains that zeros not laying on the imaginary axis
always come in pairs ££& + in. But since zeros move continuously (as R grows)
in the upper complex plane, cannot coalesce and cannot leave the imaginary axis
(§ = 0) unless they form a pair, we get that they must remain on the imaginary
axis.

2.2. KdV—deterministic box-shaped initial conditions. In [15], Murray ob-
tained a C* solution for the KdV equation with a deterministic “box-shaped” ini-
tial condition Uy = g1;_g rj(x). He showed that in this case the Jost coefficient
a extends to an analytic function in the upper part of the ¢-plane. Only in the case
of positive values of g, a has a finite number of zeros on the imaginary axis { =in
forO0<n=<./4q.

We report some explicit computations on our similar deterministic case, as the
results will be used below, and study some properties of the soliton components of
the solution.

First, let us construct explicitly the eigenfunctions solution of the deterministic
equation, which we call ¢q. Take here Uy = 1|0, r)(x) for some g > 0. Due to [1],
Lemma 2.2.2, we can assume that the eigenvalue is given by ¢ = in; we need to
solve

nz(p, x<0,x >R,

15 xx —
() v (—g+n?)¢,  xe[0,RI.
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For n = 0 the only integrable solution is ¢ = 0. Eigenfunctions corresponding to
n > 0 must satisfy

(16) ¢ =cre™, x <0,
17 @ =cre ™, x> R.
For x € [0, R] one can rewrite the problem as
g =9,
{ 0xF = (=q +n*)g.

Note that for n > ,/q the solution of (15) is monotone, so that it cannot be a Jost
function corresponding to a soliton (which has to be integrable). We therefore look

for solutions corresponding to 0 < n < ,/q. Setc =,/q — n%. Due to (16) and (17),
we only need to solve (15) for x € [0, R]. From (15) and the initial conditions

@o0(0) =c1, 9x¢0(0) = ncy
derived from (16), we get
Qo (x) = e’ + e, a:%(l—iz>, ,Bz%(l—l-ig),
which is to say
(18)  ¢o(x) =cjcosh(icx) — iclgsinh(icx) = |:cos(cx) + g sin(cx):|.

We can set the global constant ¢; equal to 1. Matching this solution with the final
condition (17)

@(R) = cos(cR) + L sin(cR) = cae "k,
C

3,@(R) = —csin(cR) + ncos(cR) = —ncye K,

we obtain an equation for 7,

gsin(R\/q —n?) =2can\/q — n*e” R,
cos(R\/q — n?) = ca(q — 2n*)e R,

For n = 4/q/2, the only possible solution is such that R\/q — n? = n/2 + k7,
which means that

(19) VIR = 2k + )7 /V2.
All other solutions can be found solving

2n\/q —n?
(20) f() :=tan(Ry/q — n?) — ———— =0

q —2n?
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for n € [0, \/9) \ {~/q/2}. The existence and the number of solutions for the above
equation depend on the quantity R,/q. Consider some fixed value of R. As it is
shown below, for small values of ¢ a first soliton is created with ) ~ 0. As ¢ in-
creases, the value of 1) increases too and tends to /g /2 as ¢ tends to 72/ (2R?).
We have already found the solution for this specific value of g [k = 0 in equa-
tion (19)]. For ¢ larger than 72 / (2R?), 17(1) continues to grow. A second solution
appears (n® = 0) when ¢ = 72/R?. A third solution appears at g = (277/R)?;
the values of ") (corresponding to the ith soliton created) continuously increase
as g grows, but remain ordered: n) < n) for i > j. Therefore, the number of
solitons created is | R, /q /7] + 1.

A few examples of f (1) are plotted in Figure 1. We have taken R = 1 and dif-
ferent values of g. The first critical points (when new solitons are created) cor-
respond here to ¢® = 7% ~ 9,87, ¢® =472 ~ 39,48, ¢ = 97? ~ 88, 83,
g = 1672, The almost-vertical line appearing near n = \/q/2 for g = 44 re-
flects the fact that we are near the critical points of (19): from (19) for k =1 we
have g =972 /2 ~ 44 .41.

Let us take a closer look at the case ¢ — 0. We assume g = ¢goé& and look for
the first terms of the expansion of 7 in &: n = 1o + n1& + N2> + O(&?). For finite
values of R, by the above considerations on the threshold effect the first term of the
expansion must be zero. Indeed, if we consider the expansion in ¢ of the function

f defined by (20), we obtain
/_,7%

no

(ord. 0) () = tan(R —n3) + +0(e)

and the order-zero term cannot be made equal to zero. We have therefore n =
ne+ 0(&2). Looking at equation (20) at first order

(ord. 1) fmr=m%—amx%%+0@”%=a

we obtain n; = %. Pushing the expansion further, one can obtain the following
order coefficients. At order two we have

(ord. 2) U——(i#2+2>§ﬁ+00%
ord. f= SYRAKD) nz\/q_o e’?).

One has then

R R3 2
@1 n:%a—ﬁq%%mé)

showing that in the limit ¢ — 0, 5 is of the same order of ¢q.
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FIG. 1.

Plot of the function f (n) for different values of the amplitude q of the initial condition. Each

zero of f(n) corresponds to a soliton component of the solution identified by the complex number in).
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3. Limit of rapidly oscillating processes. This section contains a rigorous
justification of the use of the IST when the initial condition contains a rapidly
oscillating process. As remarked in the Introduction, to be able to apply the IST,
the initial condition Uy needs to satisfy some integrability conditions, L' for NLS
and (9) for KdV. For any ¢ > 0 these hypotheses are satisfied by initial conditions
of the form (3) if v is bounded. Our objective is to show that the IST applied to
these random initial conditions gives a problem that reads as a canonical system of
SDE:s in the limit ¢ — 0. Thanks to the convergence result of Theorem 3.2 below,
this limit system can be used to study the behavior of rapidly oscillating initial
conditions (0 < ¢ < 1), as we shall do in the following sections. We stress that
our interest is in the study of rapidly oscillating initial conditions, which are physi-
cally more relevant than the limit case of infinitely rapid oscillations and for which
the IST can be applied in a rigorous way. We make the following assumptions
(standard in the diffusion approximation theory, [7]) on the process v:

HYPOTHESIS 3.1. Let v(x) be a real, homogeneous, ergodic, centered,
bounded, Markov stochastic process, with finite integrated covariance
foooE[v(O)v(x)]dx = o < 00 and with generator L, satisfying the Freedholm
alternative.

Set
e g 2
UO = (q + ;U()C/S ))I[O’R](x)
and note that for x € [0, R]
X X
/O Uy (y)dy 2 /0 Uo(y)dy = gx + 200 Wy

in the space of continuous functions C%([0, R]; R), in distribution; see [7]. For
every ¢ > 0, we apply the IST to the NLS and KdV equations with the initial
condition U, and obtain the associated spectral problem. Then we investigate the
passage to the limit of this problem. We point out that this passage to the limit is
quite delicate: if it is relatively easy to obtain a pointwise (in {) convergence of
the spectral data, to obtain fine results for the limit case and for situations near the
limit case (0 < ¢ < 1), a much stronger convergence is needed.

