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Résumé

Dans ce travail, nous présentons quelques exemples des effets du bruit sur la solution
d’une équation aux dérivées partielles (EDP) dans trois contextes différents. Nous exam-
inons d’abord deux équations aux dérivées partielles non linéaires dispersives, I’équation de
Schrédinger non linéaire et I’équation de Korteweg - de Vries. Nous allons analyser les effets
d’une condition initiale aléatoire sur certaines solutions spéciales, les solitons. Le deuxiéme
cas considéré est une EDP linéaire, I’équation d’onde, avec conditions initiales aléatoires.
Nous allons montrer qu’avec des conditions initiales aléatoires particuliéres c’est possible
de réduire considérablement les cotits de stockage des données et de calcul d’un algorithme
pour résoudre un probléme inverse basé sur les mesures de la solution de cette équation au
bord du domaine. Enfin, le troisiéme exemple considéré est celui de I’équation de transport
linéaire avec un terme de dérive singuliére. Nous allons montrer que I'ajout d’un terme de
bruit multiplicatif interdit ’explosion des solutions, et cela sous des hypothéses trés faibles
pour lesquelles dans le cas déterministe on peut avoir ’explosion de la solution & temps fini.

Abstract

In this work we present examples of the effects of noise on the solution of a partial differential
equation (PDE) in three different settings. We will first consider random initial conditions
for two nonlinear dispersive PDEs, the nonlinear Schrédinger equation and the Korteweg -
de Vries equation, and analyze their effects on some special solutions, the soliton solutions.
The second case considered is a linear PDE, the wave equation, with random initial condi-
tions. We will show that special random initial conditions allow to substantially decrease
the computational and data storage costs of an algorithm to solve the inverse problem based
on the boundary measurements of the solution of this equation. Finally, the third example
considered is that of the linear transport equation with a singular drift term, where we will
show that the addition of a multiplicative noise term forbids the blow up of solutions, under
very weak hypothesis for which we have finite-time blow up of solutions in the deterministic
case.
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Chapter 1

Partial differential equations and
noise: introduction

This work examines some aspects regarding the effects of noise on partial differential equa-
tions (PDEs). This is an incredibly wide and extremely interesting field, where research is
very active in numerous different directions.

One of the interesting points of this topic is that it allows to combine the tools from both
classical and stochastic analysis.

The use of the word “noise” is inspired by the name of a widely used stochastic process,
referred to as white noise. However, we shall not restrain the analysis to this single case,
and we shall also consider examples of the effect of more general stochastic processes. With
a slight abuse of notation, even when using general stochastic processes we will sometimes
refer to them as noise. This is also justified by some applications, where the introduction of
a random component is used to model chaotic or uncontrollable phenomena, which may be
thought of as a form of “noise” in the data.

The word “noise” might convey a negative connotation, but we stress that in the contexts
we consider its presence is not necessarily only a source of problems or difficulties. Indeed,
we will have the opportunity to appreciate how in some applications, such as the imaging
problem considered in chapter 3, the presence of noise may have some incredibly positive
effects in terms of reduction of computational and data-storage costs for the algorithm.
Also, from a more theoretical point of view, it may help stabilize some PDEs, in the sense
that a stochastic partial differential equation (SPDE) can be well posed under more general
hypotheses than its deterministic counterpart. This is the very interesting phenomenon
known as regularization by noise, and we shall present an example of this in the last chapter.

A first consideration to make is that noise can be introduced in a PDE in two different
ways. First, it is possible to consider a deterministic PDE, but with some random initial
conditions. From the point of view of applications, this can serve to model the elaboration
of data in which some uncontrolled and unavoidable errors are present. However, in certain
cases the initial data can be intentionally chosen to contain some random perturbations,
as under specific assumptions this can improve the efficiency of an algorithm based on the
solution of the equation.

The second way to introduce noise in a PDE is to change the equation itself by the
addition of a random term, called noise term. This turns the PDE into a SPDE. Two main
classes of SPDEs can be distinguished, according to the nature of the noise term: SPDEs
with either additive or multiplicative noise. For additive SPDEs the noise term does not
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depend on the unknown function, while the unknown does appear in the noise term in the
case of a multiplicative noise.

In this work we present examples of the effects of noise on the solution of a PDE in
three different settings. We will first consider random initial conditions for two nonlinear
dispersive PDEs, the nonlinear Schrédinger equation and the Korteweg - de Vries equation,
and analyze their effects on some special solutions, the soliton solutions. The second case
considered is a linear PDE, the wave equation, with random initial conditions. We will show
that special random initial conditions allow to substantially decrease the computational and
data storage costs of an algorithm to solve the inverse problem based on the boundary
measurements of the solution of this equation. Finally, the third example considered is that
of the linear transport equation with a singular drift term, where we will show that the
addition of a multiplicative noise term forbids the blow up of solutions, under very weak
hypothesis for which we have finite-time blow up of solutions in the deterministic case.

1.1 Noise and solitons: nonlinear partial differential equa-
tions with random initial conditions

In chapter 2, we consider the problem of wave propagation, which is modeled by nonlinear
dispersive equations, with noisy initial conditions. As observed, noise can also be introduced
directly into the equation, studying the propagation of waves according to stochastic non-
linear dispersive equations. But we will not detail this approach, and only briefly mention
some important analytical and numerical results in the introduction of the chapter.

Solutions of certain nonlinear dispersive equations present a remarkable behavior: they
can be decomposed in a radiative component and a soliton component. The amplitude of
the radiative component decays in time polynomially: this is due to the dispersive effect.
The soliton component instead is the effect of a delicate balance between the nonlinear and
dispersive effects, which generates one or more stable waves, called solitons. These waves
maintain a constant shape while propagating, and have constant amplitude and velocity.
In other words, they characterize the long time behavior of the solution. Even from such a
short introduction, the importance of solitons in applications should be clear. We shall focus
on the effects of noise on this special class of solutions, studying in particular their stability
with respect to noise perturbations of the initial condition and the possibility of creating
solitons from random initial conditions. This is done for two important equations, which are
analyzed and compared: the nonlinear Schrodinger (NLS) equation and the Korteweg - de
Vries (KdV) equation. Both equations have a central role in literature for historical reasons
and for their general character. Indeed, they are used in a wide range of very different
physical models, mentioned in the introduction of chapter 2. Here we only observe that a
main application of the nonlinear Schrédinger equation is the modelling of the propagation of
short light pulses in optical fibers, and the Korteweg - de Vries equation is used for example
to model the propagation of water waves in a channel, and is the first equation that has
been used to study the dynamic of solitons.

A first general result (theorem 2.2) shows that 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 stochastic differential equa-
tions (SDEs), formally corresponding to the white noise perturbation of the initial condition.
It should be stressed that the actual use of a white noise initial condition, sometimes present
in the physical literature, not only has little physical significance, but is also mathematically
incorrect if the approach is based on the inverse scattering transform method, which is often
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the case. We therefore had to address the problem using an initial condition with rapid, but
non infinitely rapid, oscillations, which has more physical relevance and for which a rigorous
mathematical approach is possible. Moreover, when the random perturbation is small it is
possible to use the above result combined with a perturbative approach to obtain quanti-
tative information on the stability of solitons with respect to random perturbations of the
initial condition. Perturbed solitons are characterized and described in different settings,
according to the kind of noise (real or complex) and the presence or not of a deterministic
background initial condition. All these results are contained in the preprint [Fel2a].

The chapter also includes a section of examples, where different interesting special cases
of random initial conditions are considered for the NLS equation, and no small-noise assump-
tion is made. Two main questions are addressed in this section. First, the question of the
possibility to create solitons from a purely random initial condition with compact support
is addressed. A positive result is obtained in the limit case of a real (or complex, but with
constant phase) white noise, and negative results are provided for different kinds of complex
noises, such as the symmetric complex white noise, a general complex jump process, and
even a constant-intensity complex noise. All these examples, as well as some of the proofs,
seem to hint to the fact that for the NLS equation with random initial condition, the changes
of phase of the noise destroy the possibility of creating (with positive probability) solitons
with a given speed. The proof of this intriguing fact remains however an open problem. The
second question concerns the probability distribution of the parameters of created solitons
(amplitude and speed) for random initial conditions with very long support [0, R], R — co.
Using a perturbative approach we show that for rapidly oscillating random initial conditions
this distribution is near to the distribution of the formal limit case of a white noise initial
condition. We will explain a method with which it is possible to obtain the probability
distribution. Explicit computations in the case of a rapidly oscillating Ornstein-Uhlenbeck
process show that the first order correction term is zero, and provide the second order cor-
rection term. Curiously, this correction term only affects the distribution of the amplitude
of created solitons. This method is then applied to random initial conditions given by more
general Markov processes, to show that also in this case the first order correction term is
zero. It is also possible to observe that if the process is not Gaussian, the second order term
does modify also the distribution of the speed of created solitons.

1.2 Imaging with noise: a linear partial differential equa-
tion with random initial conditions

In chapter 3 we analyze solutions of the wave equation with random initial conditions. This
problem arises from a practical application, an imaging problem, and provides the example
mentioned above of an application for which the presence of noise has a beneficial effect.
The imaging problem aims at locating localized perturbations in the propagation speed
of a medium (to which one typically has not direct access) from the measurements of waves
at the boundary of the medium. A typical sensor array imaging experiment consists in
two steps. The first step is the experimental data acquisition: a point source emits a
wave into the medium, the wave is reflected by the singularities in the propagation speed
of the medium and is recorded by an array of receivers. The second step is a numerical
processing of the recorded data: the recorded signals are time reversed and resent in a
numerical simulation into a model medium to locate the singularities in the propagation
speed. From a mathematical point of view, the first step is modeled by an operator F
mapping the perturbations to the recorded scattered waves. The second step is an inverse
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problem, consisting in inverting the operator F to find the perturbations from the recorded
data.

The classical approach to the imaging problem consists in performing a large number of
experiments sounding each time a different source. For each experiment, the signal recorded
at each receiver is stored and time reversed. This produces the data matrix. For each
experiment, the time reversed data are reemitted (numerically) into the model medium in a
new simulation, and the images obtained by each simulation are stacked. While this method
provides a very good “image” of the medium, it involves gathering, storing and processing
huge amounts of data. The approach in which all the sources are sounded simultaneously
in a single experiment is an alternative strategy, but to obtain an image of good quality
special care must be taken to ensure that cross-talk terms remain small. Various blending
type methods have been investigated in order to be able to exploit this simultaneous sources
approach, in particular in the context of seismic imaging. For example, in the case of classic
vibratory sources one can seek to design a family of relatively long signals encoded such
that the responses of each one of them can be identified at the receivers end and separated
(deblending step) before the numerical processing of the data.

In this chapter we present another approach, based on the use of simultaneous random
sources, which does not require the introduction of a deblending step. Two kinds of random
sources are analyzed, emitting either stationary random signals or randomly delayed pulses.
We describe the imaging functional to be used in the two cases and detail the scaling
assumptions needed to ensure the stability of the method and a good quality of the image
obtained.

We also present a detailed analysis of the behavior of the two imaging functionals when
trying to locate singular perturbations in the velocity of propagation and in the high fre-
quency regime. Three different kinds of perturbations (points, lines and surfaces) are con-
sidered to prove that the typical contrast seen in the image strongly depends on the type of
perturbation. We perform a detailed resolution and stability analysis. Quantitative results
show that point singularities are easily seen, and surface singularities are the hardest to
locate.

Finally, some possible applications of our approach with simultaneous random sources
are investigated and we elaborate on the fascinating fact that imaging with simultaneous
sources of the two types we have described gives a resolution that corresponds to the one
obtained in the classical setting, where the recordings of the responses at all of the receivers
are available for each experiment (corresponding each time to a new source emitting the
signal). Simple numerical results are shown to support this fact.

The results concerning the high frequency analysis of the imaging functional are contained
in the preprint [Fel2b]. The remaining sections, namely the description of the imaging
algorithm using the simultaneous random sources described, its statistical stability and the
results contained in the final section on applications and simulations are taken from the
joint work [DFGS12| with M. De Hoop, J. Garnier and K. Sglna published in Contemporary
Mathematics.

1.3 The stochastic linear transport equation: regulariza-
tion by noise.
The possibility that noise may prevent the emergence of singularities is an intriguing phe-

nomenon that is under investigation for several systems. A number of equations have been
studied with respect to this question, providing both positive and negative examples. In
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general, regularization effects are more easily achieved with a multiplicative noise term, so
that we shall restrict our analysis to this case.

In chapter 4 we provide a positive example showing that for the linear transport equa-
tion under very weak assumptions on the drift coefficient (we only require some degree of
integrability) and in the presence of a multiplicative noise term, some degree of regularity of
the initial condition is maintained. In particular, discontinuities cannot appear. This fact
follows from a representation formula which expresses the solution in terms of the initial
condition composed with a stochastic flow. In previous works [FF11, FF12a| we had ana-
lyzed the solution of the stochastic differential equation (SDE) that generates this flow and
proved some important regularity properties. In particular, the flow is a-Hdélder continuous
for every « € (0, 1), with probability one, and is differentiable in some weak sense. It follows
that the solution starting from a regular initial condition remains at least Holder continuous,
so that no discontinuity can appear.

The description of the class of functions in which we look for solutions of the stochastic
transport equation is quite technical, and is given by definition 4.6. We call a solution in this
class a weakly differentiable solution. Existence of a weakly differentiable solution under our
weak integrability assumptions on the drift coefficient is proved in theorem 4.10 by showing
that the representation formula described above provides a solution. And by theorem 4.11
this fairly regular solution is also unique.

The results presented in this chapter are mainly contained in the preprint [FF12b]|, which
is a joint work with F. Flandoli. Some necessary technical results from the previous joint
works [FF11, FF12a| are also presented in appendix A.
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Chapter 2

Noise and solitons

A solution of a nonlinear dispersive equation modelling the propagation of waves may show
two components with a very distinct behavior. The radiation component is the one whose
amplitude decays in time as a power law due to dispersive effects, which refers to the fact
that the speed of the waves can vary according to frequency. For many nonlinear systems,
a delicate balance between the dispersive and nonlinear effects may occur, producing stable
waves. They are referred to as the soliton component of the solution (solitons, in short). Soli-
tons are stable, solitary waves with elastic interactions (the only effect of a collision between
two solitons is a phase shift). Stable refers to the fact that they propagate over arbitrarily
large distances with constant velocity and profile. The identification of the soliton compo-
nents is therefore essential to characterize the long-time behavior of the solution of the PDE.
Examples of exactly solvable models which can produce solitons are the Korteweg - de Vries
(KdV) equation, the nonlinear Schrédinger (NLS) equation and the sine-Gordon equation,
the Kadomtsev-Petviashvili equation, the Toda lattice equation, the Ishimori equation, the
Dym equation, etc.