We consider the ZSSP associated to the NLS equation: our goal is to identify the
points of the upper half of the complex plane, ¢ € C*, for which there exists a so-
lution W € H' of the first order system (5) for x € [0, R], satisfying the boundary
conditions

\D(O):(é) and Y1(R)=0

derived from the exponentially decaying conditions (6). These particular values
of ¢ are the discrete eigenvalues of the ZSSP and correspond to the soliton compo-
nents. The strategy employed is to consider the flow W (x, ¢), x € [0, R], ¢ € CT,
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solution of (5) with initial condition
22) v =(,)

and look for the values of ¢ for which the final condition is satisfied.
For a fixed value of ¢, we consider the solution W¢ of the ZSSP obtained from
the IST

T _ iyt + iU (0w,
0x

23) o
8—; =i(U§ () yi +icys

with initial condition

WE(0) = (é)

Now, [7], Theorem 6.1, states that the process W¢ converges in distribution in
CO([O, R]; Cz) to the process W solution of

{d¢1 =[(=i¢ —ao?) Y1 +ig¥2]dx +iv2a0 Y2 dW,,
dyy = [igyn + (i¢ — ao?)Yn]dx +iv2a0 Y dW,

with initial condition (22). System (24) can be rewritten in Stratonovich form as

(25) d\IJ:i(_; g)q!dx-l—imo(? (1)>\I/odWx.

For NLS we can also consider perturbations produced by a complex process:
let vy, v be two independent copies of the process v and set V := vy + ivp. One
can define U using vV instead of v; proceeding as above, from the IST one obtains
again system (23), and from [7], Theorem 6.1, one gets that in this case the limit
process is the solution of

d\I/:i(_g q)\pdx+i@a (0
q ¢ 1

a0 1 @
20(0(_1 O)\IlodWx ,

(24)

1 1
O)WodW)g)

(26)

where the W@ are two independent Wiener processes, and with ¥ having the
same initial condition (22).

We apply the same strategy to the KdV equation: the goal is to obtain the values
of ¢ € C* for which there exists a solution ¢® of

27) Wt (UG +8%)¢" =0
with the boundary conditions

¥*(0)=1, @5 (0) = —it, Y (R) —it¢®(R)=0.
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These conditions correspond to imposing exponential decay of the solution at in-
finity, so that ¢ is an element of the discrete spectrum of the spectral problem (27).

Setting ®¢ := (¢?, ¢¢)7 this equation can be transformed into
e _ 0 L) 4e
(28) do _<_U§_52 0 ®° dx

with boundary conditions
& 1 & . &
0= ). e -iceim=o,

We consider the flow ®¢(x, ¢), x € [0, R], ¢ € CT, defined by the above equation
with only the initial condition, and look for the values of ¢ s.t. the final condition is
satisfied. Again by [7], Theorem 6.1, ®¢ converges in distribution to the solution of

0 1 0 0
(29) dCI>_<_q_§2 O)CDdx—i-vZaa(l O)CDdWx,
which, in terms of the function ¢, can be rewritten as
(30) doy = —(q + ¢?)pdx + V2a0 ¢ dW,.

The initial condition is
3D D) = (—11'4“ ) or equivalently ¢(0) =1, 0 (0) = —i¢.

We remark that in the last two differential equations above the Stratonovich and
It6 stochastic integrals coincide.

The convergence obtained above is only for a (finite number of) fixed ¢ and o,
but we will need a convergence in CO([0, R]; C1(R3)) to be able to differentiate the
limit process with respect to the parameters. This is the main result of this section
and it is provided by the following theorem. We will focus on the problem of
finding the values of ¢ for which the limit flows W and ® match the final conditions
in Sections 4 and 5.

THEOREM 3.2.  Assume Hypothesis 3.1. Let V* := (Y{, 1//28)T be the solution
of (23) with initial condition (22) and WV the solution of (25) with the same ini-
tial condition. Let also ¢° be the solution of (27) with initial condition (31) and ¢
be the solution of (30) with the same initial condition. Considering these as func-
tions of the space variable x and the parameters &, n, o, we have in the limit of
e — 0 that Ve (x,&,n,0) = V(x, &, n,0) weakly in CO([O, R]; CI(R3; (CZ)) and
¢°(x,€,1,0) = @(x,£,1,0) weakly in C°([0, R]; C' (R*; C)).

To prove this theorem we need the following standard tightness criteria;
see [13], Chapter 2. We will use D([0, R]; E) to denote the space of CadLag pro-
cesses defined for x € [0, R] and with values in the space E. The first lemma is
due to Aldous, [3].
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LEMMA 3.3. Let (E,d) be a metric space, and X a process with paths in
D([0, R]; E). If for every x in a dense subset of [0, R] the family (X°(x))¢c(0,1] is
tight in E, and X¢ satisfies the Aldous property:

A: Forany k > 0 and A > 0, there exists § > 0 s.t.

lim sup sup sup  P(|X°(z+0) - X°(n)|| > A) <«
e—>0 T<RO0<O<SA(R-T)

where T is a stopping time;

then the family (X®)g¢e(0,17 is tight in D([0, R]; E).

To state the next lemma, we need to introduce some notation. If # is a Hilbert
space, and H, a subspace of H, we shall use 7, to denote the projection of H
onto H,. Also, dy is used to denote the distance on H introduced by the inner
product.

LEMMA 3.4. Let ‘H be a Hilbert space and H, be an increasing sequence
of finite-dimensional subspaces of H s.t., for any h € H, lim, o0 773, h = h. Let
(Z%)¢e(0.1] be a family of H-valued random variables. Then the family (Z°)qc(0,1]
is tight if and only if for any k > 0 and A > 0, there exist p, and a subspace H ;.
S.L.

(32)  sup P(|Z°| = pc) <k and sup P(dy(Z° Hy,) > L) <k.
€€(0,1] €€(0,1]

The proof of Lemma 3.4 can be found in [12]. For completeness we give it
in Appendix, together with other technical results needed for the proof the Theo-
rem 3.2.

PROOF OF THEOREM 3.2. To unify notation, we shall use X? to denote both
W¢ and ®°¢. Therefore, X¢ is the solution of what we shall call the approximated
system, which is either system (23) or (28), with ¢ > 0.

Since Propositions A.5 and 5.2 ensure that the limit equations for W and ® have
a unique solution which is CO([0, R]; C1(R?)), it suffices to prove convergence in
the space of CadLag processes D([0, R]; CH(R?)). We will do so in three steps.

Step 1 contains a technical result needed for the application in step 2 of
Lemma 3.4, namely the proof of the bound (33).

In step 2, using Lemma 3.4, we will show that for every fixed x the sequences
(W¥(x)). and (®?(x)),, denoted (X?(x)), in the following, are tight in the Hilbert
space H := W32(G). Note that, by Sobolev imbedding, % < C!(G). Here, G is
an open, bounded subset of R3, the space of parameters. For simplicity we take
G=(—N,N )3 for some real positive constant N; a justification of the fact that it
is not restrictive to assume that the set of parameters G is bounded is given below
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in the proof of Proposition A.5, where the convergences we are proving here will
be used.

In the last step we will use Lemma 3.3, where we take E to be the Hilbert
space H. This will provide the desired convergence of the family of processes
(X9)eeq.17 in DO, RL; C'(RY)).

Since X°? is the solution of a linear differential equation with coefficients smooth
in the parameters u = (¢, n, o), from the explicit formula for the solution, we get
that X?(x, ) is smooth in the parameters. We will soon use its derivatives in the
parameters: the vector of X° and its first derivatives in w still satisfy a linear system
of ODEs whose coefficients depend linearly on the parameters and on the process
v(x/e?), and the same result holds adding higher order derivatives.

Step 1 (A preliminary estimate). The key point to show that (X®(x, 1)) e is
tight in H = W32(G) for every x € [0, R] is the proof of the bound

(33) liren_fupIE[HXs(x, I Wﬁ,z(G)] <C <o
uniformly in x € [0, R]. This is the content of this step.

Define Y¢ as the vector process of X? and all of its derivatives in the parameters
u = (&,n,0) up to order 6. As remarked above, this process is the solution of a
linear system of ODEs with coefficients (the matrices M; and M>) linear in the
parameters

d 1
EW =M Y* + Ev(x/sz)MzYe.

Since G is bounded, we only need to check that the second moment of Y*(x, ) is
uniformly bounded with respect to ¢ € (0, 1], u € G and x € [0, R]. Actually, we
aim at a stronger result, which we will need later. We are going to show that [recall
that Yo = Y{j is deterministic since both W*(0), ®¢(0) and their derivatives in zero
are defined by the equation for x < 0, which is deterministic, and the boundary
condition at x — —oQ]

(34) E[ sup [r*()*] < Cr(1+Y(0)%) < o0,
x€[0,R]

Following [7], Section 6.3.5, we show this bound with the perturbed test function
method. Let £? be the infinitesimal generator of the process Y¢ and £ the infinites-
imal generator of the process Y obtained from the process X solution of the limit
system (25) or (29) and its derivatives. Let m € N be such that Y¢(x) € C™, and
let K be a compact subset of R containing the image of the bounded process v.
For every y € C™ and z € K, L£° has the form

1 Z
£og(y, 0= 5Lug(y, 2+ E(sz)TVyg(y, )+ M1y)'Vyg(y, 2),

where £, is the infinitesimal generator of the process v, as defined in Hypo-
thesis 3.1. Let f be the identity function on C™ and f®(y,z) =y + ¢f1(y, 2)
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be the associated perturbed function, which is solution of the Poisson equation
L, fi(y,z) = —z(ng)TVyf(y). In this equation, y plays the role of a frozen
parameter, so that f; has linear growth in y, uniformly in z, and the same holds for

LEfE(y, 2) = 2(May) ' Vy fi(y, 2) + (M) Vy f1(9, 2).

Since
YE(x) =Y*(0) — e[ 1(Y*(x), v*(x)) — f1(Y*(0),v*(0))]
X
" /0 Lo (), vo (x)) dx' 4+ M,
where M¢ is a vector valued martingale, we get the bound

sup [Y5(0)| < [Y*(O)]+eC[1+ sup [Y*(x)]
X€l0.R] xel0.R)

R
+Cf 1+ sup |Y(x)]dx+C sup |M‘9|
0 x'e[0,x] x€l0,

For ¢ < 1/2C, applying Gronwall’s inequality and renaming constants we get

(35) s[l(l)p]|Y8(x)}<CR(1+|Y8(0)|+ sup |M8|)

The quadratic variation of the martingale is given by

7], = [ " (" () v ()
where
g (3, 2) = (L7 f?=2f°Lf*) (3, 2)
= (Lo fP = 2AL ). 2)
+2e2[(May)T f1(3.2) — May) (Vy )T F1) (3. 2)]
+2e (M) fi(r.2) = M) (Ve )T 1) (3. 2)]

has quadratic growth in y uniformly in z € K. Therefore, by Doob’s inequality,

R

B sup [M:*] < CE[M*) ] <C [ 1+B[Y* (o ]ax
x€[0,R] 0

Substituting into the expected value of the square of (35) and using again Gron-

wall’s inequality, we get (34), which gives (33).

Step 2 [Tightness of X¢(x)]. In this step we show how to obtain the tightness of
the family (X°(x, 1)) e from (33) using Lemma 3.4. Indeed, from this bound the
first part of condition (32) follows by the Markov inequality if we take p, = C/k.
The bound (33) provides also information on the regularity of X¢(x), which can be
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used to prove the second part of condition (32) as follows. By the Sobolev imbed-
ding W%2(G) < C*(G) the bound (33) implies that X¢ € C*(G). An appropriate
sequence of finite-dimensional subspaces (H,), is constructed in the Appendix in
Lemma A.1, and Lemma A .2 states that for any function g € C*(G) there exists an
arbitrarily good approximation g, belonging to some #,. Moreover, the control
on the distance between g and the subspace #,, only depends on the norm ||g|| -4,
so that by (33) the approximation is uniform in ¢. This provides the second part of
condition (32). Finally, Corollary A.3 provides the last hypothesis of Lemma 3.4,
namely that for the sequence of subspaces H, constructed in Lemma A.1 and for
any h € H, limp 00 73, h = h. Then, Lemma 3.4 gives that for every , the family
(X®(x, 1) e is tight in H = W32(G).

Step 3 (Tightness of X?). Thanks to Lemma 3.3, the tightness of the family of
processes X¢ in D([0, R]; H) follows if we show that the Aldous property A holds.
Since G is bounded, we can prove the Aldous property showing that

(36) 11m limsup sup sup sup E[|Y*(t+6,un) —Y*(x, u)}z] =
-0 .50 HEG T<R0<0H<$

where Y? is the vector process having as components X¢ and its derivatives in u
up to the third order only. We prove the above limit using again the perturbed test
function method. With the notation introduced above, we have

Ye(x +0) — ()|
T+6
< ClMzg— MEP+C [ 128 £ (r v ) s

+Ce(1+ sup [reof)
x€lr,74+0]

g2 v & re(yE L& £\(2
< CIM g~ MiP+C [t ) - L ()P s

T+0 2 2
+C/ |Lf(Y®)] dx-l—Ce(l—i— sup Y (x)| )
T x€lr,t+0]

We have that

T+6
|, — M2 =E[(02,)" - 012 =E[ [ ), |
Since [£° f*(y,2) = Lf (Y| =eC(A+|y]) and |[Lf(y)| = Cly|, for 6 <6

E[|Y*(z +6) - Y ()] < CrG + &) (1+E[ sup [¥°)[*]).
x€[0,R]
The right-hand side is independent of 7, and we can use estimate (34) to bound
it uniformly in € and . Therefore, (36) follows, and the proof of Theorem 3.2 is
complete. [
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REMARK 3.5. Using the notion of pseudo-generators, as introduced in [6],
Section 7.4, it is possible to relax the conditions imposed on the driving pro-
cess v(x), assuming that it is just a mixing process instead of Markov.