Historically, solitons were first observed by John Scott Russell during the first half of
the 19" century [Rul], [Ru2]. His observations dealt with stable water waves in a narrow
channel. A lot of research followed, until Diederik Korteweg and Gustav de Vries proposed
in 1895 what is now known as the KdV equation to model the propagation of waves in
shallow waters [KV1]. This model also explains mathematically the existence of stable
solitary waves. But it was only much later, in 1967, that a new technique allowing to find
analytical solutions of the KdV equation was discovered by Gardner, Greene, Kruskal and
Miura [GG67|. Tt is the inverse scattering transform (IST), which thanks to the successive
work of Lax [La68] allows to treat analytically many soliton-generating systems, including
the NLS equation.

Today, solitons still attract a lot of research which has potentially substantial applica-
tions in many fields. For example, in a fiber optic system one can exploit the solitons’
inherent stability to improve long-distance transmission and increase the performance of
optical telecommunications. Another broad domain in which soliton solutions appear is in
water waves propagation, for both surface and internal waves.

One important field of research regards the effects of noise on solitons. Noise can be
introduced in different ways, to account for different physical effects. For example, one can
add an additive or multiplicative noise term in the equation to model some random forcing or
external potential. Soliton dynamics for the KdV equation under random forcing, modeled
by the addition of an additive noise term in the equation, has been analyzed in [dBDO07]

15
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while the case of solitons of the KdV equation with a potential given by a multiplicative noise
term is studied in [dBDO09|. Numerical results for these two kinds of random perturbations
are presented in [SRC98| and [DP99]. Corresponding numerical and analytical results for
the random NLS equation are presented in [FKLT01, DdM02b].

Another way to introduce random perturbations using a deterministic equation is to use
random initial conditions. In this chapter we shall consider this approach and study how
the introduction of noise in the initial condition affects solitons. We focus on two examples
of nonlinear PDEs, the NLS and the KdV equations. They are completely integrable sys-
tems, widely employed in different fields to model nonlinear and dispersive effects in wave
propagation. The (one-dimensional) NLS equation

ou i 0%U

7+7

models in particular short pulse propagation in single-mode optical fibers (then, ¢ is a
propagation distance and z is a time) [MN]. The electromagnetic wave propagating in the
fiber is the solution U (¢, x), which is a complex function. The NLS equation is also used to
model the profile of the amplitude of wave groups for surface water waves: envelope solitons
in deep waters approximately solve this equation [Za68]. The NLS equation is also used in the
context of Bose-Einstein condensate theory, as the general time dependent Gross-Pitaevskii
equation producing the wavefunction of a single particle immersed in the Bose-Einstein
condensate reduces to the NLS equation is the absence of an external potential [PS].

The KdV equation ;

ou ou  o0°U

5 TV 5+ 55 =0 (2.0.2)
has been used since 1895 to model shallow water waves propagation [Wh], and recently it
has also found applications in many other physical contexts, such as plasma physics [ZK65],
internal waves (both in water and air) [AS], [Mi79], and many others [AC].

An effective method to deal with both equations is the Inverse Scattering Transform
(IST), a powerful tool to study solutions of completely integrable nonlinear equations, see
[APT]. 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 corre-
spond to discrete eigenvalues. Our approach to both examples relies on this machinery.

The first result we obtain is that 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 stochastic
differential equations (SDEs), formally corresponding to the white noise perturbation of the
initial condition [Fel2a|. The integrated covariance is the only parameter of the perturbation
process that influences the limit system of SDEs. This is the main result of section 2.1.

In section 2.2 we study this limit system to obtain quantitative information on the
stability of solitons with respect to small random perturbations in different settings: one
can consider real or complex random perturbations (for NLS), with or without a background
deterministic initial condition (for KdV).

Finally, in the last section we collect a few examples of different random initial conditions
for the nonlinear Schrédinger equation and present the different techniques needed to treat
them. We can describe different effects on the soliton generation according to the nature of
the random process used as initial condition. For rapidly oscillating real processes we study
the threshold of the length of the support of the initial condition needed to create the first
soliton and show that it is almost surely finite. For other examples with complex initial
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conditions we can show that the probability of creating solitons with any given velocity
is zero. We then turn our attention to the density of the distribution of the velocity and
amplitude of solitons created by complex random initial conditions. A formula for the limit
case of rapid oscillations has been recently obtained [KMO08]; we will explicit the computation
needed to obtain this formula and the correction terms for fast, but not infinitely rapid,
oscillations, in the practical example of a Ornstein-Uhlenbeck process and detail the scheme
to apply for a general class of rapidly oscillating Markov processes.

Notation

We introduce some general notation used throughout the chapter. Further specific notation
used only in a single passage are introduced when needed.

If z € C is a complex number, we denote R[z] its real part and [z] its imaginary part. z*
denotes the complex conjugate of z. In particular, ¢ is used to denote the complex number
which will be associated to each soliton; we shall write it as ( = £ + in.

For a vector z € R% or z € C?, we will write 7 to denote the transposed vector and
x = (x1, T2, ...) to indicate its coordinates. The vectors e; = (1,0,...), e2 = (0, 1,...) always
refer to the elements of the canonical basis of R¢ (or C%). We will use B,.(z) to denote the
ball of radius r centered in z. We will use |-| to denote either the absolute value or the norm
in R? or C%. For norms defined on other spaces, and in particular on functional spaces, we
will use || - ||.

We will use subscripts to denote the dependence of constants on the parameters of the
problem, as in Cg.

For functional spaces, we use the notation X (4; B), where X denotes the regularity of the
functions, A indicates the domain and B the space in which the functions take values. For
example, C° denotes a space of continuous functions, C' a space of continuously differentiable
functions, LP the space of p-integrable functions and W* is used to denote Sobolev spaces.
Finally, f x g denotes the convolution product between f and g.

2.1 Rapidly oscillating random perturbations

We consider in this section the case of initial conditions perturbed with a rapidly oscillating
random process. We prove that for both the NLS and KdV equations the behavior of the
soliton components of the solution actually shows very little dependence on the kind of
perturbation, the limit behavior being controlled by a canonical system of SDEs where the
only parameter of the original perturbation playing a role is its integrated covariance.
Explicit computations are presented in the case of a square (box-like) initial condition
perturbed with a zero mean, stationary, rapidly oscillating process v () := v(x/e2):

Uo(z) = (g + gve) i, g () , (2.1.1)

but they can be extended to the case of perturbation of a more general initial condition
defined by a bounded, compactly supported function g(x). The rapidly oscillating fluctua-
tions of the initial condition can model the high-frequency additive noise of the light source
generating the pulse in nonlinear fiber optics, for instance.

We will show in subsection 2.1.2 that for rapidly oscillating processes (small values of ¢)
the limit system governing the stability of the soliton components reads as a set of SDEs
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and it is formally equivalent to the system where the initial condition contains a white noise

(W) perturbation
Ug(z) = (q+ V2a0W,) 1 gi(z) (2.1.2)

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 statis-
tics of v is its integrated covariance. Notice however that we cannot directly use a white
noise to perturb the initial condition, as the IST requires some integrability conditions on
the initial condition (for example, Uy € L! for NLS), which are not satisfied by a white noise.

2.1.1 The Inverse Scattering Transform method

The essential technical instrument we will use to deal with the two nonlinear evolution equa-
tions we analyze is the inverse scattering transform. This method is a non-linear analogue of
the Fourier transform, which can be used to solve many linear partial differential equations.
The basic principle is the same, and with both methods the calculation of the solution of
the initial value problem proceeds in three steps, as follows:

1. the forward problem: the initial conditions in the original “physical” variables are
transformed into some spectral coefficients. For the Fourier transform they are simply
the Fourier coefficients, while for the IST they are called scattering data. These
scattering data characterize a spectral problem in which the initial conditions play
the role of a potential. The Jost coefficients (a, b) together with the set of the discrete
eigenvalues ((,) of the spectral problem and the associated norming constants p,
compose the set of scattering data.

2. time dependence: the Fourier coefficients or the scattering data evolve according to
simple, explicitly solvable ordinary differential equations. It is easy to obtain their
value at any future time.

3. the inverse problem: the evolved solution in the original variables is recovered from the
evolved solution in the transformed variables. This is done using the inverse Fourier
transform or solving the Gelfand-Levitan-Marchenko equation (for the IST).

Scattering data

U(0,z)
Spectral problem for L (a, b, Gn, Pn) (0)
simple, explicit
NLS / KdV . .
time evolution

\ :
GLM equation Scatterlpg data
Ult,z) o at time t
(aa b7 gnv pn) (t)

Figure 2.1: The IST method.
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The direct transform (direct scattering problem) consists in the analysis of the spectrum
of an associated operator L, where the initial condition Uy enters as a potential. The explicit
form of the operator L(Uy) for NLS and KdV together with its domain are given below. L
is known as the first operator of the Lax pair. From the eigenvalues and corresponding
eigenfuctions of the operator L one can construct the Jost coefficients a(¢,t) and b(¢,t) at
t = 0. The essential point is that the scattering data, which is to say the Jost coefficients
together with the discrete spectrum and the norming constants associated to each discrete
eigenvalue, contain enough information to completely characterize the function U. Moreover,
the evolution of the Jost coefficients is very simple: it is governed by the second operator
of the Lax pair, M, which is a linear differential operator. Finally, the inverse transform
consist in the reconstruction of the solution U (¢, x) from the scattering data at time ¢. This
is done by solving an integro-differential equation known as the Gelfand-Levitan-Marchenko
equation. The principle of this method is schematically illustrated in figure 2.1.

The IST is a very efficient method to solve the initial value problem for many nonlinear
evolution equations, but it can be used for other purposes too. For example, one can
construct special solutions by posing an elementary solution in the transformed variables
and applying the inverse transformed to obtain the corresponding solution in the original
variables. Or, and this is how we will use it, one can study the Jost coefficients to see
if a special solution, namely a soliton, will appear from a given initial condition. This
approach is particularly convenient as solitons have very easy representations in terms of
the scattering data: they correspond the discrete eigenvalues, which can be found as the
zeros of the function a in the upper complex half-plane. The continuous spectrum, which
for KdV and NLS is the real line, corresponds instead to the radiative component of the
solution.

IST for NLS

Let us now apply the IST machinery to our first example, the NLS equation. To obtain the
scattering data, the Zakharov-Shabat spectral problem (ZSSP) is introduced

{ P = Up(x) tha — i 1

, (2.1.3)
%2 = Ug(x) 1 +iC 2

where 1), are the components of a vector eigenfunction W and ¢ € C is the spectral parameter.
This system is given by the operator

(1 0 0 U
war=i(y 2oy

acting on H'(R) = {¥ |; € L2(R), d,%; € 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 —iCx 0 iz
v (O) e , P (1> e

define a basis of this space. In this case, the discrete spectrum of L(0) is empty, because the
nontrivial solutions of 9, f = i¢f are not in L?(R).

For any localized initial condition Uy, the continuous spectrum remains unchanged, and
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for ¢ € R the solutions ¥, \T/, P, & defined by the boundary conditions

U~ (é) e~ U~ (?) el T — —00 (2.1.4)

D~ <(1)) el P ~ <(1)) e i, T — +00 (2.1.5)

produce two sets {¥, U} and {®, ®} of linearly independent solutions. These functions are

related through the system
(5)- (0 50) () a5

where ¢ € R and a(¢), b(¢) are the Jost coefficients (at time zero). They satisfy |a|?+|b]? = 1.
The functions ¥ and ® are called Jost functions. If Uy € L'(R), the function a({) can be
continuously extended to the upper complex half-plane in a unique way, and the extended
function is analytical for S[¢] > 0 (this extension is analytical if we require some additional
fast-decay conditions on the initial condition, such as exponential decay), see [APT, Lemma
2.1]. Then, one can show that the extension of the Jost coefficient a({) to the upper complex
half-plane can only have a finite number of simple zeros. If (,, is a zero of a, then ¥ and
® are linearly dependent, so that there exists a coefficient p,, for which ¥ = p, ®. The
eigenfunction corresponding to this spectral value is bounded and decays exponentially, so
that (,, turns out to be an element of the discrete spectrum.
The scattering data evolve according to very easy and uncoupled equations:

ata(<7 t) = Oa atb(Ca t) = 74Z<2b(C7 t) ) atpn(t) = 74ZC72Lpn(t) )

and the discrete spectrum (¢, )n=1...n does not evolve.

The NLS equation presents an infinite number of quantities that are conserved (as soon
as they are well defined) during the evolution [MNPZ|. We shall present here two of them
which are of special physical interest.

Mass: The mass of a wave is defined as N = [, [U]* d. It can be obtained from the scattering
data using the formula

N =34~ 1 [ (la©)) ac.

where 7,, is the imaginary part of a discrete eigenvalue (,,. From this expression one sees
how the total mass easily decomposes into the sum of two contributions, one coming
from the soliton components of the solution, Ny = > 47y, the other (the integral
over the continuous spectrum, N,.) carried by the radiative part of the solution.

Energy: The energy (which is also twice the Hamiltonian) of a wave is given by the formula
E = [;10.U> = |U[*dz. It can be obtained from the scattering data as follows:

E=3. % (6 = ()] = %/RCQ In (Ja(¢)[?) d¢ .

Also the total energy decomposes into the sum of two contributions. Each soliton
contributes with an energy of (84)/3x [((2)® — (¢a)?] = 161,,(£2 —n2/3). The radiative
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part of the solution provides an energy of —4/w fR %ln (|a(§)|2) d¢.

Each discrete eigenvalue { = & + in, n > 0 corresponds to a soliton component of the
solution. A pure soliton solution of the NLS equation has the form

exp ( — 2ié(x — mg) — 4i (€% — 172)15)

U(t,z) = 2in
cosh (2n(x — o + 4§t))

(2.1.7)

The amplitude of the soliton only depends on the imaginary part of the discrete eigenvalue
associated, and is given by 27. The mass of the soliton is 47, according to the above
definition. The speed of the soliton is determined by the real part of the eigenvalue, and is
given by 4¢. The energy of the soliton depends on both the real and imaginary part of the
eigenvalue:

E, = 1677(52 - %nz) :

The pure soliton solution (2.1.7) is associated to the eigenvalue £ 4 in and the scattering
data

C_Cn

a(C7t) = W bl b(Cat) = 0 )
p(t) = 547'72'77 exp [ — 2i(& +in + m/4) — 4i(€ + in)*t] .