4. Stability of NLS solitons. This section is devoted to the study of our first
example, the NLS equation. We focus on the soliton components of the solution.
In the previous section we have obtained the limit equation (25) and we have re-
marked that every soliton component (soliton, in short) is identified by a complex
number ¢ = & 4+ in s.t. the flow W (x, ¢) solution of (25) with initial condition (22)
satisfies also a given final condition. The real and imaginary parts of ¢ define the
velocity and amplitude of the soliton, respectively. In Section 2.1 we presented
some classical results on the background deterministic solution. We analyze now
how this solution is modified by the introduction of a real, in Section 4.1, or com-
plex, in Section 4.2, small-amplitude white noise perturbation of the initial condi-
tion. The main results are contained in Propositions 4.1 and 4.5. We deal with the
limit cases of “quiescent” solitons in Corollary 4.4 and Remark 4.7.

For simplicity of exposition, in the present and following sections we will
choose the value of the integrated covariance of the process v to be o« = 1/2.

4.1. Small-intensity real white noise. In this subsection we consider the ex-
ample of an initial condition composed of a square function perturbed with a small
real white noise. First, we use a perturbative approach to study the effects of the
perturbation on “true” solitons (Proposition 4.1). Then, in the last part of this sub-
section, we study the effects of this perturbation on a special structure called “qui-
escent” soliton (Corollary 4.4).

We have here Up(x) = (g +o0 Wx)l[(), R](x). The initial condition is (10) and the
system (5) for x € [0, R] reads

{dlh =i(qy2 — Y1) dx +ioyn o dWy,

37
7 ds = i(q Y1 + £Y) dx + io P o AWy

PROPOSITION 4.1.  For gR > % and in the limit of a small, real, white noise-
type stochastic perturbation of the initial condition, the parameter n defining the
amplitude of the soliton component of the solution is perturbed at first order by
a small, zero-mean, Gaussian random variable, which is given by

_gsin(coR)Wa + J&2(n0q/co) sin(co(R — y)) sin(coy) AW,
2[q2/ct + Ruolsin(coR) — R(n}/co) cos(coR)

(38)

where co = /q* — ng, and ng is the parameter defining the amplitude of the soli-
ton of the unperturbed system.
The velocity of the soliton remains unchanged.
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REMARK 4.2. With the same proof, one can show that this result also holds
for a purely imaginary (deterministic) initial condition perturbed by a purely imag-
inary, small white noise. And a simple phase shift [9] allows to extend this result
to any complex initial condition Up(x) = q1jo,r)(x), ¢ € C perturbed with a white
noise with the same constant phase of g.

REMARK 4.3. With the same proof, it is possible to show that solitons are sta-
ble with respect to small random perturbations under more general hypothesis. In
particular, the perturbation need not be rapidly oscillating. For example, substitut-
ing the white noise with a general process O, in Corollary 4.4 below one obtains
the same result: d,1 = g fOR 0O, dx, so that a true soliton is created whenever the
integral is positive.

Indeed, another possible and equivalent approach for rapidly oscillating pro-
cesses would be to work with the original process v, for the IST and carry out the
scaling limit only at this stage.

PROOF OF PROPOSITION 4.1.  Proposition A.5 ensures that equation (37) with
initial condition (10) defines a stochastic flow W(9) (x) of C 1-diffeomorphisms,
which is C! also in the parameters (€, n, o). Looking at the flow at point R we can
define a complex-valued function of W(R) as F(§,n,0) := wl(g’a)(R). We look
for the set of values of (&, 1, o) corresponding to zeros of the function F': they are
the parameters (¢ = & + in) defining the soliton components of the solution of the
problem perturbed with a noise of amplitude o. We claim that a small stochastic
perturbation has only the effect of a small variation in the value of ¢ =& +in
with respect to the value ¢y = ing of the corresponding soliton in the deterministic
case. We will prove this using the implicit function theorem: for any fixed and
sufficiently small o, F (&, n, o) has a unique zero in some open set containing the
point (0, ng).

Since Lemma A.4 in the Appendix guarantees that the Jacobian matrix J of the
derivatives of F' with respect to & and 7 is invertible, we can apply the implicit
function theorem at point (¢, n, o) = (0, no, 0). Fix { = ing. By Proposition A.5
the flow defined by the system (37) is C! in the parameters, so that its derivative
in o coincides with the first term of the Taylor expansion, denoted WD,

M _ (M0 g\ g (0 1\ g0
(39) dw _(iq _n())\ll dx-l—t(1 0>lIJ dWw,.
Here, ¥© denotes the solution of the deterministic problem (o0 = 0). Let M be
the matrix appearing in the drift term of the above equation; the solution can be
computed explicitly,

v () =i /Ox exp(M(x — y)) ((1) (1)> WO (y) dw,,
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where

[exp(M(x — ¥ O ()], = iCq—OCOS(Co(x — y))sin(coy)

+2i % sin(co(x — y) sin(eoy)
€o

+ ici sin(co(x — y)) cos(coy)
0

=i L sin(cox) +2i ™% sin(co(x — ) sin(eoy).
0 (e
It follows that

R
35 F (0, 19, 0) = i/o [exp(M (R — y))w”], dW,.
In the proof of Lemma A.4 the derivatives ¢ F'(0, 19, 0) and 9, F (0, no, 0) are
computed explicitly: the first one is imaginary pure, while the latter is real. Set ¢ :=
2
0, F(0,n0,0) = [Z—j + RZ—g] sin(coR) — RZ—S cos(coR). Using the explicit formula
[0 0

for the Jacobian obtained in Lemma A.4 we can write

1
0 ——
-1 o
/ 1
- 0
o

and from the formula

R aoé _ _ —1 m(aaF)
”“(%n)“"o)‘_" (?s(aaF)>(0’”°’O)

we get that d, 7 is given by (38) and that ,€ =0. [J

When g = (2n + 1)t /2R for some n € N, in the deterministic case we have the
creation of what is sometimes called a “quiescent” soliton. Also in this case, the
stochastic perturbation can modify, at first order, only the amplitude of the soliton.

COROLLARY 4.4. When the background deterministic solution contains a
“quiescent” soliton, the stochastic perturbation destroys it with probability 1/2
and transforms it into a true soliton (with a positive amplitude) with probabil-

ity 1/2.

PROOF. In the case of a “quiescent” soliton Lemma A.4 still holds. Indeed we
have now cp = ¢ and g R = (2n + 1)7/2, so that equation (46) in the proof of the
lemma becomes

2 2
.1 4 Sol . .80 1
9 F(0,0,0) = —i| =5 + R— |sin(coR) +iR—5 cos(coR) = Fi— #0
€0 €o €0 q
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and the determinant of the Jacobian is not zero. One has then o« = +1/¢g and
R
9 F(0,0,0) = —/ sin(gR) dW, = F Wk,
0

which is real. Therefore,

=) =0="(5 0 ){70")={gwe)
. 0s& 0 =F¢q FW 0

A true soliton is created whenever W > 0. [

4.2. Small-intensity complex white noise. The limit case of a small-amplitude
complex white noise is similar to the case of the real white noise treated above.

Take Up(x) = (g +6Wx)1[o, R](x) where Wy = W)gl) +i W;z) is a complex Wiener
process. We have the following proposition.

PROPOSITION 4.5. For qR > 7 and in the limit of a small complex white
noise-type stochastic perturbation of the initial condition, the parameters &,
defining the velocity and amplitude of each soliton are perturbed at first order
by small, zero-mean, Gaussian random variables, which are given by

gsin(coR)W + Jif 2(n0g/c3) sin(co(R — y)) sin(coy) dWy”
2[q2/ct + Ruolsin(coR) — R(nZ/co) cos(coR)

_gsin(coRWY + [F 2(10q /c}) sin(co(R — )) sin(coy) dW, "

2[q?/ck + Ruolsin(coR) — R(n/co) cos(coR)

0§ = —

’

don

k]

where ¢y :=,/q* — n%, and ng is the parameter defining the amplitude of the soli-
ton of the unperturbed system.

PROOF. This proof is similar to that of Proposition 4.1. An analogy of Propo-
sition A.5 holds in this setting, and Lemma A.4 remains unchanged (note that in
Lemma A.4 we work on the deterministic equation). From equation (39) onward
one has just to remember that W is now complex. [J

REMARK 4.6. In this case, since we used a noise with a symmetric law, the
first order perturbations of the velocity and amplitude of the soliton have the same
law and are independent. We could have taken a nonsymmetric complex noise to
perturb the initial condition: v = vy 4 ivy, where v; and v, have different distri-
butions. In this case, the perturbations of the velocity and amplitude of the soliton
would still be independent, but not sharing the same law.

REMARK 4.7. “Quiescent” solitons are perturbed in both amplitude and
speed, leading to the possible creation of true solitons with nonzero velocity. The
same result holds when perturbing the initial data with more general complex pro-
cesses.
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5. Stability of KdV solitons. In this section we study our second example,
the KdV equation. We focus on the soliton components of the solution. Solitons
of the KdV equation are identified by an imaginary number ¢ = in, defining both
the velocity and amplitude of the soliton, which are related. Recall that in Sec-
tion 2.2 we have presented some classical results on the background deterministic
solution. Using these results in Section 5.1 we analyze how this solution is modi-
fied by the introduction of a small-amplitude white noise perturbation of the initial
condition: the main result is contained in Proposition 5.1, while Proposition 5.3
deals with the case of “quiescent” solitons. The last subsection deals with the case
of a perturbation of the zero initial condition.

5.1. Small-amplitude random perturbation with g > 0. Let the initial condi-
tion of the KdV equation be given by Uy = (¢ + o Wx)l[oy r1(x), where W is a stan-
dard Wiener process. Since solitons correspond to zeros of the complex extension
of a, which in turn must be located on the imaginary axis, we look for bounded
solutions of equation (8) for { = in, n € RT. The first main result is contained in
the following proposition.

PROPOSITION 5.1.  In the limit of a small, white noise-type stochastic pertur-
bation of the initial condition, the parameter n defining the velocity and amplitude
of the generated soliton is perturbed at first order by a small, zero-mean, Gaussian
random variable, which is given by

o [ @o(R — x)@o(x) AW,
cos(coR)[2 + 1oR — 13 R /3] + sin(coR)[(310 + 213 R) /co + 1 /]

(40)

Here, @y is the deterministic solution of (15), given by (18), co := /g — n%, and
no is the parameter corresponding to the unperturbed soliton.

Before we start the proof of the above proposition, we shall remark that an
analog of Proposition A.5 holds in this setting, and it provides the uniqueness and
regularity results for the solution. The result reads in the following way:

PROPOSITION 5.2. The stochastic differential equation (41) below defines a
stochastic flow ®19) (x) = (p(x), §(x)T of C-diffeomorphisms, which is C' also
in the parameters 1, 0.

PROOF OF PROPOSITION 5.1. We need to solve

{dgo:fﬁdx,

41 g
“D A7 = (—q + n*)edx + op o dWy
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for x € [0, R] with initial conditions ¢(0) = 1, @(0) = n. As we did for the NLS
equation, we look at the flow provided by Proposition 5.2 and define a function of
the flow at the point x = R as F(n, o) := @(R) + ne(R): this remains a function
of the two parameters (1, o). To prove Proposition 5.1 we use the implicit func-
tion theorem to show that F(n, o) has a unique zero in some open set containing
(no, 0), the point corresponding to the deterministic solution. Since Lemma A.6 in
the Appendix guarantees that 9, F (1o, 0) # 0, we can apply the implicit function
theorem. We have (at 79)

{dagga = 0,@dx,
d3,3 = (—q + 13)dop dx — (¢ + 03, 9) 0 dW,.

By Proposition 5.2 the flow CID)(CH’U) is C! in the parameters, so that its derivative
in o at 0 = 0 coincides with the first term of the Taylor expansion, which is the
solution of
{ dds ¢ = 05 @ dx,
3@ = (—q +15)do ¢ dx — @o dWy.

In matrix notation,

with
0 1
!
(cx) 1'( )
—sin
oMx _ cos(cx Cs cx '
—csin(cx)  cos(cx)

The solution is

CIJ(x)ZCD(O)—/OxeM(X_y)< 0 )dWy.

®o(y)
We have
9y () = — - / " sin(c(x — ))[cos(c )+ L sin(e )] dw
oPX) = cJo y y - Y ¥
Do P(x) = — /Ox cos(c(x — y)) [cos(cy) + gsin(cy)] dw,.
Therefore,

R
3o F (10, 0) = 9 @(R) + 10dop(R) = —/0 @o(R — x)po(x) dWy
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and we obtain, at first order, the perturbation of the value of the parameter n defin-
ing the velocity and amplitude of the soliton: for every (g, R, no),

0, F
0on(0) = ———=(10,0)
7 oy F

= (/()R[COS(CO(R —x))+ Z—zsin(Co(R - x))}

X [cos(cox) + o sin(cox)] dWX>
o

3 2 3
R . 3no + 2ng R
/(cos(coR) [2 +noR — —7702 ] + Slrl(CoR)[M + 77_2})
o c €

The proposition is proved. [l

We turn now to consider the case when the stochastic perturbation can result in
the creation of a new soliton. As for the NLS equation, this happens only for spe-
cific “critical” values of ¢ (and R). The result is presented in the next proposition.

PROPOSITION 5.3.  If we are at a critical point, which is to say \/qR = nm
forn € N, n > 0, a small-amplitude white noise-type stochastic perturbation of the
potential may create a new small-amplitude soliton. The condition for the creation
of a new soliton is that the zero-mean, Gaussian random variable (43) is positive.