IST for KAV

Let us now consider the KdV equation. If we assume some integrability of the initial condi-
tion, namely

Up € Py = {f:R%R‘/_Z(l%—a:|)|f(a:)|dx<oo}7 (2.1.8)

it is possible to introduce a direct scattering problem associated to the KdV equation [AC],
which is given by the first operator of the Lax pair acting on H?(R) = {f € L*(R) |92f €
L%*(R)}, and reads

5oz T (o + e =0. (2.1.9)

The continuous part of the spectrum of equation (2.1.9) is again the real axis. For ¢ € R,
there are two convenient complete sets of bounded functions associated to equation (2.1.9),
defined by their asymptotic behavior:

¢~ e e q~§~ eler for x — —o0

P~ el zz ~ e , for x — +o0.

It follows from the above definitions that

$(x,0) = oz, —C),  ¥(z,0) = b(z, ()

(5)-(Go ) ()

and
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where ¢ € R and a((), b(¢) are the Jost coefficients (at time zero). They satisfy |a|?—[b|? = 1.
The function a can be continuously extended to an analytical (for S[¢ > 0]) function in the
upper complex half-plane, where it has only a finite number of simple zeros located on the
imaginary axis ¢ = i, see [AC, Lemma 2.2.2]. Just as for the NLS equation, these zeros
turn out to be the eigenvalues of the discrete spectrum, which correspond to the soliton
components of the solution. The scattering data evolve according to the uncoupled system

Dra(C,t) =0,  9b(C,t) =8iC°b(C,t),  Depn(t) =8Il pn(t),

and the discrete spectrum ((, = i, )n=1... ;v does not evolve.
Also the KdV equation has an infinite number of conserved quantities. The first two of
them are called the mass and energy of the solution and are defined below, [Ga01].

Mass: The mass of a wave is defined as N = fR U dz. It can be obtained from the scattering
data using the formula

N =3 am, =~ [ (la(@P) dc.

where 7, is the imaginary part of a discrete eigenvalue (,. Each soliton component
of the solution contributes with a mass of 47,, while the term given by the integral
over the continuous spectrum in the above equation represents the contribution to the
total mass due to the radiative part of the solution.

Energy: The energy is given by E = [, U? dz, and it can be obtained from the scattering data

using the formula
— 16 3 4 2 2
=Y gt [ € (a©P)ac

The total energy decomposes into the sum of two terms, one taking into account the
contribution of each soliton component (167; /3), the other accounting for the energy
of the radiative part of the solution (the integral over the continuous spectrum).

Each discrete eigenvalue ( = in, n > 0, corresponds to a soliton component of the
solution. A pure soliton solution is given by

U(t,z) = 2n* sech? (n(z — x(t))) , (2.1.10)

where x(t) = x¢ + 41t is the center of the soliton. As one can see from this equation, the
amplitude 272 and speed 472 of the solitons of the KdV equation are linked. The mass of a
soliton is N = 47 and its energy E = 161>/3. The soliton solution (2.1.10) is associated to
the eigenvalue in,, and the scattering data

A(CO= i HGH =0, plt) = 2

2.1.2 Limit of rapidly oscillating processes

This subsection contains a rigorous justification for the use of the IST. We have already
remarked that to be able to apply the IST the initial condition Uy needs to satisfy some
integrability condition, L' for NLS and (2.1.8) for KdV. These hypotheses are satisfied by
initial conditions of the form (2.1.1) for any € > 0 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



2.1. RAPIDLY OSCILLATING RANDOM PERTURBATIONS 23

canonical system of SDEs in the limit ¢ — 0. Thanks to the convergence result of Theorem
2.2 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 physically 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, [FGPS]|) on the process v:

Hypothesis 2.1. Let v(x) be a real, homogeneous, ergodic, centered, bounded, Markov
stochastic process, with finite integrated covariance [;*E[v(0)v(z)]dz = o < oo and with
generator L, satisfying the Freedholm alternative.

Set
U (z) = (qugV(x/sz)) 1o gy () (2.1.11)

and remark that for = € [0, R]

/Ug(y)dy H—g / Uo(y) dy = gz + V2a oW,
0 0

in the space of continuous functions CO([O, R];R), in distribution, see [FGPS|. For every
e > 0, we apply the first step of the IST to the NLS and KdV equations with the initial
condition U§, to obtain the associated spectral problem. Then we will 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 will be needed.

NLS: pointwise convergence

We consider the ZSSP system associated to the NLS equation: our goal is to identify the
points of the upper complex half-plane, ( € C*, for which there exists a solution ¥ of the
first order system (2.1.3) for € [0, R], satisfying the boundary conditions

\II(O):G)) and W1 (R) =0

derived from the exponential decay conditions (2.1.4). These particular values of ¢ are the
discrete eigenvalues of the ZSSP and correspond to the soliton components of the solution.
The strategy employed is to consider the flow ¥ (z, (), = € [0, R], ¢ € CT, solution of (2.1.3)
with initial condition

v(0) = (é) : (2.1.12)

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
application of the first step of the IST method:

QUL — i s + i Ug () v

oo ) , (2.1.13)
T =1 (U5 ()" v5 +iCys
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¥ (0) = (é) .

Now, [FGPS, Theorem 6.1] states that the process U¢ converges in distribution in C°([0, R]; C?)
to the process ¥ solution of

with initial condition

{ dipy = [(—i¢ — ao?) 1 + iq ] dz + iv2a oty AW, (2.1.14)
dips = [i g + (i — a0?) o] dz +iv2a 09 AWV,
with initial condition (2.1.12), which can be rewritten in Stratonovich form as

d\Ifz‘(_qC g) Udz +ivV2ao (? é) UodW, . (2.1.15)

For NLS we can also consider perturbations produced by a complex process: let vy, 14
be two independent copies of the process v and set v := 11 +ivp. One can define Uj using v
instead of v; proceeding as above, from the IST one obtains again the system (2.1.13), and
from [FGPS, Theorem 6.1] one gets that in this case the limit process is the solution of

d\I!:i<_qC g)llldx—i—i\/ZaU((l) é)@osz(l)—\/QaJ(_ol é)xpode), (2.1.16)

where the W@ are two independent Wiener processes, with the same initial condition
(2.1.12).

KdV: pointwise convergence

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

©or + (U5 + 3" =0 (2.1.17)
with the boundary conditions
e (0)=1, ¢ (0)=—i¢,  ¢i(R)—iCp*(R)=0.

These conditions correspond to imposing exponential decay of the solution at infinity. Set-
ting ® := (¢, p,)T this equation can be transformed into

0 1
g __ £
do® = <—U§ e 0) dedx (2.1.18)
with boundary conditions

w0 = ()« e - icoitm 0.

We consider the flow ®(z,(), « € [0, R], ¢ € C*, defined by the above equation with only
the initial condition, and look for the values of ¢ such that the final condition is satisfied.
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Again by [FGPS, Theorem 6.1], ®¢ converges in distribution to the solution of

0 1 00
do = (—q e 0) ¢dz + V2ao <1 0> o dW, (2.1.19)

which, in terms of the function ¢, can be rewritten as

de, = —(q+ ) pdz + V2aopdW,. (2.1.20)
The initial condition is
o(0) = (_IZ{) , or equivalently p(0) =1, ¢.(0)=—iC. (2.1.21)

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

Convergence as C' functions

The convergence obtained above is only for a (finite number of) fixed ¢ and o, but we can do
much better. Indeed, in the next section we will need to differentiate the limit process with
respect to the parameters (¢, ), so that we look for a convergence in C°([0, R]; C'(R?)). This
is the main result of this section; the exact formulation is given in the following theorem.
We will focus on the problem of finding the values of ¢ for which the limit flows ¥ and ®
match the final conditions in section 2.2.

Theorem 2.2. Assume hypothesis 2.1 and define U§ as in (2.1.11). Let ¢ := (¢5,95)T be
the solution of (2.1.18) with initial condition (2.1.12) and ¥ the solution of (2.1.15) with the
same initial condition. Let also ¢° be the solution of (2.1.17) with initial condition (2.1.21)
and @ be the solution of (2.1.20) with the same initial condition. Considering these as
functions of the space variable x and the parameters &, n, o, we have in the limit of ¢ — 0 that
U (2,6, 0) = W(w, €, 0) weakly in C°([0, BJ;CL(R% C2)) and 9= (2, €, 1, 0) > p(2,€,n,0)
weakly in C°([0, R]; C*(R%;R)).

To prove this theorem we need a standard tightness criteria, provided by the two following

lemmas [Me]. We will use D([0, R]; E) to denote the space of CadLag processes defined for
x € [0, R] and with values in the space E. The first lemma is due to Aldous, [A178§].

Lemma 2.3. Let (E,d) be a metric space, and X¢ a process with paths in D([O, RJ; E) If
for every x in a dense subset of [0, R] the family (XE(I’)) is tight in E and X°¢ satisfy
the Aldous property:

€€(0,1]

A : For any k > 0, > 0, there exists 6 > 0 such that

lim sup sup sup P(|X*(r+0) — X°(1)|| > A) <&,
e—=0 T<RO<O<SA(R—T)

where T s a stopping time;

then the family (X°) is tight in D([0, R]; E).

e€(0,1]

If H 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.
The proof of this lemma can be found in [Me84].
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Lemma 2.4. Let H be a Hilbert space and H,, be an increasing sequence of finite-dimensio-
nal subspaces of H such that, for any h € H, lim,, oo gy h = h. Let (Z%).¢(0,1) be a family
of H-valued random variables. Then, the family (Z°)cc0,1] 15 tight if and only if for any
k>0 and X\ > 0, there exist p, and a subspace H, » such that

sup P(||Z°] > pi) < & and sup P(dp(Z°, Hun) > ) < k. (2.1.22)
€€(0,1] €€(0,1]

Proof of Theorem 2.2. To unify notation, we shall use X¢ to denote both ¥¢ and ®°. There-
fore, X¢ is the solution of what we shall call the approximated system, which is either system
(2.1.13) or (2.1.18), with £ > 0.

Since propositions 2.14 and 2.21 ensure that the limit equations for ¥ and ® have a
unique solution which is C°([0, R];C*(IR?)), it suffices to prove convergence in the space of
CadLag processes D([0, R];C*(R?)). We will do so in three steps.

Steps 1 contains a technical result needed for the application in step 2 of lemma 2.4,
namely the proof of the bound (2.1.23).

In step 2, using lemma 2.4, we will show that for every fixed x the sequences (¥¢(z))_and
(@E(a:))e, denoted (Xs(a:))6 in the following, are tight in the Hilbert space H := W32(Q).
Note that, by Sobolev imbedding, # < C!(G). Here, G is an open, bounded subset of R?,
the space of parameters. For simplicity we take G = (=N, N)? 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 in the proof of proposition 2.14, where the convergences we are
proving here will be used.

In the last step we will use lemma 2.3, where we take E to be the Hilbert space
H. This will provide the desired convergence of the family of processes (X¢).c(p,1) in
D([0, R];CH(R3)).

Since X¢ is the solution of a linear differential equation with coefficients smooth in the
parameters u = (§,7,0), from the explicit formula for the solution we get that X¢(x, u) is
smooth in the parameters. We will soon use its derivatives in the parameters: the vector
of X< and its first derivatives in p still satisfy a linear system of ODEs whose coefficients
depend linearly on the parameters and on the process v(z/e2), and the same result holds
adding higher order derivatives.

Step 1 (A preliminary estimate). The key point to show that (XE(LL', ,u))

H = W32(QG) for every x € [0, R] is the proof of the bound

G 18 tight in

<C <o (2.1.23)

lim sup E{HXE(% ')||W6,2(G)]
e—0

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 =
(&,m,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 M3) linear in the parameters:

d 1

LY = MY+ gu(x/&tQ)MgYE.

Since G is bounded, we only need to check that the second moment of Y¢(z, i) is uniformly
bounded with respect to € € (0,1], ¢ € G and = € [0, R]. Actually, we aim at a stronger
result, which we will need later. We are going to show that (recall that Yy = Y is deter-
ministic since both ¥¢(0), ®°(0) and their derivatives in zero are defined by the equation
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for x < 0, which is deterministic, and the boundary condition at & — —o0)

]ELSEI,)R] {Yf(x)ﬂ < CR(l + |Y(0)\2) < 0. (2.1.24)

Following [FGPS, Section 6.3.5], we show this bound with the perturbed test function
method. Let L be the infinitesimal generator of the process Y¢ and £ the infinitesimal
generator of the process Y obtained from the process X solution of the limit system (2.1.15)
or (2.1.19). Let m € N be such that Y¢(z) € 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
L9y, 2) = 5Lvgly, 2) + g(sz)TVyg(% 2)+ (Miy) Vy9(y.2),

where £, is the infinitesimal generator of the process v, as defined in hypothesis 2.1. Let
f be the identity function on C™ and f*(y,z) = y + £f1(y, z) be the associated perturbed

function, which is solution of the Poisson equation L, f1(y, z) = fz(MQy)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

L2 fE(y,2) = 2(May) "V, iy, 2) + e (Mry) "V, iy, 2).
Since
V() = YE(0) — e[ fi (Y¥(2), 5 (@) = f2(Y(0),1°(0)) ]
+ /OI Lo f (Y (a"),v5(2)) da’ + M,
where M is a vector valued martingale, we get the bound

sup |Ye(2)| < [Y=(0) +5C[1 + sup |YE(:E)|]
z€[0,R] z€[0,R]

R
+C/ 1+ sup |Y°(2)|dz+C sup |MZ|.
0 z/€[0,x] z€[0,R]

For e < %, applying Gronwall’s inequality and renaming constants we get

sup |Y*(z)| < C’R(l +|Ye(0)| + sup |M§‘) . (2.1.25)
z€[0,R] z€[0,R]

The quadratic variation of the martingale is given by
(M7), = / o (Ye(@), v (a")) da
0
where

gE(ya Z) = (£5f52 - 2f€£5f€) (yv Z) = (Euflz - 2f1£uf1)(ya Z)
+202| (May) iy, 2) — (May) " (9,007 1) (. 2)]

+222[ (M) faly2) — (M) (Vo )T 1) (0:2)]
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has quadratic growth in y uniformly in z € K. Therefore, by Doob’s inequality,

EL:EPRHM;F] SCE[<ME>R} <C’/0R1+EHYE(x)‘2] dz.

Substituting into the expected value of the square of (2.1.25) and using again Gronwall’s
inequality, we get (2.1.24), which gives (2.1.23).