PROOF. For a generic no, the deterministic background solution is (co =
Va —n3)

42) o = cos(cox) + 1o sin(cox).
o

We have Uy = g + o W,; we want to apply the implicit function theorem to the
function F(n, o) defined above, at the point (0, 0). At this point

1
O (R) =~ sin( /g R) =0

9,@(R) =cos(4/qR) = £1.
Therefore
0, F(0,0) = 0,¢ + ¢ + nody¢ =2cos(/qR) = £2
and the implicit function theorem is applicable. We also have (again at g = 0)

{da(,(p = 0d,@ dx,
do, 9 = —qisodx — (¢ + 00s¢) o dW,.
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As seen above, the solution of the above system coincides at o = 0 with the solu-
tion of

{ daa‘ﬂ = 80'(’)5dx7
dos P = —q Iy dx — o dW,,

which is given by (here, ¢ = ,/q)

1 X
O (x) = _ﬁ/o sin(y/q (x — y)) cos(/qy) dWy,

0o P(x) = — /Ox cos(4/q(x — y)) cos(y/qy) dWy.
We have therefore
9, F(0,0) = — /(;R cos(4/q(R — x)) cos(y/gx) dWy

and since cos(,/gR) = £1

R
vi=d,m(0) = — 7L 0.0) = Jo' cos(/q(R — y)) cos(/qy) dW,y
43) oy F 2cos(\/gR)

1 (R
= 5./ cosz(\/c_jx) dw,.
0

In this case, a new small-amplitude soliton, corresponding to n = ov, is created
whenever v > 0. U

5.2. Small-amplitude random perturbations with ¢ = 0. We analyze now the
case in which the initial condition is the pure stochastic perturbation: contrarily
to the NLS equation, even this small initial condition can generate a soliton. In
this setting there is no (nontrivial) solution in the deterministic case. This case is
obtained at the critical point /g R = 0, where the first quiescent soliton is created.

PROPOSITION 5.4. For g =0, a small-amplitude stochastic perturbation of
the potential may create a new small-amplitude soliton. For a white noise-type
perturbation Wy, a new soliton is created if Wg > 0 (which is an event of proba-
bility 1/2) and the created soliton corresponds to the value n = o Wg.

PROOF. Again, we want to use the implicit function theorem; take the limit of
the deterministic solution (42) as ¢ — 0,

vo=1, @0 = 0.
We have
nF(0,0) = 3n¢+<ﬂ +nodyp =1
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and (9o =0)
dp =¢dx,
{ds’ﬁ =—opodW,,
daa(p = ao(ﬁdxa
{ do, @ = — (¢ + 005,¢9) o dW,.
Therefore,

R
85 F(0,0) = 853 + 103 ¢ = —/0 o dW, = —Wg.

It follows that
s F
onF

do1(0) = ———(0,0) = Wg

and a single soliton corresponding to n = o Wg is generated whenever Wg > 0,
which means with probability 5. [

REMARK 5.5. The same result of Proposition 5.4 holds with more general
processes: if, instead of a white noise, we take Up(x) = o Q4 in (15), where Q is
a generic stochastic process, we have (at n = 0)

{ ddsp = I, @ dx,
dd, 9 = —0x(p +00s9) dx,

R
85 F(0,0) = 8,3 + nodeg = —fo 0, dx

and
0y F
o F

R
0sn(o) =— (0,0)=/(; O dx.
In this case, a single soliton is created whenever the noise introduced has positive
mean, and it corresponds to n = o fOR O dx.

REMARK 5.6. The mass of a soliton of the KdV equation is M, =
fR U(x)dx = 4n. Here, we have introduced a perturbation of mass My, =
o [r Ox dx = 1. We see therefore that the soliton created has a larger mass than the
initial perturbation, implying that the radiative part (going in the direction opposite
to that of the soliton) has absorbed a total mass of 37.

The energy conversion efficiency from a small noise source to a soliton is very
poor, since the input energy is of order o> (E Uy = o? Ir Q% dx), while the energy
of the created soliton is only E, = [p U 2(x)dx = 13—6773 ~ o3, for a smooth source.
For a white noise source, the input energy is infinite, while the energy of the created
soliton is finite.
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6. Conclusion and comments. For the NLS and KdV equations, the study
of soliton emergence from a localized, bounded initial condition perturbed by
a wide class of rapidly oscillating random processes can be reduced to the study
of a canonical system of SDEs, formally corresponding to the white noise pertur-
bation of the initial condition. The integrated covariance is the only parameter of
the perturbation process that influences the limit system of SDEs. From the study
of this limit system, one obtains quantitative information on the modification of
solitons due to the random perturbation.

For the NLS equation we have a threshold effect: if for the deterministic initial
condition the integral [p Up(x) dx exceeds /2, at least one soliton is created. In
this case, a small-amplitude random perturbation of the initial condition results
in a small variation in amplitude for the created soliton. However, if the phase
of the (possibly complex) perturbation is constant and equal to the phase of the
deterministic background initial condition, the speed of the created soliton is not
modified. On the contrary, a complex perturbation with varying phase can modify
both the amplitudes and speeds of solitons.

Since the KdV equation does not present a threshold phenomenon, a small-
amplitude random perturbation always results in a small variation in both speed
and amplitude of the created soliton, for any nonnegative initial condition.

As for a “quiescent” soliton, for both NLS and KdV a stochastic perturbation
has a positive probability (depending on the type of perturbation used) of creating
a new real soliton.

The results of Section 3 on the canonical system of SDEs for rapidly oscillating
processes holds for any value o of the amplitude of the perturbation, and the results
on the stability of solitons with respect to small random perturbations (o < 1) hold
also without the assumption of a rapidly oscillating process. However, a general
framework to treat the problem of creation of solitons without the assumptions of a
rapidly oscillating initial condition or smallness of the random perturbation seems
not to be available at the moment. In particular, the result strongly depends on the
kind of random process used in the initial condition. However, specific cases can
be treated with ad-hoc techniques: some examples will be provided in a subsequent
publication.

APPENDIX: TECHNICAL LEMMAS

We collect here a few technical results needed for the proof of Theorem 3.2 and
Propositions 4.1 and 5.1. We shall retain the different notation introduced there.
We start by showing the proof of Lemma 3.4.

PROOF OF LEMMA 3.4. A subset A C H of the Hilbert space H is relatively
compact if and only if it is bounded, and for every A > 0 there exists a finite-
dimensional subspace H,;, C H s.t.

supdy(h, H,) < A.
heA
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Therefore, the two conditions (32) are necessary to have that for any « > 0 there
exists a compact subset A, C H s.t.

sup P(X® e H\ Ac) <«.
e€(0,1]

The two conditions (32) are also sufficient. Indeed, if they are satisfied for any
given x > 0 one obtains a compact subset .4, of H considering the closure of

Be=H\ J (IRl > o} U {hldw(h, Hepor1/n) > 1/n}).
n>1
Then one obtains that
P(X®(x) e H\ Ay) < 2k.

The lemma is proved. [

LEMMA A.1. We construct an explicit example of the subspaces H,, C H =
W32(G) to be used in the proof of Theorem 3.2 and Lemma A.2.