Step 2 (Tightness of X¢(z)). In this step we show how to obtain the tightness of the
family (Xs(x, 'u))ueG from (2.1.23) using lemma 2.4. Indeed, from this bound the first part
of condition (2.1.22) follows by the Markov inequality if we take p, = C/k. This bound
also provides information on the regularity of X¢(z), which can be used to prove the second
part of condition (2.1.22) as follows. By the Sobolev imbedding W52(G) < C*(G) the
bound (2.1.23) implies that X¢ € C*(G). An appropriate sequence of subspaces (H,, ), is
constructed in the appendix in lemma 2.48, and lemma 2.49 states that for any function
g € C*(Q) there exists an arbitrarily good approximation g, belonging to some #,,. The
control on the distance between g and the subspace H,, only depends on the norm ||g||c4, so
that by (2.1.23) the approximation is uniform in e. This provides the second part of condition
(2.1.22). Finally, corollary 2.50 provides the last hypothesis of lemma 2.4, namely that for
the sequence of subspaces H,, constructed in lemma 2.48, for any h € H, lim,, o0 T h = h.

Then, lemma 2.4 gives that for every z, the family (XE (z, 'u))ueG is tight in H = W>2(G).

Step 3 (Tightness of X¢). Thanks to lemma 2.3, the tightness of the family of processes
X¢in D([O, R); ’H) follows if we show that the Aldous property [A] holds. Since G is bounded,
we can prove the Aldous property showing that

lim limsup sup sup sup ]E[|YE(T+9,[L) —YE(T,,u)ﬂ =0, (2.1.26)
6=0  e=0 peG T<R 0<0<$

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

2 746
e[

+C€(1+ sup |Y5(as)|2)
z€[T,7+6)]

2 T+6
vef

T+6 9 9
+C/ £f(re)faz+Ce(1+ sup [¥o(@)|").
T z€[1,7+0)]

Lefe (Y (z),v ()| da

2
]Y‘E(T—FG)—YE(T)|2§C‘MTE+9—M$ ‘

2
SO‘M§+0—MTE do

Lofe(Ye,0°) — Lf(Y®)

We have that
T+6
B[|0r2 0 - M) = B[ (05,0)° - (49)°] =E[ [ a0r)]
Since |L£°f%(y,2) — Lf(y)] <eC(1+ |y|) and |Lf(y)| < Cly], for 6 <&

]E“YE(T +0) — Ys(T)ﬂ < Cr(d+ 6)(1 —|—EL2E}?R] |Y5(a:)|2D .
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The right-hand side is independent of 7 and we can use estimate (2.1.24) to bound it uni-
formly in € and p. Therefore, (2.1.26) follows and the proof of Theorem 2.2 is complete. [

Remark 2.5. Using the notion of pseudo-generators, as introduced in [EK, Section 7.4], it
is possible to relax the conditions imposed on the driving process v(z) assuming that it is
just a mixing process instead of Markov.

2.2 Stability of solitons

This section is devoted to the study of the stability of solitons with respect to rapidly os-
cillating random perturbations of the initial condition. Our results state that solitons of
both the NLS and KdV equation are stable under perturbations of the initial condition.
Moreover, for small-amplitude random perturbations, we provide an easy way to compute
first order correction terms for the parameters characterizing the solitons. However, if for
both equations solitons are stable, a few interesting differences must be pointed out. For
example, for NLS there is a thresholding effect for the creation of solitons from noise, so
that unless the integral of the deterministic initial condition exceeds a certain threshold,
the addition of a small random perturbation cannot generate a soliton. On the other hand,
for KdV even a very small random initial condition can produce a soliton. Moreover, we
will see that in the presence of a random perturbation KdV solitons are perturbed in both
amplitude and velocity, while unless the perturbation is complex the velocity of NLS solitons
is not substantially affected.

Thanks to the results of the previous section, we know that for rapidly oscillating initial
conditions both the NLS and KdV systems can be investigated using the limit equations
(2.1.15) and (2.1.20), which formally correspond to a real or complex white noise perturba-
tion on the initial condition.

For NLS we have seen that every soliton is identified by a complex number ¢ = £ + in
such that the flow ¥(x, () solution of (2.1.15) with initial condition (2.1.12) satisfies also a
given final condition. The real and imaginary parts of ¢ define the velocity and amplitude
of the soliton, respectively. For KdV, solitons are identified by an imaginary number { = i,
defining both the velocity and amplitude of the soliton, which are related.

We start analyzing the NLS equation, and leave KdV to the second part of this section.
For each of the two equations we start by reporting, in subsections 2.2.1 and 2.2.4, some
classical results on the background deterministic solution. Then we analyze how this solu-
tion is modified by the introduction of a real, small-amplitude, rapidly oscillating random
perturbation of the initial condition. This is done in subsections 2.2.2 and 2.2.5. For NLS
we can also consider the case of perturbations of the initial condition given by rapidly os-
cillating complex processes; the stability of solitons in this case is investigated in subsection
2.2.3. We deal with the limit cases of “quiescent” solitons for NLS and KdV in corollary
2.10, remark 2.18 and proposition 2.20. Finally, for KdV one can also consider the case of
a perturbation of the zero initial condition: this is done in subsection 2.2.6.

For simplicity of exposition, in this section we choose the value of the integrated cova-
riance of the process v to be a = 1/2.
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2.2.1 NLS solitons — deterministic background solution

Let Up(x) = q1p,g)(z). Burzlaff proved in [Bu88| that in this case the number of solitons
generated is the integer part of 1/2+qR/m (see also the relevant discussion and generalization
of [Ki89]). They remark how physical intuition suggests that the first soliton created when
increasing R corresponds to ¢ = 0. This solution is obtained for ¢gR = 7/2 and contains
a single “soliton” with zero amplitude that they called quiescent soliton. In this case, the
velocity of this soliton is also zero. Remark that the quiescent soliton is not a physical
soliton, since both its mass and energy are zero. But from a mathematical point of view it
could be considered as a soliton, in the sense that it is a bounded solution of the spectral
problem corresponding to a zero of the Jost coefficient a. We will also observe that this
evanescent soliton is an interesting structure even from a physical point of view, since an
infinitesimal random perturbation is sufficient to create (with positive probability) a “true”
soliton with positive amplitude.

For values of gR just over the critical threshold of 1/2, the created soliton has zero
velocity and nonzero amplitude 21 which can be computed explicitly solving (2.1.3) 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 providing the
sketch of an analytical proof of the claimed fact that generated solitons correspond to purely
imaginary values of (.

For purely imaginary values of ¢ = in, from the decaying condition at —oo one obtains

the initial condition
. _ (1
| = (0). (2.2.1)
The system (2.1.3) for = € [0, R] reads

{ G = iqupy — i
G2 =g +iCys

and ¥ = (¢1,12) is a solution of the initial value problem for ¢ # iq if (¢ is imaginary pure)
o) =~ i (Va7 + ) cos (VP 5 )
Vv 4

—i—2%_ in vV q? 27). 2.

To be a soliton solution, ¥ needs to satisfy also the decaying condition at 4+oc, which is to
say ¢1(R) = 0. The condition can be rewritten for ¢ # 0 as

F(C) = tan(\/&® 1 C2R) + qu2<+<2 —0. (2.2.3)
Since a(¢) = 1 (R, )e' ", the function f(() is linked to the first Jost coefficient a(¢) by the

relation on
iy e’ \q? + (2
f(C) - ZG'(C) C cos (\/WR) )

from which we see that the zeros of f coincide with those of a, except for ( = iq. However,
for ¢ = iq it is possible to compute explicitly the solution of (2.2.1) satisfying the initial
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W(z) = (1;‘"”) :

Since this function cannot satisfy the final conditions, no soliton can be created for this
particular value of (.

conditions, which is given by

Now, plotting on the (£,7) - plane the level lines of the real and imaginary parts of f at
level zero, one can already see that the first soliton component of the solution corresponds
to an imaginary value of ¢. This fact can be proved in an analytic way as follows.

Proposition 2.6. When increasing R or q, new solitons are created at the threshold
gR = (2n+ 1)7/2, n € N with zero velocity.

Proof. We have seen that, except for { = iq, the zeros of f coincide with those of a. We
also know that the function a(&,n, R) is analytic in the domain R x (0,00) x (0,00) 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 when increasing R. For any fixed R
we proceed as in [DP08], taking a loop C in the complex (-plane composed of the (lower)
real axis C~ and the infinite semi-arc in the upper half plane. Then, the number of zeros of
a(&,m, R) in the domain defined by the boundary C' is given by
1 10a
N(R) = 27 Jo a OC d¢.

Since for |¢| > 1 we have that a(¢, R) = 14+ O(1/(), the integral over the upper part of the
loop is zero. With the change of variables a(¢, R) = p(¢, R) exp (ia(¢, R)), the number of

zeros can be rewritten as
NRy =L [ 92y (2.2.4)
21 Jo- OC o
If a new soliton is created at a given R, N(R) must have a jump at that point. This is to
say that

Ora(C R) = [p(¢, B)] T R[b(C, R)Uo(R)e2 ¢t ie () (2.2.5)

must be singular. This expression for the derivative of o can be obtained using an invariant
imbedding approach in the following way. In the invariant imbedding approach, the width
R of the support of the initial condition is considered as a new dynamical variable. For an
initial condition compactly supported on [0, R], from the ZSSP system (2.1.3), the decay
conditions (2.1.4) and (2.1.5), and the relation (2.1.6), one can obtain boundary conditions
for ¥ at 0 and R, which are given by (2.2.1) and

¥(R) = a(¢, R) <(1)) e P41, R) <(1)) ek,
From this equation one obtains a formula for a(¢, R)
CL(C, R) = wl(R)eiCR ’
and a similar formula for b. Taking the derivative in R of this formula and using the relation
a = pe'®, one gets (2.2.5).

We return to consider equation (2.2.5). Unless the function p(¢, R) has at least one zero
on the real axis, C~ can be analytically deformed into the real axis ( = £. Then the right
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hand side of (2.2.5) becomes a continuous, finite function of ¢ and the integral (2.2.4) is
given by [a(o0) — a(—00)], which is zero due to the asymptotic behavior of a for large ¢
and the normalization condition |a|? + |b|> = 1. This means that the necessary condition
for the number of solitons to change at R is the existence of at least one real solution of the
equation a(£,0, R) = 0. It is easy to see that this condition is also sufficient.

We have obtained that the number N (R) of zeros changes at R if and only if a(£,0, R) =0
admits a solution. But zeros of @ and f coincide, and since in equation (2.2.3) for real values
of ( = £ # 0 the tangent is real and the second term is purely imaginary and non zero,
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 = (2n+ 1)7/2q, n € N. Computing explicitly the derivative of a(¢) at { = 0 we get

(R

2
SV A G
2
+ quziie cos (Vg% + ¢2 R)}

ca(C) ]C:O _ % sin(gR) + iR cos(qR),

dca(¢) = €f K

so that for Rg = (2n + 1)m/2 the derivative is equal to (—1)"T1i/q and is never zero.
Therefore, when increasing R new solitons are generated one at a time and the eigenvalues
¢n identifying them are immediately pushed towards the interior of the domain C*. [Ka79|
showed that “a(¢) = 0 imply a’(¢) # 0” holds for all values of (; from this fact it follows that
zeros in the interior of the domain are always simple. Considering the complex conjugate
U*, 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. O

From the proof above we obtain a correspondence between zeros of the Jost coefficient
a(¢, R) in the complex upper half-plane and on the real line: as the support R of the initial
condition grows, the appearance of a new zero of a on the real line corresponds to the creation
or destruction of a zero in the complex upper half-plane. Since for a zero initial condition
(R = 0) no soliton is created (there are no zeros in the complex upper half-plane), we can
interpret this result as a correspondence between the presence of solitons in the solution of
the NLS equation and zeros of the Jost coefficient a on the real line. More precisely,

Proposition 2.7. For a fizred R, the presence of solitons in the solution of the NLS equation
with initial condition Uy having support on [0, R] imply the presence of zeros of the function
a(&,x), (&) € Rx[0,R]. Also, the presence of one zero of a(§, x) on R x [0, R] implies the
presence of one soliton.

Remark 2.8. Remark that the correspondence result of proposition 2.7 also holds for non
flat initial conditions, Up(x) = v(z) 1jo,5)(2). In particular, v can be taken to be a stochastic
process.

2.2.2 NLS solitons — small-intensity real noise

In this subsection we consider the example of an initial condition composed of a square

function perturbed with a small, real white noise (). First, we use a perturbative approach
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to study the effects of the perturbation on solitons (proposition 2.9). Then, in the last part
of this subsection, we study the effect of this perturbation on quiescent solitons (corollary
2.10).

We have here Up(z) = (q+0W,) 1jo,g)(z). The initial condition is (2.2.1) and the system
(2.1.3) for x € [0, R] reads

{ dipy = i(qv2 — (1) dz + io by 0 AW,

(2.2.6)
dipy = (g1 + C1p2) dz + io ihy 0 AW,

Proposition 2.9. For qR > 5 and in the limit of a small real white noise type stochastic
perturbation of the initial condition, the amplitude n of the soliton component of the solution
is perturbed at first order by a small, zero-mean, Gaussian random variable. If the complex
number identifying un unperturbed soliton (corresponding to o = 0 in the initial condition)
is Co = Mo, the perturbed soliton will correspond to a complex number ¢ = in, where n can
be written as n =19 + om + o(o), with

gsin(coR) Wr + fOR 224 sin (co(R — y)) sin(coy)dW,
m= 5 2
2 [z—g + Rno] sin (coR) — R cos (coR)

: (2.2.7)

and ¢y := \/q* — 3. The velocity of the soliton remains unchanged.

Corollary 2.10. When g = (2n + 1)7/2R for some n € N, in the deterministic case we
have the creation of what we called a quiescent soliton. Also in this case, the stochastic
perturbation can modify, at first order, only the amplitude of the soliton. As a result, the
quiescent soliton is destroyed with probability 1/2 and a true soliton with positive amplitude
1 > 0 is created with probability 1/2.

Remark 2.11. With the same proofs, one can show that these results also hold for a
purely imaginary (deterministic) initial condition perturbed by a purely imaginary, small
white noise. And a simple phase shift [Ki89] allows to extend this result to any complex
initial condition Up(x) = ¢ * 1o z)(x), ¢ € C perturbed with a white noise with the same
constant phase of q.

Remark 2.12. With the same proofs, it is possible to show that solitons are stable with
respect to small random perturbations under more general hypothesis. In particular, we
only need the smallness assumption on the perturbing process, which does not need to be
rapidly oscillating. For example, substituting the white noise with a general process @, in
corollary 2.10 above one obtains the same result: 0,17 = ¢ fOR Q. dz, so that a true soliton
is created whenever the integral is positive.

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

Remark 2.13. When creating a new soliton from a quiescent soliton, in the limit of a
rapidly oscillating perturbation of the initial condition both the mass end energy conversion
efficiency is very poor: the mass of the created soliton is 4n = 40¢qWpg, while the input
mass [, |Up|? da: for the white noise is infinite; the energy captured by the created soliton is
E, = —16n3/3, while the input energy is infinite.

On the contrary, when the (small) perturbation used is given by a smooth process,
the mass conversion efficiency is very good, since the mass of the created soliton 4n =
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doq fOR Q. dz is of order o, while the input mass is of order o2. For the energy, the conversion
efficiency remains poor, since the energy of the created soliton E, = —1613/3 is (negative

and) of order o2, while the input energy fOR 02¢?10,Q| — o*¢*|Q|* dz is (positive and) of
order o2.

Recall however that the creation of a new soliton is not a sure event.

The following proposition provides results that we will need in the following on the
uniqueness and regularity of solutions.

Proposition 2.14. The system of SDEs (2.2.6) defines a stochastic flow \1155*") = (¢1,92)T
of Ct-diffeomorphisms, which is C' also in the parameters £,1,0.

Proof of Proposition 2.14. Write the SDE in Itd and vector form:

(¢ +io? q . (0 1
d\I/—z( ¢ ¢ +io? Udz +io 1 0 U dW,, . (2.2.8)

The coefficients of the SDE are independent of z and Lipschitz continuous in ¥ for every ¢
and o. Therefore, the existence of a unique solution to the SDE, which defines a stochastic
flow of homeomorphisms ¥(¢?)(z), is a classical fact (see for example [Ku84]). Following
the notation of [Kul|, we define the local characteristic of the SDE as («, 5, x), where

/ ’ N 0 1
a(¢, (0,0 ) == —00 (1 O)’

B(¢,,a) = (qC g) .

Fix any n € N, define the set G, := {(£,n,0) | €] < n,0<n<n0< o< n}and
consider the SDE only with parameters in G,,. Then, both o and S are uniformly bounded
and, together with their first derivatives, are Lipschitz continuous in the parameters. This
means that the coefficients satisfy condition (A.5); o of [Ku, Chapter 4.6]. It follows from
[Ku, Theorem 4.6.4] that W(¢)(z) is C' in the parameters almost surely on G,,. Let Q,, be
the set of w € Q such that ¥(¢?)(z) € C'(G,), which is a set of full measure. Since n is
arbitrary, ¥(¢9)(z) is actually C* (]R x Ry x R+) for every w € N, which is still a set of
full measure. This proves the last statement of the proposition.

Since [Ku, Theorem 4.6.5] states that W(¢:?)(z) is actually a stochastic flow of C!-
diffeomorphisms, the proof is complete. O

Proof of Proposition 2.9. Looking at the flow at point R we can define a complex-valued
function of U(R) as F(&,n,0) = ¢§<’U)(R). We look for the set of values of (¢,7,0) cor-
responding 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 {4y = iny 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(£,7n,0) has a unique zero in some open set containing the point
(0,70,0). The following lemma ensures that the most important hypothesis of the implicit
function theorem is satisfied.

Lemma 2.15. Let F(§,n,0) be the function defined above. Then, whenever (o = ingy is the
discrete eigenvalue corresponding to a soliton component of the solution of the deterministic
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problem, the determinant of the Jacobian matrix

at point (0,m0,0) is not zero.

Proof of Lemma 2.15. For o = 0 the system (2.2.6) becomes deterministic and the solution
is given by (2.2.2). Then, setting ¢ := y/q¢% — (2,

2 2

i Ot (&,n,0) = Onthr (£,1,0) = |:Z3 — ZRﬂ sin (cR) + R%Q cos (CR)

so that
ZaEF(O, Mo, O) = anF(O’ Mo, O) .

We are left to verify that

0 # det J (0,10, 0) = [0 R(F)D, S(F) — 0, R(F)%: S(F)] (0,10, 0)
— [R(0: F)3(0, F) — R(0, )3 (3 )] (0.70.0)

{(3%85F> + (300 )}077070)

or equivalently

2 2
O F (0,7m0,0) = —i {ZS + RTC’O} sin (coR) + iR cos (coR) #0, (2.2.9)
0 0 0

where ¢ = y/q? —n3. Observe that condition (2.2.3) implies that ny < g; ¢o is therefore
real. Indeed, for 1y > ¢, ¢g would be imaginary pure and the function f of equation (2.2.3)
would become the sum of two imaginary pure terms of the same sign, so that it cannot be
zero. In equation (2.2.9) the coefficient of the sinus is the sum of two non zero terms of the
same sign, so that to ensure the condition we need to check that

Rﬁg Co

tan(coR) = ————=
(0 ) q+Rnoc%

(2.2.10)

does not holds for 7y solution of (2.2.3). The compatibility condition between (2.2.3) and
(2.2.10) is
_co _ Rngeo

o q+ Rnock

or equivalently
(q + Riocg + Rﬁg)co =0,
which cannot be verified (recall that 7 # ¢, so that ¢y # 0). The lemma is proved. O
We return to the proof of proposition 2.9. Since the previous lemma 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,0) = (0,70,0). Fix ¢ = ing. By proposition



36 CHAPTER 2. NOISE AND SOLITONS

2.14, the flow defined by the system (2.2.6) is C! in the parameters, so that its derivative in
o coincides with the first term of the Taylor expansion, which we will denote ¥V, It is a
solution of .

Qv — (M4 ) g g i (V1) 9O g, (2.2.11)

g —o 10

Here, ¥(©) denotes the solution of the deterministic problem (o = 0). Let M be the matrix
appearing in the drift term of the above equation; the solution can be computed explicitly,
and it is given by

w0 =i [ oo (i) () ¥0waw,.
where
[exp (M(z — y))w© (y)] = i% cos (co(x — y)) sin(coy) + 2@'7%(] sin (co(z — y)) sin(coy)

+ ch sin (co(x — y)) cos(coy)
0

=L sin(coz) + Qiﬂf sin (co(z — y)) sin(coy) -
Co Co

It follows that "
9, F(0,170,0) = z/ [exp (M(R - ) w("] aw,.
0

Observe that 0¢ F'(0,19,0) is imaginary pure and, symmetrically, 0, F'(0,10,0) is real. Set

¢ | LM s
a =0, F(0,1m0,0) = {—3 + R—} sin (COR) — R—g cos (COR) )
c co ¢

0
0 —1
-1 p
=1 7)
and from the formula

o ()= () o

we get that 0,7 is given by (2.2.7) and 9,£ = 0. O

We can write

Proof of Corollary 2.10. In the case of a quiescent soliton lemma 2.15 still holds. Indeed we
have now ¢y = q and ¢R = (2n + 1)7/2, so that equation (2.2.9) becomes

2 2
1
9eF (0,0,0) = —i {qg + RCO} sin (coR) + mig cos (cR) = Fi— #0
' e} o g q
and the determinant of the Jacobian is not zero. One has then ov = £1/¢ and

R
0, F(0,0,0) = 7/ sin(¢R) dW, = FWg,
0
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which is real. Therefore,

L ao’f _ _ 0 +q $WR _ 0
vi= <8gn> (0=0)= (iq o)\ 0o )= \awn)"
A true soliton is created whenever Wgr > 0. O

2.2.3 NLS solitons — small-intensity complex noise

The limit case of a small-amplitude complex white noise is very similar to the case of the
real white noise treated above. Take Uy(z) = (q+ o W,) Ljo,g)(z) where W, = w4 iw
is a complex Wiener process. We have

Proposition 2.16. For qR > 5 and in the limit of a small complexr white noise type
stochastic perturbation of the initial condition, the parameters £,n defining the velocity and
amplitude of each soliton are perturbed at first order by small, zero-mean, independent Gaus-
sian random variables, which are given by

gsin(coR) W}(%Q) + fOR 2%‘5 sin (co(R — y)) sin(coy)dW752)

0, =
2 [% + Rno} sin (CoR) - R% cos (COR)
gsin(coR) WI(;) + fOR 258 sin (co(R —y)) sin(coy)dW?Sl)
O0pn = 0

2 [% + Rﬁo} sin (CoR) — R% cos (COR)

where ¢ == \/q® — 03, and no is the parameter defining the amplitude of the soliton of the
unperturbed system.

Proof. This proof is similar to the one of proposition 2.9. An analogous of proposition 2.14
holds in this setting, and lemma 2.15 remains unchanged (note that in lemma 2.15 we work
on the deterministic equation). From equation (2.2.11) onward one has just to remember
that W is now complex. O

Remark 2.17. 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 indepen-
dent. We could have taken a non symmetric complex noise to perturb the initial condition:
U = 171 + ivo, where 17 and vy have different distributions. In this case, the perturbations
of the velocity and amplitude of the soliton would still be independent, but not sharing the
same law.

Remark 2.18. 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 processes.

2.2.4 KdV solitons — deterministic background solution

In [Mu78], Murray obtained a C* solution for the KdV equation with a deterministic “box-
shaped” initial condition Uy = g+ 1|_g gj(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 ¢, the Jost coefficient a has a finite number of zeros on the imaginary axis ¢ = in

for 0 <n < /g
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We report some explicit computations on our similar deterministic case, as these results
will be used below, and study some properties of the soliton components of the solution.
First, let us construct explicitly the solution of the deterministic equation, which we call ¢q.
We assume that the initial condition of the NLS equation is given by Uy = ¢ * 11, g)(z) for
some ¢ > 0. Due to [AC, Lemma 2.2.2], we can assume that ¢ = in; we need to solve

2
n° e z<0,z>R
4 { (—g+m)p  x€[0,R] ( )

For nn = 0 the only integrable solution is ¢ = 0. Soliton components corresponding to n > 0
must satisfy

w=cre” <0, (2.2.13)
@ =coe x> R. (2.2.14)
For z € [0, R] one can rewrite the problem as
0:3 = (—q+7°)p

Note that for 7 > /g the solution of (2.2.12) 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 < 7 < \/g. Set ¢ = \/q —n?. Due to (2.2.13) and (2.2.14), we
only need to solve (2.2.12) for z € [0, R]. From (2.2.12) and the initial conditions

¢o(0) = c1, Oz 0 (0) = ey
derived from (2.2.13), we get

icx —icx ! 1 C1 1
wo(z) = ae*™ + fe ) az;(l—zg), ﬁz;(l—kz;),
which is to say
wo(x) = ¢1 cosh(icz) — iclﬂ sinh(icz) = ¢; [cos(cm) + 2 sin(cx)} . (2.2.15)
¢ ¢

We can set the global constant ¢; equal to 1. Matching this solution with the final condition
(2.2.14)

¢(R) = cos(cR) + Lsin(cR) = coe "
0z(R) = —csin(cR) + ncos(cR) = —ncge "

we obtain an equation for n:

q sin(R\/q —n?) = 2can\/q — e~
q cos(R\/q — n?) = ca(q — 2n?)eBn )

For n = \/q/2, the only possible solution is such that Ry/q — n? = 7/2 + kn, which means

that

VAR = 2k +1)7/V2. (2.2.16)
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All other solutions can be found solving

F(n) = tan(Ry/g ) - VA" (2.2.17)

q—2n?

for € [0,/g)\{1/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 (1) ~ 0. As ¢ increases, the value of n(!) increases
too and tends to /q/2 as ¢ tends to 72/(2R?). We have already found the solution for this
specific value of ¢ (k = 0 in equation (2.2.16)). For ¢ larger than 72/(2R?), n") continues
to grow. A second solution appears (77(2) = 0) when ¢ = 72/R?. A third solution appears
at ¢ = 27/ R)z; the values of 1(¥) (corresponding to the i*" soliton created) continuously
increase as ¢ grows, but remain ordered: n(¥ < n\@) for i > j. Therefore, the number of
solitons created is N = |R\/q/m| + 1, where || denotes the integer part.

A few examples of f(n) are plotted in figure 2.2. We have taken R = 1 and different
values of g. The first critical points (when new solitons are created) correspond here to
¢ =72 ~9.87, ¢©®) = 47?2 ~ 39.48, ¢ = 972 ~ 88.83, ¢ = 16xw2. The almost-vertical
line appearing near n = \/(1/7 for ¢ = 44 reflects the fact that we are near the critical points
of (2.2.16): from (2.2.16) for k = 1 we have ¢ = 972/2 ~ 44.41.

Let us take a closer look at the case ¢ — 0. We assume ¢ = g€ and look for the first
terms of the expansion of 7 in &: 7 = 1y + N1 + n2e2 + O(e3). 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 (2.2.17) we obtain

(ord. 0) f(n) = tan(Ry/—n3) + 7“_778 +0(e),

Mo

and the order-zero term cannot be made equal to zero. We have therefore: n = e + O(g?).
Looking at equation (2.2.17) at first order

(ord. 1) fn) = <RQO - 2771) \/\26;0 + 0% =0

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

coefficients. At order two we have:

3/2

(ord. 2) fln) = (2441%3 a +2n2)i/% +0(e%?).

One has then . B3 2
n = %6 - qusz +0(e?), (2.2.18)

showing that in the limit € — 0, n is of the same order of q.

2.2.5 KdV solitons — small-amplitude random perturbation with
qg>0

We now add some random perturbation to this “box-shaped” initial profile. Let Uy =
(g + oWyz) 1o, g(x) be the initial condition of the KdV equation, where W is a standard
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Figure 2.2: Plot of the function f(n) for different values of the amplitude g of the
initial condition. Each zero of f(n) correspond to a soliton component of the solution

identified by the complex number .
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Wiener process and W is a white noise. 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 (2.1.9) for ¢ = in,n € R. The first main result is contained in the
following proposition.

Proposition 2.19. In the limit of a small white noise type stochastic perturbation of the
wnitial condition, the parameter n defining the velocity and amplitude of a generated soliton
is perturbed at first order by a small, zero mean, Gaussian random variable. If ng is the
parameter corresponding to the unperturbed soliton, we can write the parameter identifying
the perturbed soliton as n = ng + om + o(o), where

S #o(R = 2)po(z) AW,
cos(coR) [2 +noR — USR] + sin(coR) [M + ur

2 3
CO Co CO

m= (2.2.19)

Here, @ is the deterministic solution of (2.2.12), given by

wo(z) = cos(cox) + o sin(cox)
Co

for co :==+/q* — 3.