CONSTRUCTION OF H,. Divide G = (—N, N)? into cubes with sides of
length 1/n and add one extra layer of cubes around it:

Ajjr=1[i/n, (i +1)/n)x[j/n, (G +1)/n) x[k/n, (k+1)/n)

fori, j,k=—mN +1),...,nN. Define the piecewise (on every cube) polynomi-
als of fourth degree as

Nn 4
~ 1
@ = Y Y e = i)™ a0 ),
i\jk=—(Nn+1ym=0"""

where y; ; « is the center of the cube A; j «, af"l?)k are families of m-dimensional

tensors and the brackets denote the relative tensor products [so that, e.g., <“i(i'), X
i(i'), « and four
copies of the vector (x — y; j x)]. With these definitions I is a function defined on
[—N — %, N+ %)3, but its restriction to G does not belong to H in general since it
may not even be continuous. Let I" be a real, nonnegative, smooth function, with
compact support contained in [—1/2, 1/2]3 and such that f[_1/2’1/2]3 C'(y)dy=1.

|x —

Yi,j, k)(4) denotes the product between the four-dimensional tensor a

Setting I'" (y) := n3F(ny) we can Enally define H,, as the ﬁ~nite—dimensi0nal space
of functions of the form 4 (x) := (h * ') (x). Remark that 4 has been defined on a
set larger than G, so that the convolution product is well defined forx € G. [

LEMMA A.2. Forevery g € C*(G), there exists a g, € H, s.t.

1
lg — gnlln < C;||g||c4((;)-
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PROOF. Step 1 (Construction of g,). For i, j,k = —nN,...,nN — 1 (which
means that y; j x € G) set a( )k = D"g(yi jk). Fori, j k such that Vi,jk & G set
al-(f?;?k := D™g(y’), where y’ is the nearest cube center; notice that the distance of
these two points is at most the diameter of the cubes, which we call 2§ := 2«/§n*1
With the al-(";f,)k thus defined we construct the piecewise polynomial function g;, as
in (44): on the cubes the centers of which are not in G, this function is just a copy
of the function defined on the nearest cube with center in G. Finally, we define g,
as the convolution product g, :=T"" x g,,.

Step 2 (Estimates). For every multiindex a € N3 such that |a|; = a; + a2 +
a3 <3, we need to estimate

/G}a“(F” * ) (x) — 8% ()] dx.

To clarify the procedure to obtain an estimate for the above term, we first give
explicit computations for the case a = e; = (1, 0, 0). Recall that, by definition,

Zf F”(x—y)dy/ M —y)dy=1.

i jk (N+1/n),N+1/n)3
For a = (1, 0, 0), using twice the inequality (a + b)? < 2(a? + b?), we have

101 (T % ) (x) — D18 ()|

=12 / =0y, T (x — y)gn(y)dy — 81g(x)

i,j,k

-

>/ (5 = 2 ) dy — 10|

i,j.k

2
Z/a I (x = »[& (], y2. v3) —§n(y1_,yz,y3)]dy2dy3‘ }
i,j.k 1 ljk

(45)
‘2

=4

Z/ Fn(x—y)|8 1gn(y) algn(x)|dy

i,j.k

+ 10120 (0) — d1g(x)]?
J

where 91 A; jx denotes the faces of the cubes orthogonal to the direction e :=
(1,0, 0). Notice that the number of nonzero terms in the sums over i, j, k of this

Zf T"(x = W[8 (] y2, ¥3) — 8n (1 » y2, ¥3) ] dy2dy3
ij, k 1A i,j.k

=4{S; + S + S3},
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proof is limited to 8 because the support of I'” can intersect at most 8 cubes. The
term S| can be bounded by the square of

O3 IEET PG I L-AC T X ACS NP

ij.k

where the second term is regarded as a function of y (x is fixed), and the L°°-norm
is taken on the ball By /7,(x), which is the support of I'"(x — y). The first term
above is 1, and to estimate the second term, the worst case is when y does not
belong to the same cube as x: let us say that y € A(V and x € A®, where y(!) and

y@ are the centers of the cubes AV and A®, respectively. We have therefore the
bound

10180 () = 9180 | Lo (8, 3y 0

< 8180 () = 8y, 8 (YD) | oo + 1018 (YD) = 018 (v?)]
+ (83,80 (v?) = 8y, 8 ()|
<44 D2g||L°°(G)‘
This provides the bound for the term S;. Similarly, for S> we have the bound
918 (0) — 918 (0)] < [8184 () = d1(y?)| + [018(v?) — B1g ()|
<25|D%g | oo (6)-

We still need to estimate S3, which contains the boundary terms deriving from the
discontinuities of g, (and, in the general case, of its derivatives). This term requires
more careful estimates. With Cr := sup, I'(x) and using the fact that ||[I'"(x —
) ”Ll(alAi,j,k) < }’ZC]", we have

Z Hrn(x - ‘)”Ll(a,A,»,j,k) Hgn (yfr» ) — &n ()’1_’ ')HLOO(BIA,-,J«‘,,()
ij.k
<nCr Z{Hgn (yii_v ) - 8()’1, ')”Loo(a]Al.,j’k)
ij.k
+ lg(y1, ) — 81 ')”LOO(a]A,-,j,k)}
<8nCrs’| D4gHL°°(G)
= C53|| D4g||L°°(G)'

The sums over i, j, k above are meant as sums over the faces 91 A; ; x intersecting
the support of I'"* (x — -), which are at most 4. Collecting all these results, we have
the uniform bound

|81 (T % 22) () — 818 (0)[* < C8%(| D8 300 ) + 8| D* gl 7 ())-
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We proceed in the same way with higher order derivatives to get, for a generic
derivative a of order 0 < |a| < 3, the estimate

09(" % 2,) (x) — 0% g(x)|?
2
- \

I (x = y)[098n(y) — 3“8 (x)|dy
E%Auk | |

+ 10980 (x) — 3%g(0)* + sg’}

= C(”Dlalelg||i<>c(G)‘32 + 55).

For a =0, $§ =0, but in the general case, the estimate of the term S5 is a little bit
more delicate, since one gets more boundary terms. In particular, when integrating
by parts, derivatives along different directions result in terms containing disconti-
nuities of g, and its derivatives along the faces (that we denote for brevity dA),
edges (denoted 92 A) or vertices (denoted 83 A) of the cubes, while multiple deriva-
tives along the same direction result in derivatives of ' appearing. For example,
fora = (1, 1, 1) we get three kinds of terms,

/ " (x — y)AZa(y) dy,
B3A; ik
/ " (x — y)A3Z, () dy.
32A,',j,k

f " (x — y)A32Z,(y) dy,
A jk

where A denotes the jump of the function. For a = (3,0, 0) we also have terms
like

f T (x — y)AZu(y)dy, f NI (x — y)Ad1gn(y)dy
1A jk 014 jk
and in the general case we find also terms like

[, o -nazomay.

32Ai,j,k

However, we can bound all this terms in the same way. We have that, for m € N
and b, c € N3,

/ abF"(x) dx < Crnm+|b| — C(S_(m'Hbl),
IMA; ik -
|A0°G ()] = [0 (1) = 0B (37)] = 2] DY o )0 7.