In certain cases, the stochastic perturbation can result in the creation of a new soliton.
As for the NLS equation, since we are considering the limit of very small perturbations, this
happens only for specific “critical” values of ¢ (and R). The result is presented in the next
proposition, which deals with the case of perturbations of a deterministic quiescent soliton.

Proposition 2.20. If we are at a critical point, which is to say \/qR = nn for n € 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 given by the last term of equation (2.2.24) below
18 positive.

Before we start the proof of the above propositions, we shall remark that an analog of
proposition 2.14 holds in this setting, and it provides the uniqueness and regularity results
for the solution. The result reads

Proposition 2.21. The stochastic differential equation (2.2.20) below defines a stochastic
flow &) (1) = (gp(w),@(x))T of Ct-diffeomorphisms, which is C' also in the parameters
7,0.

Proof of Proposition 2.19. We need to solve

dy = pd
roeer (2.2.20)
dg = (—q+n*)pdz + op o dW,

for z € [0, R] with initial conditions ¢(0) = 1, ¢(0) = 7. As we did for the NLS equation,
we look at the flow provided by proposition 2.21 and define a function of the flow at the
point = R as F(n,0) := ¢(R) +np(R). F remains a function of the two parameters (7, o).
To prove proposition 2.19 we use the implicit function theorem to show that F(n, o) has a
unique zero in some open set containing (7o, 0), the point corresponding to the deterministic
solution. The following lemma ensures that the hypothesis of the implicit function theorem
are satisfied.
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Lemma 2.22. Let F(n,0) be the function defined above. Then, for all ny corresponding to
a soliton component of the solution of the deterministic problem, 0,F (n9,0) # 0.

Proof of Lemma 2.22. For n = ny and 0 = 0 we have that ¢ = @g and (recall that ¢ =

Va—m3)

One (R) = sin(coR)[

1+mnoR 773 Ry .
+ 3 (
Co Co

Op@ (R) = cos(coR) [1 + RT]O} + Z—z sin(coR) [1 + noR] = [1 + noR] ©vo(R) .
Since

OnF' = 0np+ @ +n0np,

SR 310 + 23 R 3
O0nF(n9,0) = cos(coR) [2 +noR — 77272} + sin(coR) [% + Z% .
0 0

The coefficient of the sinus is strictly positive (the coefficient of the cosinus has instead at
least one zero for ny € [0,,/q], since it is positive for 19 = 0 and negative for 1y — /q).
Therefore, we only need to verify that the following equation

2+ noR — 1f
. — 0
9(R,q,m0) = tan(coR) + 5 — o5 T 0 (2.2.21)
co c3

is mot satisfied, knowing that 7 is a value corresponding to a soliton solution of the deter-
ministic equation. As we have seen, we can either have ny = \/q/72 if condition (2.2.16) is
satisfied, or else 7 is given as the solution of equation (2.2.17) in (0, /g)\{1/a/2}-

In the first case we have that co = 1/q/2, so that condition (2.2.16) implies that cos(coR) = 0
and sin(coR) = £1. Therefore, 9,F # 0.

Consider now the second case. We look for points 7 € (0,/g)\{1/¢/2} such that f(n) =
g(n) = 0. If such a point exists, then

2’[70 . 2+ 77R - njzR
— 9,2 3n+2n2R 3
q—2n Snt2n R ne
which also reads
2n (24 nR)*—n*R

g—20*  (3n+20*R)c + 7
or equivalently

(21° +20°R) (g —n*) + 20" (1 + nR) + (2 +nR)(¢ —n*)g —n°Rq _

(g —202)[(3n+ 2n2R)(q — n?) + n®] 0. (2.2.22)

For 1 < 4/q/2 the denominator is positive and the numerator
27° +20°R)(q — n*) + 20" (L +nR) + (2 +nR)(¢ — n*)g — 1’ Rqg > nR(q —n*) =’ Rq > 0,

so that the fraction on the left hand side of (2.2.22) is positive and cannot be zero. For
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V/q/2 < n < /q the denominator is negative and the numerator is larger than 2P R—n°Rq =
3 R(n* — q) > 0, so that the fraction (2.2.22) is negative and cannot be zero. The lemma is
proved. O]

We return to the proof of proposition 2.19. Since the above lemma guarantees that
0nF(10,0) # 0, we can apply the implicit function theorem. We have (at )

40y = 0, da
A0, = (—q + n})dspda — (ap + Jaggo) odW,

By proposition 2.21 the flow ®{"?) is C! in the parameters, so that its derivative in o at
o = 0 coincide with the first term of the Taylor expansion, which is the solution of

ddyp = 8,5 dx
d0,3 = (—q +n3)0,pdx — o dW,

In matricial notation,
Os0\ 10 1 0
a ( 806) P [_CQ 0} Bda - (% sz) ,

M= [ 0 1] o= {_ZO:i(rf(ch)ac) 1022?5/’;:3)} '

with
The solution is given by

We have
O,p(x) = _% /Ow sin (c(z — y)) [cos(cy) + gsin(cy)] dWy,
0,0(x) = — /Ow cos (c(z —y)) {cos(cy) + gsin(cy)} dw,, .

Therefore,

R
05 F'(10,0) = 05p(R) + 10 0 p(R) = —/0 @o(R — x)po(z) dW,

and we obtain, at first order, the perturbation of the value of the parameter n defining the
velocity and amplitude of the soliton: for every (g, R, no),

O, F
0pn(0) = 37 F(no»O)
mn

) foR |:COS (co(R—2)) + 2 sin (co(R— x))} {cos(cox) +& sin(com)} dw,

cos(coR) [2 +noR — nS’R} 4+ sin(coR) {M + @}

2
CO co CO
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The proposition is proved. O

We now turn to the case of quiescent solitons, where a small random perturbation of
the initial condition may result in the creation of a new soliton. The result was stated in
proposition 2.20, which we shall now prove.

Proof of Proposition 2.20. The deterministic background solution is (¢ = v/q — n?)
o = cos(cz) + n sin(cz) . (2.2.23)
c

We have Uy = ¢ + oW,; we want to apply the implicit function theorem to the function
F(n,o0) defined above, at the point (0,0). At this point

1
Opp(R) = — sin R)=0,
he(R) NG (VaR)
Op@(R) = cos(y/qR) = £1.
Therefore
0nF(0,0) = 0,0 + ¢ +n0yp = 2cos(y/qR) = 2,

and the implicit function theorem is applicable. We also have (again at n = 0)

dOyp = 0, dx
d0,p = —qO,pdx — (gp + U@Ugo) odW,

As seen above, the solution of the above system coincides at ¢ = 0 with the solution of

)

do,p = 0,0 dx
dao[ﬁ =—q 8090(11' — %o dW,

which is given by (here, ¢ = /q)
I
Va Jo
0,0(x) = —/ cos (\/(j(x — y)) cos(y/qy)dW, .

0

O,p(x) = sin (\/g(x - y)) cos(y/qy)dW,,

We have therefore
R
0,F(0,0) = —/ cos (v/q (R — z)) cos(v/qz) AW,
0
and since cos(,/q R) = £1

o aF [Reos (VAR =) cosly/y) A,
vi= an(a)__ﬁnF(an)_ 0 2COS(\/6R)

R
= %/0 cos®(y/qz) AW, . (2.2.24)
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In this case, a new small-amplitude soliton, corresponding to n = ov, is created whenever
v > 0. O

2.2.6 KdV solitons — small-amplitude random perturbations with
q=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 (non trivial) solution in the deterministic case. This case is obtained
at the critical point \/g R = 0, where the first quiescent soliton is created. We consider
in the next proposition the limit case of a rapidly oscillating perturbation. The case of a
more general, smooth perturbation is discussed in remark 2.24. Remark 2.25 below discuss
the energy and mass conversion efficiency for the creation of a new soliton using a random
perturbation.

Proposition 2.23. For ¢ = 0, a small-amplitude (o < 1) stochastic perturbation of the
potential may create a new small-amplitude soliton. For a white noise type perturbation
oW, a new soliton is created if Wr > 0 (which is an event of probability 1/2). The created
soliton corresponds to the value n = cWhg.

Proof. Retain the notation introduced in the previous subsection, namely ¢ = J,¢. We want
to use again the implicit function theorem. Taking the limit of the deterministic solution
(2.2.23) as ¢ — 0 we get

p=1, and p=0.

We have
0pF(0,0) =00+ +n0yp =1
and (n=0)
dp = @gdx
dp = —ocpodW, ’
do,p = 0, dx
daa& = _((P + 06030) © dWa:
Therefore,

R
agF(o,O):aggzmagcp:f/ odW, = —Whp.
0

It follows that

O0x F

8077(0) = _67(070) = WR7
n

and a single soliton corresponding to n = cWg is generated whenever Wx > 0, which means
with probability 1/2. O
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Remark 2.24. The result of proposition 2.23 holds with more general processes: if, instead
of a white noise, we take Up(z) = 0 Q in (2.2.12), where @), is a generic stochastic process,
we have (at n = 0)

do,p = O, dx
do, ¢ = —Q. (go + 0504,0) de

R
aO'F(O?O) = 8054_7760()0 = _/ Q. dx
0

and 5
O, F

= 2 dx.

o, F (0,0) /0 Q. dx

In this case, a single soliton is created whenever the noise introduced has positive mean, and
it corresponds ton = o fOR Q. dx.

On(0) = —

Remark 2.25. Recall that the mass of a soliton of the KAV equation is IV;, = 47n. Here, we
have introduced a perturbation of mass Ny, = o fR Q@ dx = n. We see therefore that the
soliton created has a larger mass that the initial perturbation, implying that the radiative
part (going in the direction opposite to the one of the soliton) has absorbed a total mass of
3n.

The energy conversion efficiency from a small noise source to a soliton is very poor, since
the input energy is of order o2 (Ey, = o? fR Q? dx), while the energy of the created soliton
isonly E, = 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.

2.2.7 Perturbation of NLS and KdV solitons: similarities and dif-
ferences

We have shown that for both NLS and KdV, solitons are stable with respect to small random
perturbations of the initial condition. We have also seen how small random perturbations
affect solitons, and here a few differences between the two models appear. For NLS there is a
thresholding effect for the creation of solitons, so that a pure random initial condition of very
small amplitude cannot produce solitons. Studying the perturbation of a real box-like initial
condition whose integral is sufficiently large to create at least one soliton, we showed how
the effect strongly depends on the nature of the perturbation: if the random perturbation is
aligned (has the same phase) to the deterministic initial condition (in the case studied this
means that the random perturbation is real), the amplitude of solitons is indeed modified,
but their velocity remains unaffected. On the contrary, for a complex random perturbation
both the amplitude and velocity of solitons are modified.

KdV is a real equation, so that only real random perturbations can be used. However,
unlike for NLS solitons, the amplitude and velocity of solitons are related, and both of them
are affected by random perturbations. For KdV we can also consider the case of a purely
random initial condition of small amplitude. In this case, and for very general random initial
conditions, there is a positive and explicitly computable probability, which depends on the
kind of noise used, to create a new soliton.

The mass conversion efficiency is also different. For NLS, using a real white noise per-
turbation of a “critical” initial condition, it is possible to transform a quiescent soliton into a
real soliton with finite mass, but the mass introduced with the perturbation is infinite. For
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KdV, the mass of the created soliton is 4 times the mass introduced by the perturbation
(which is finite).

2.3 Examples

In this section we present some explicit examples of the influence of random initial conditions
on soliton components of the solution of the NLS equation. We first consider the question of
the probability of creating a soliton from noises with a compact support [0, R]. The picture
is not simple, as the answer strongly depends on the kind of noise used. For example, for
real initial conditions and in the limit of rapid oscillations, the threshold R of the length
of the support of the initial condition necessary to create the first quiescent soliton with
zero speed is almost surely finite (the quiescent soliton was defined at the beginning of
subsection 2.2.1). A characterization of the distribution of this random threshold in given
in proposition 2.26. The same result holds for complex initial conditions with a constant
phase. For random initial conditions with varying phase the answer is different. We will
show that for a symmetric, complex initial condition, and in the limit of rapid oscillations,
no soliton can be generated. This suggests that a constant phase of the initial condition is
a crucial element to obtain a positive probability of creating a soliton with a given velocity.
The proof of this remains an open problem, but we present a somewhat complementary
case to the fix phase initial condition to support this claim: in the third example we study
we take a complex random initial condition with constant amplitude. Here, only the phase
changes, and still the probability of creating a soliton with any given speed is zero. Another
negative example follows, where the initial condition is given by a complex jump process.
From all these negative examples one may get the impression that using random initial
conditions it is actually very difficult to create new solitons, but this is not the case. Even
if for some complex random initial conditions the probability of creating a soliton with a
given speed is zero, this does not imply that no soliton can be created since the distribution
of the speed and amplitude of created solitons can have an absolutely continuous part with
respect to the Lebesgue measure. This leads us to our second topic: the analysis of the
continuous part of the distribution of the speed and amplitude of created solitons in the
presence of random initial conditions. In the limit of a random initial condition with a very
long support, R — oo, the density of this distribution, called density of states (DOS), can
be computed explicitly in the limit of rapidly oscillating processes, as it was done, formally,
in [KMO8]. To find the DOS they use the Lyapunov exponent of the ZSSP and apply a
generalized Thouless formula. One of the reasons why this result is only formal is that
for a white noise initial condition the IST, which is the preliminary step for all successive
manipulations, cannot be applied. To solve this problem, and because in applications one is
often faced with such initial conditions, we shall consider processes that are rapidly, but not
infinitely rapidly, oscillating, and express the DOS using a power series expansion around
the limit case. We will show how to obtain the DOS for the limit case of infinitely rapid
oscillations in a rigorous way (the expression we obtain is in accordance with the formal
result cited above), and provide the following order correction term for fast oscillations. We
investigate this problem performing explicit computations in the case of an initial condition
given by a fast oscillating, complex Ornstein-Uhlenbeck process and detail the scheme to
use for a wide class of rapidly oscillating bounded Markov processes. We will show that in
both cases the first order term of the expansion is zero, and obtain an explicit expression
for the second order correction for the Ornstein-Uhlenbeck process. In the general case of a
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bounded Markov process the explicit formula for the second order term of the DOS is very
complicated, but we will discuss and present qualitatively the result in a few special settings
where simplifications occur.

2.3.1 Creation of solitons from a rapidly oscillating real noise

We analyze here the case of a purely random, real initial condition for the NLS equation.
Given the random process providing the initial condition, the presence of a soliton component
in the solution depends on the length R of the support of the process. We show how to
obtain the threshold for the creation of the first soliton with zero speed, in the case of a
rapidly oscillating initial condition. The precise result is stated in the following proposition.