Therefore

$§ <C|D% ||im(c)52(4—|a|).
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Note that for all the terms composing S5 we always have m + |b| + |c| = |a| < 3.
Summing up, we have obtained the bound

lg — gull?, = Z/G{a“(r” *Z0) @) — 8%g ()| dx

2 2 _
=C (1D g1 + D8l 8™ )
a

<ct llgll?
= }’l2 g C4(G)'

The lemma is proved. [J

COROLLARY A.3. Forany h € H, lim,_, anh =h.

PROOF. Fix any ¢ > 0. By density, there exist a h, € C*(G) s.t. |h — hg|ly <
&/2. Also, by the continuity of the projection, ||71th — JTthg Il < lh —he|ly <
/2. Since ||y, he — hellyg < llhe,n — helly, by the above lemma we get

1730, — Al < |70y, (B — he) |3 + w3y, he — hella + 1he — Rl

1
Therefore

limsup ||y, h —hlly <€
n—oQ "
and since ¢ is arbitrary, the corollary is proved. [

LEMMA A.4. Let F(&,n,0) be the function defined in the proof of Propo-
sition 4.1. Then, whenever o = ing is the value corresponding to a soliton com-
ponent of the solution of the deterministic NLS equation, the determinant of the
Jacobian matrix

J._<agm(F) anm(F))
T S(F) 9,3(F)

at point (0, no, 0) is not zero.

PROOF. For o = 0 system (37) becomes deterministic, and the solution is
given by (12)—(13). Then, setting ¢ := /g% — ¢2,

Q> ¢ ;2
i0ey1(5,1n,0)=0,y1(5§,1,0) = |:c_3 — iR;i| sin(cR) + R? cos(cR)

so that
i0: F (0, no, 0) = 3, F (0, no, 0).
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We are left to verify that
0% det J (0, no, 0) = [B:R(F)3,3(F) — 3, R(F)3e3(F)](0, o, 0)
=[N0 F)I (0, F) — R (3, F)I(9: F)](0, no, 0)

= [ F))* + (3% F))*](0. no, 0)
or equivalently

2 2
(46)  8:F(0,10,0) = —i [q—3 + R@] sin(coR) +i R0 cos(coR) # 0,
€0 o 0

where co = /g2 — 17%. Observe that condition (14) implies that no < g; co is there-
fore real. Indeed, for ng > ¢, cop would be purely imaginary, and the function f of
equation (14) would become the sum of two purely imaginary terms of the same
sign, so that it cannot be zero. In equation (46) the coefficient of the sinus is the
sum of two nonzero terms of the same sign, so that to ensure the condition we need
to check that
2

@7) tan(coR) = 100
q+ RUOCQ

does not holds for ng solution of (14). The compatibility condition between
(14) and (47) is

co  Rigeo

m0 g+ Rnocd

or equivalently
(g + Rnoct + Rnd)eo =0,

which cannot be satisfied (recall that ng # ¢, so that cg # 0). The lemma is proved.
0

PROPOSITION A.5. The stochastic differential equation (37) defines a sto-

chastic flow \IJ,E{’J) = (Y1, Y2)T of Cl-diffeomorphisms, which is C' also in the
parameters £,1),0.

PROOF. Write the SDE in Itd and vector form,

(-t +id? q . (0 1
(48) d\IJ_l< q §+i02 Vdx +io 1 0 v dw,.
The coefficients of the SDE are independent of x and Lipschitz continuous in W
for every ¢ and o. Therefore, the existence of a unique solution to the SDE, which
defines a stochastic flow of homeomorphisms W¢-?)(x), is a classical fact; see, for
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example, [10]. Following the notation of [11], we define the local characteristic of
the SDE as (a, b, x), where

0 1
a(¢, ¢ o0’ x) = —o*a/(l 0>,

m;mxyz(j g)

Fix any n € N, define the set G, := {(§,n,0)||§] <n,0<n <n,0 <o <n}
and consider the SDE only with parameters in G,. Then, both ¢ and b are uni-
formly bounded and, together with their first derivatives, are Lipschitz continu-
ous in the parameters. This means that the coefficients satisfy condition (A.5)1,9
of [11], Chapter 4.6. It follows from [11], Theorem 4.6.4, that W(¢-9)(x) is C!
in the parameters almost surely on G,. Let €2, be the set of w € Q such that
w9 (x) e C1(G,): it is a set of full measure. Since n is arbitrary, W) (x) is
actually C' (R x Ry x R) for every w € (), 5, which is still a set of full measure.
This proves the last statement of the proposition.

Since [11], Theorem 4.6.5, states that W) (x) is actually a stochastic flow
of C!-diffeomorphisms, the proof is complete. [

LEMMA A.6. Let F(n,o) be the function defined in the proof of Proposi-
tion 5.1. Then, for all ny corresponding to soliton components of solutions of the
deterministic problem, 9, F (1o, 0) # 0.

PROOF. For n = ng and 0 = 0 we have that ¢ = ¢ and (recall that cg =

Va—n)

oe(R) = sin(coR)|:

1 R 131 Rn?
+ 10 770} _ 2 cos(coR),

+ —
co CS C%

3,3(R) = cos(coR)[1 + Rnol + Z—gsin(CoR)[l + noR] = [1 + noR1go(R).

Since

3 2 3
R . 3no + 2n5R
3y F (1o, 0) = cos(coR) [2 + noR — 770_2] + s1n(coR)|:u + 77_;):|
CO co CO
The coefficient of the sinus is strictly positive (the coefficient of the cosinus has
instead at least one zero for ng € [0, ,/¢], since it is positive for 79 = 0 and negative
for no — ,/q). Therefore, we only need to verify that the equation

24+ noR — n3R/c}

(49) g(R, q,no) :=tan(coR) + =
Gno +202R)/co +mp /i
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is not satisfied, knowing that g is a value corresponding to a soliton solution of
the deterministic equation. As we have seen, we can either have ng = 4/q/2 if
condition (19) is satisfied, or else ng is given as the solution of equation (20) in
O, Vo) \{va/2}.

In the first case we have that co = /g /2, so that condition (19) implies that
cos(coR) = 0 and sin(coR) = =£1. Therefore, 9, F # 0.

Consider now the second case. We look for points 1 € (0, \/g) \ {</q/2} such
that f(n) = g(n) = 0. If such a point exists, then

2nc 24+ 3R —n*R/c?

q—2n02  Gn+2n?R)/c+n3/c3

which also reads
2n Q2+ nR)}*—n’R
qg—2n* (Gn+2n*R)c2 +1’

or equivalently

20* +20°R)(g — n>) +20* (L +nR) + 2+ 1R)(g —n*)g —n’Rq
(g —2nP)[Bn +2n*R)(q — n?) +n’]
For n < \/q/2 the denominator is positive and the numerator
@0 +20°R)(q — %) + 21* (1 + nR) + @+ nR) (g — n*)q — I’ Rq
>nR(qg—n*) —n’Rqg >0,

(50) =0.

so that fraction (50) is positive and cannot be zero. For 4/q/2 < n < ,/q the de-
nominator is negative and the numerator is larger than 27°R — nRq = 1’ R(n* —

q) > 0, so that fraction (50) is negative and cannot be zero. The lemma is proved.
O
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