Proposition 2.26. Let the initial condition v(x) of the NLS equation be given by a real,
rapidly oscillating process, with support on [0, R] and satisfying hypothesis 2.1. Then, the
distribution of the threshold R at which the first (quiescent) soliton with zero initial velocity
appears is given by the distribution of the hitting time for a one-dimensional Bessel process
starting from zero, of the threshold /2.

Remark 2.27. With the same proof, one can show that this result also holds for an initial
condition given by a purely imaginary, rapidly oscillating process. And a simple phase shift
[Ki89] allows to extend this result to any complex, rapidly oscillating initial condition, with
constant phase.

The case of a real, positive (deterministic) box-like initial condition has been first studied
in [Ma73] and has been extended to the case of a general, real, positive initial condition in
[Bu88|. Some of these results (the threshold effect for the creation of new solitons, the
identification of the number of created solitons, etc.) have been discussed and illustrated in
subsection 2.2.1. The extension to real, positive, stochastic potentials is also discussed in
[DPOS].

The first preliminary step of the proof of proposition 2.26 will be used also in the discus-
sion of the following examples. We shall therefore present it in the more general framework
of a possibly complex initial condition in the next paragraph. This step relies on the result
of proposition 2.7, providing a correspondence between the existence of solitons and zeros
of the function a(¢,z), (§,2) € R x [0, R]. The function a(§,z) is the Jost coefficient a(()
of a ZSSP problem with the same potential, but supported only on [0, z], instead than on
[0, R], and evaluated on the real line ¢ = .

The actual core of the proof of the proposition is left to the last part of this subsection.

Limit equations for rapidly oscillating initial conditions

As shown in subsection 2.1.2, to obtain information on the behavior of the soliton component
of the solution for rapidly oscillating initial conditions we just have to study the canonical
system (2.1.16)

{ dipy = —iyrda + iDvy o AW, (2.3.1)

dvpy = iCtodz + iDyy o AW

Here, D = \/2a is a constant depending on the integrated covariance o of the process
v(z). For real values of the spectral parameter ¢, there are two sets of linearly independent
solutions defined by the asymptotic behaviors given by (2.1.4 - 2.1.5) and related through
the system (2.1.6). Recall that the initial condition was supposed to have compact support
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contained in the interval € [0, R]; we therefore obtain the boundary conditions

¥1(0) =1, $2(0) =0

and

W) = QBR) + 6OR(R) = al0) () 7 4000 () e

To look for the threshold R we have to consider the length R of the support of the
initial condition v as a new dynamical variable, which means that we shall use again the
invariant imbedding approach introduced in the proof of proposition 2.6. As we have seen
in the previous sections, the analysis of the Jost coefficients a, b, the discrete spectrum
(Cn)n=1...n and some norming constants (p,)n=1...n, provides exhaustive information about
spectral properties of the Zakharov-Shabat eigenvalue problem (ZSSP) and therefore on the
presence of solitons. However, it turns out that a lot of information can be obtained in
an easier way by the analysis of the dynamics of a single complex variable, the reflection
coefficient r(¢) given by the ratio b(¢)/a(¢) on the real axis ( = £. This can be understood
in the following way. Consider the function r(x) = t2(x)/¢1(z). From the ZSSP system
(2.3.1) we obtain the evolution equation for r(z):

dr(z) = 2iér(z) dz — iDr?(z) o AW, +iD o AW} . (2.3.2)

From the boundary conditions for ¥ we obtain boundary conditions for r, namely r(0) = 0
and 7(R) = rze?®f. Then, we see that the reflection coefficient can be obtained from the
solution of the complex Riccati equation (2.3.2) with initial condition r(0) = 0, evaluated at
2 = R. From the proof of proposition 2.6 we also obtain that the condition for the generation
of the first soliton when the length of the support of the initial condition is R is that the
Jost coefficient a must have a zero on the real line, a(¢,0, R) = 0, which corresponds to a
singularity (blow up) of the solution r(x) at # = R. The value of ¢ for which r(R) blows up
provides the speed of the soliton created at the threshold R. From this, one can obtain the
distribution of the (random) threshold R for the creation of the first soliton. Moreover, the
absence of singularities in [0, R] implies the absence of soliton components in the solution of
the NLS equation.

To better understand the evolution of the solution of (2.3.2) we introduce the change of
variables 7(z) = cotg(f(z)/2)e**(®). With some algebraic manipulations

dr(z) = 2iér(z) dz — iDr?(x) o AW, +iD o AW}
do , .

= —281112((%/2)6“"(” +1 cotg(ﬂ(m)/?)eW(z) dp(z),

dr(z)

r(z)

=2i¢dx —iDr(z) odW, + zi odWy

7(z)
_ df(x) i do(x
= " 3sin (002)/2) cos (9(m) 2y | )

we get to the system of SDEs

(s a0 233)

dy(z) = 26 dz — 2Dcotg (0(z)) R [ o AW, ]

for 6 € [0,7] and ¢ € R. One always starts from § = 7, corresponding to r = 0. § = 0
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corresponds to a singularity for r» and therefore to the creation of a soliton.

Real white noise: threshold for a still soliton creation

We shall now work in the setting presented in the previous paragraph and prove proposition
2.26.

Proof of Proposition 2.26. From the proof of proposition 2.6 we see that the new soliton
created at the threshold R is a quiescent soliton, which was defined in subsection 2.2.1. We
can therefore set ¢ = 0 in equation (2.3.1), and obtain

dypy = ipg o dW,
dipg = drpy o dW,

The evolution equation for the variable r(z) := ¥9(x)/1¢1(x) now reads
dr(z) =i[ —r*(z) + 1] o dW,.
Using again the change of variables r(z) = cotg(0(z/2))e"?*) we get

{ df(z) = —2 sin (¢(z)) o dW,

, (2.34)
dep(z) = —2cotg(8(z)) cos (¢(z)) odW,
for 6 € [0,7] and ¢ € [0,27]. We can look at the above system as governing the motion
(if = plays the role of a time variable) of a “particle” on a finite box. The initial condition
(1(0) = 1, ¥2(0) = 0) is r(0) = 0, corresponding to #(0) = m, and the only finite solutions
adhering to this initial condition have phase ¢ = +m/2. The value of ©(0) must be chosen
such that # < w, which formally means that d6(0) < 0. The phase retains its value for
0 € (0,7), and may change its value every time the “particle” is reflected at 6 = 0 or § = 7:
each time the new value of ¢ must be chose such that 0 < § < 7. The boundary conditions
in ¢ are periodic. The process y(z) = (7 — 6(x)) is therefore a reflected Wiener process,
~v = 2|W|, starting from 0. We are interested in the hitting time for v of the threshold m,
which corresponds to # = 0. In turn, this corresponds to the threshold R of the length of
the support of the initial condition of the NLS equation necessary to create the first still,
quiescent soliton. Since almost surely the one-dimensional Wiener process W reaches the
points 47/2 in a finite time, R is almost surely finite, and the distribution of the creation
time R can then be obtained as the hitting time of the threshold 7/2 for the Bessel process
5. O

Remark 2.28. When the initial condition U(z) is real, and only when it is real, it is possible
to obtain an explicit formula for the solution ¥ of the ZSSP system for ¢ = 0. This is given
by [Ki89]

0

a(w) = ¥ — 4y,

Yy (z) = 5@ {z/ U(y)e* Wdy + 1

where

st = [ v ay.
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The solution ¥ defined above satisfies the initial condition (2.1.12) and for S(R) = +n/2
it also matches the final condition 4 (R) = 0, which means that a new quiescent soliton is
created. This confirms the result of proposition 2.26. Unfortunately, when U is complex-
valued it is not possible to find a closed form expression for the solution ¥ and then the
strategy used in the proof of proposition 2.26 is the only possible one.

2.3.2 Complex white noise: no soliton creation

We study here the case where the initial condition is give by a complex process, in the limit
of rapid oscillations. As proved in section 2.1, what we have to study is the ZSSP system
with the potential given by a complex white noise. We will show that in this limit almost
surely no soliton is created. The precise result is the following.

Proposition 2.29. Let the initial condition Uy(x) of the NLS equation be given by a com-
plex, rapidly oscillating process, with support on [0, R], of the form Uy(z) = vi(x) + iva(z),
where v,, n = 1,2 are two independent and identically distributed real processes satisfying
hypothesis 2.1. Then, for any fired R > 0 and in the limit of fast oscillations, the probability
that the solution of the NLS equation contains a soliton component is zero.

We shall use the approach presented in the previous subsection, and prove the following
equivalent reformulation of proposition 2.29.

Proposition 2.30. For any R > 0, consider the discrete spectrum of the ZSSP system
(2.3.1) with a complex symmetric white noise as potential. Then, almost surely the discrete
spectrum is empty.

Proof. We start our analysis from the system (2.3.3), where now W, = Wx(l) + Z'W$(2) is a
complex Wiener process. We will work on the first equation of this system to show that
O(x) > 0 for every x € [0, R] almost surely. This fact implies that the function r solution
of the Riccati equation (2.3.2) does not blow up, the function a(,0,z) is never zero for
(&,2) € R x [0, R], and the Jost function a({) cannot have a zero in the upper half of the
complex plane. Therefore, the discrete spectrum of the ZSSP system is empty and no soliton
is generated.

The difficult part is to show that 6(x) > 0 for every = € [0, R] almost surely. The idea of
the proof relies on the fact that the behavior of 6(x) is similar to the behavior of a Bessel
process of dimension 2 (which almost surely never reaches zero), at least near zero. This is
because the first equation in (2.3.3) is very similar to a Bessel equation since

W, = xcos T (1) 3Esin x (2) 3.
W, i [ con (pla)) WL+ [ sin (o(w) a7 (23.5)

is still a Wiener process by Lévy characterization theorem, and near zero cotg(x) ~ z~1.

With this notation, and rewriting (2.3.3) in Itdé form, we have
~ 1
df(z) = dW, + icotg(G(:ﬂ)) dz. (2.3.6)
Some preliminary steps are needed before we can obtain the announced Bessel equation. We

shall start by showing that strong uniqueness holds for equation (2.3.6). To do so, define
the new process Y () := cos (6(z)), which is a solution of

dY (z) = —cos ((x)) dz — sin (6(z)) AW, = —Y (z)dz — /1 — Y2 dW,. (2.3.7)
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Since § € [0, 7], uniqueness for Y (z) implies uniqueness for 6(x). The drift of the above
equation is Lipschitz continuous. As for the diffusion coeflicient, that we will now call o, we
have that

o(@) = o) = V122 = V1= <2y —2? < |y? — 2% < 2y — |

for all x,y such that |z|, |y| <1 (observe that Y (z) € [-1,1]). Then, strong uniqueness for
equation (2.3.7) follows from [RY, theorem 3.5, chapter IX].

Return now to consider the formulation of equation (2.3.6); we have to prove that for
every fixed £ € R and R > 0, almost surely 6(x) > 0 for all z € [0, R], which we do by
showing that P(79(0) < R) = 0, where

70(f) = inf{z > 0| 6(z) = 0}.
More generally, we set
7y(0) = inf{z > O| O(x) =y}.

Remark that 7(6) > R implies the non-explosion of r(z) and therefore that no soliton can
be created with speed £ almost surely.

Recall that the initial condition for the process §(z) was 8(0) = m. Therefore, 6(x) must
reach /2 before reaching zero. Using the strong Markov property we get

P(m0(8) < R|6(0) =7) < P(r0(f) < R|6(0) =7/2).
Remark also that the density of the process 6 is symmetric with respect to m/2, so that

P(1o(0) < R|6(0) = 7/2) < P({r(6) < R} U {7(0) < R} |6(0) = 7/2)
= P(r(0) < R|0(0) = 7/2)

< P(m(0) < R[6(0) = 7/4),
where 6 is a solution of (2.3.6) reflected in 7 /2 and taking values in the interval [0, 7/2]. We
have to show that _
P(10(0) < R|6(0) =7/4) =0. (2.3.8)

From now on, we will work with this reflected process. Therefore, to ease notation, we will
drop the conditioning on 6(0) = 7/4. This restriction to a process with values in [0, 7/2] is
very useful because the function

f(a) = 5[5 ~ cotaa)]

X

is bounded on (0,7/2]. Since lim,_, f(xz) = 0, we can extend this function to the domain
[0, /2] by continuity. We have f > 0 and f(7/2) = 1/, from which we obtain that f takes
values in [0, 1/7]. It follows that for every fixed R,

exp (% /OR f? (5(:0)) do:) < exp (2—17?2) < 00,

which is the Novikov condition implying that the process

zte) = s ([0 a7, ~ 5 [ 76) av)



2.3. EXAMPLES 53

is a martingale on [0, R]. Girsanov theorem states that B, = W, — fomf(g(y)) dy is a
Wiener process under a new probability measure ) absolutely continue with respect to the

restriction of P to the natural filtration of the original Wiener process F. Before we

proceed and apply Girsanov theorem, we must introduce some additional stopping times.
We stress that they all refer to the reflected process 6 starting from 7/4. For n > 1 set

oy =inf{z > 0]0 = 7/2};
oo = Inf{z > 091 \52 w/4};

Oont1 = inf{z > gy, | 0 = w/2}.

Thanks to the strong Markov property of the process 6, we can work on each random interval
[0k, 0k+1] independently. To fix the ideas, we shall consider the interval [0, 01]; on any other
interval [o9,,, 02,+1] We may proceed in the same way. Restricted to this interval, the process

0 solves (2.3.6), and does not feel the effect of the reflection imposed in /2. On this interval,
it is also solution of the Bessel equation

1
dy = —dz +dB, 2.3.
7=grdet (2.3.9)

under the probability measure @ introduced above. This solution is a two dimensional Bessel
process, which never reaches the origin. This means that Q(y = 0) = 0, or equivalently
Q(10(7) < R) = 0. However, 6 is a solution of the Bessel equation only on the interval
[0,01], and only on this interval we can apply Girsanov theorem. Therefore, we can only
use that @ is absolutely continues with respect to P on .7-';’[1/ . But this is enough to obtain

P(TO(Q) < 01) = Q(TO('y) < 01) =0.

This means that almost surely the process 7] starting from /4 reaches /2 before 0. But
then it must pass again through /4 before getting to zero: by definition 6 cannot reach
zero on the interval [o7, 03], so that we have also

P(To(e) < 0'2) =0.

Repeating this construction using the strong Markov property and the Girsanov theorem on
each interval [09y,, 02,+1] we finally get to

Vn, P(TO(G) < an) =0.
We only have to show that there exists an n such that
P(o,>R)=1. (2.3.10)

Clearly, P(o; > 0) > 0, which is to say that there exists an € > 0 such that P(oy > ¢) > ¢.
Using the independence of the increments (0,41 — 0y,), we get that

R/e Re
P(Z (Ons1 —on) > R) > H P(anH — oy > 5) =l >0

n=0 n=0
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and
K K
P(Y (0nn — ) <) = [[ P(0wn 0w <€) = (1 - 9)F “=F0.
n=0 n=0
Combining this two results we get (2.3.10), which completes the proof. O

2.3.3 Complex noise of constant intensity: no soliton creation for
fixed ¢

We have studied above the behavior of a real (or complex, but with constant phase) initial
condition. We consider now the somewhat complementary case of an initial condition given
by a complex stochastic process with constant intensity.

Let the initial condition of the NLS equation be given by Uy(z) = qe™®) 1}y g (z) for
some real, continuous martingale v(z) with bounded quadratic variation ({(v) < C) and
independent increments. We shall assume for simplicity that |Up(z)] = ¢ = 1. Remark that
this process is in L'; the IST machinery can therefore be applied to obtain the ZSSP (2.1.3).
With this initial condition we have

Proposition 2.31. Consider the NLS equation with the initial condition Uy described above.
Then, for any fized &, the probability of creating a soliton with the prescribed speed () is
zero.

Proof. We shall use the approach presented in the first paragraph of subsection 2.3.1. For
real values of ¢ = &, define the function r(z) = () /¢1 (), which solves for z € [0, R]

dr(x) = 2iér(z) — iUy (2)r?(x) + iU (z) = 2iér(z) — ie” @2 (z) 4+ ie” @) |

Using again the change of variables r(z) = cotg(6(x)/2) e the system of SDEs (2.3.3)
becomes

di(;:) — 9y [ei [U(ZE)+<P($)]:| = —2sin (V(l') + 90(15))
dﬁgf) =2¢ - QCotg(Q(JC))%[ei [V(x)—W(x)]} =% 2C0tg(9(x)> - (V(x) " @(x))

(2.3.11)

To simplify notation, we will use df(z)/dz = 6(x). From Ito formula we obtain

)-
df(z) = —2 cos (v(z) + ¢(z)) dv(z) — 4 cos( (z) + ¢(x)) dz
+ 4 cotg(6(x)) [1 — sin® (v(z) )] dz

= —2 cos (v(z) + p(x)) dv(z) — 4¢ cos( (z) + ¢(x)) dz
+ 4 cotg(f(z)) dz — cotg (0(m))9(x) dz,

and multiplying by 0(x)
0(z) d(z) + 62 (z) = 4dz — 26(z) cos (v(z) + ¢(x)) dv(z) — 4£0(x) cos (v(z) + ¢(z)) dw
—0(x) [@ - cotg(@(m))} [4- 92(:[)] dz
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Rename the last term above —R(z) dz and integrate twice:
0(z) O(z) = 6(0) 6(0) + 4z — 2/ 0(y) cos (v(y) + ¢(y)) dv(y)
—a6 [ 00 cos (o) + 90) du— [ Ry,

0%(z) = 62(0) + 22 6(0) 6(0) + 42> — //9 ) cos (v(z) + ¢(2)) dv(z) dy

—85//0 ) cos ( )—i—go())dzdy—?//R )dzdy.

We claim that almost surely 6(x) > 0, V& € [0, R]. Proving this claim completes the proof
of the proposition. We prove below an equivalent statement. O

Claim 2.32. The event A = {w|3z € [0, R],0(x) = 0} is negligible.

Proof. Recall that 6(0) = m. We will show that, for € small enough, if 6 ever reaches the
level €, it experiences a positive acceleration so strong that it is rejected far from the origin
before reaching zero.

For any ¢ > 0, define the stopping time

To = inf{x >0 ‘9(1‘) =e,0(zx) < 0}.
Set /% = § and define a second stopping time as
T =01 /N0g, (2.3.12)

where

o1 = inf {x > ‘ 0(zx) > 2454} )

[ 0w cos (v10) + o(0) du<y>’ 24t

70

nginf{x>70 ’

Note that for « € [r9, 71 A R]
4 /r /y 0(z) cos (v(z) + ¢(z)) dv(z) dy > —46°z;
_8§/1‘ /y 0(2) cos(v(2) + ¢(2)) dzdy > —296* £ 2°.

Also, for § < m/4, (1/6 — cotg(d)) < 4/m —1 < 1/2. Therefore, if

e < /28 (2.3.13)
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for x € [19, 71 A R] we have that 0(z) < 7/4 and

L[ /y R(z)dzdy = 2 / y 0(z) MZ) _ cotg(ﬂ(z))] [4-0(2] dzay

1
2—2-245-54-%:—2564902.

Summing up all these results, we have obtained that if ¢ < /26
0%(z) > 6% + 200% O(10) + 4a® — 48°2 — 256% ¢ 22 — 2°6* 2% (2.3.14)

We look at the right hand side above as an equation of degree 2 in x: ax? + bz + c. The
coefficients are:

a=4-2°64(26+1),  b=20%(ry) —48°, c=6°.
We would like to show that on an almost sure event

a>0;
A=0b*—4ac<0; (2.3.15)
71> 70— b/a.

The first two inequalities prove that the right hand side of (2.3.14) is strictly positive. The
bound (2.3.14) then implies that 6(x) > 0 for = € [r9, 71 A R]. We will see below that a > 3,
and since b < —46° the last inequality can also be used to ensure that we only have to repeat
the present construction (find a new 7} > 71 and so on) a finite number of time to account
for the behavior of f(z) over the entire range [0, R]. If for every iteration (2.3.15) hold on a
set of full measure, the intersection of such events is still of full measure and is contained in
the complement of A.

Unfortunately, the above set of inequalities do not hold on an almost sure event. However,
on the “dangerous” event where they do not hold, we are able to perform some explicit
estimates on 6 using directly the evolution equation (2.3.11). These estimates show that
also on this event 6 cannot reach zero almost surely, which proves that A is negligible.

Remark that, unlike the set A, the above inequalities as well as the stopping times depend
on d. We are therefore free to chose a convenient value of §. Let us start by assuming that
§ <2671 and § < 272 (which is a slightly stronger condition than (2.3.13)). It is then easy
to see that a > 0. Actually, what one obtains is that @ > 4 — 3/8 > 3. We turn now to the
last inequality of (2.3.15). We have that

—b = 26%|0(ro)| + 46° < 46*(1 + ) < 50

and .
— <26t =&, (2.3.16)
a
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The probability that the last inequality of (2.3.15) holds can be computed as follows.

z€[10,T0+7]

P (7’1 <7 — z) <P(n<m+Z) <P < sup /xH(y) cos (V(y) + ga(y)) dv(y)‘ > 65>

x€[10,70+T)

+P < sup  6(z) > 24(54) .
€l

Let us first find an estimate for the second term on the right hand side. Since by the first
equation in (2.3.11) we have that |(z)| < 2,

sup  O(x) < 0(ro) + 2T = 50*. (2.3.17)

x€[70,T0+7]

We can now use this bound and Doob’s inequality to get

T 1 To+T
P( S / 0(y) cos (v(y) +<p(y))dV(y)‘ > 55) < 570/ 6%(y) d(v),
258 =
< 55%0 = 50062,  (2.3.18)

where the constant C' is the bound on the quadratic variation () of the process v assumed
in the hypothesis stated at the beginning of this subsection. Therefore,

p (n > 19— b) >1-5006% 229 1. (2.3.19)
a

We still have to work on the second inequality of (2.3.15). We have
A/46% = 0%(10) + 462 — 460(7) — 4 + 2°64 (26 +1).. (2.3.20)

This is not negative in general. Therefore, we consider the right hand side of (2.3.20) as an
equation of degree 2 in the variable ¢t = (7). Recall that by definition 6(7o) < 0, so that
we are interested only in the behavior of this equation for ¢ < 0. Since for t = 0 (2.3.20)
is negative, we look for the smaller of the two zeros of the equation, £, which can be found
solving this new equation of degree 2 as follows.

AJ4 =407 — 467 +4 - 256*(26 + 1)

F=25—\/4— 25512 +1). (2.3.21)

If 0(r0) € (%,0], then (2.3.20) is negative and we have obtained the second inequality in
(2.3.15). We are left with one last case to study, (1) € [~2,7], in particular as § goes to
zZero.

Observe that # is increasing as a function of § and converges to —2 as § — 0. From
the explicit formula (2.3.21) we get that the amplitude of the interval of “dangerous” initial
velocities, [—2,t ()], is of order §. From the first equation of (2.3.11) we see that this
corresponds to sin (v(z) 4+ ¢(z)) taking values in an interval of the same order around +1,
so that the length of the corresponding interval of “dangerous” values of (v(z) + ¢(x)) is of
order §3:

Nl

v(x) + o(x) = g +0(67). (2.3.22)
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From (2.3.16) we obtain that we are working on an interval of = of order §*. Assuming that
the process v varies on a scale of order 1, on the interval of interest its variation is of order
§*. Also, cos (v(z) + ¢(z)) = 0(62), cotg(h) ~ 6~ for § — 0 and 6 = §*, so that

cotg(0(x)) cos (v(z) + @(z)) ~ 057 3).

It follows that the variation of ¢ is of order §2. Therefore, on a sufficiently small scale
& < 1, we can consider the process v as approximately constant, the variation of ¢ being of
a lower order.

Let us now look at the evolution of these quantities. Remark that since 0<0,asx grows
0 decreases, at least a small interval. Then, setting the new starting point just after 7y, ¢
decreases.

Let as assume by contradiction that 6 does reach zero with positive probability. Consider
any fixed §. We place ourselves at = 79(8). The only possibility is that 6 always remains in
the “dangerous” interval [—2,¢(d)]. We have already observed that this interval of dangerous
velocities shrinks to —2 as 6 — 0, and this will provide the contradiction. We shall consider
two cases.

If O(7p) > —2 then necessarily v + ¢ # 7/2. If v + ¢ > 7/2 the cosinus is negative and
by the equations (2.3.11) we get that ¢ > 0. If ¢ is small enough, this implies that v + ¢ is
increasing, the sinus is decreasing and 0 is increasing. Symmetrically, if v + ¢ < 7/2 for §
small enough, ¢ < 0 and again 0 is increasing. But since we must have é(T()) <t— —2as
6 — 0, we have a contradiction.

The only possibility left is therefore that there exists a positive value dg such that for all
choices of initial levels § < dp, one finds that 6(r9) = —2. But this means that on such an
interval v + ¢ = 7/2 must be constant, so that necessarily v = 7/2 — ¢ and

dv(x) = —2¢. (2.3.23)

At 79(dy) we have § = 6%, and § = —2 must remain fix until @ reaches zero. Therefore,
equation (2.3.23) must hold on the interval @ € [10(dg), 70(do) + J3/2]. But the event of v
having constant derivative on an interval of positive length is negligible due to the assumption
of independent increments.

The contradiction found proves that for § sufficiently small, even if the initial velocity
0(7p) is in the “dangerous” interval [—2,#(6)], @ does not reach zero almost surely. If (7o)
is not in this interval, then we have proved that the three inequalities (2.3.15) hold, which
proves that also in this case 6 does not reach zero. Combining these two results, we finally
get that the event A is negligible. O

2.3.4 Complex telegraph noise: no soliton creation for fixed ¢

We consider now the case where the initial condition Up(z) of the NLS equation is given
by a jump process on the complex plane. We will show that the probability of creating a
soliton with any prescribed velocity is zero.

Proposition 2.33. Let the initial condition Uy(x) of the NLS equation be given by a jump
process supported on [0, R], whose jumping times have a Poisson distribution of parameter
A. We assume that the amplitudes of the jumps are independent and identically distributed
random variables admitting a density law on C. Then, for any R > 0 and £ € R, almost
surely no soliton is created with speed .
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Proof. Let {7,}n>1 be the sequence of jump points of Uy(x) and set 79 = 0; it is sufficient
to prove the result on any fixed interval I, := [, 741 A R], n > 0.

Note that on I,,, Up(z) = pp e is constant. We will first deal with the case of still
solitons, & = 0. We shall use again the approach described in the first paragraph of subsection
2.3.1. In our setting, the equivalent of equation (2.3.3) reads

dé(z)
dx

do(z
dx

= —2p, sin (¢(x) + 7,) (2.3.24)

~—

= —2pncotg(0(x)) cos (p(z) + n)
We have that

% sin (6(z)) cos ((x) +vn) = — 2py, cos (0(2)) sin (¢(z) + 1) cos (¢(z) + 7n)
+ 2py, sin (0(z)) sin (@(x) + 7, ) cotg (0(x)) cos (¢(z) + 1)

is identically zero. Therefore, sin (6(z)) cos (¢(x) +7») is constant on I,,. This implies that
0(x) can reach zero only if ¢(7,) + 7, = 5. But this is a negligible event due to the density
assumption on the law of the jumps of v(x), so that the proposition is proved in the case
£=0.

Assume now that £ is fixed and different form zero. Equation (2.3.3) becomes

di(;) = —2p, sin (p(z) + 1)
dﬁf) = 2¢ — 2p,cotg(0(z)) cos (¢(z) + n)

and we have that

% sin (6(x)) cos (¢(z) + ym) = —2€pn sin (0(x)) sin ((z) + 1) = —25% [cos (9(1‘))} .

Therefore,
sin (6(x)) cos (¢(z) + ) + 2¢ cos (B(z) = sin (0(7,,)) cos (¢(Tn) + n) + 2& cos (0(7))

and 6(z) can reach zero only if

26 = % cos (go(Tn) + ’yn) ,
which is to say
&= w cos (¢(Tn) + Tn) - (2.3.25)
But this is again a negligible event due to the density assumption on the law of the jumps
of Up(z). The proof is complete. O

2.3.5 Density of states — Ornstein-Uhlenbeck process

In this subsection we study of the density of the distribution (density of states, or DOS)
p(n, &) on the upper complex half-plane { = £+in, n > 0 of the eigenvalues for the ZSSP with
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a rapidly oscillating random potential. This corresponds to the distribution of the velocity
and amplitude of solitons of the NLS equation with random initial conditions. Given an
initial condition with support on [0, R], the DOS is defined as the average density of the
eigenvalues of the ZSSP system par unit length of R. It is given by the limit

N
MQ:&&@[Z:C (R },

where (Cn(R))n:L..  are the discrete eigenvalues of the ZSSP system when the initial con-
dition is supported on [0, R] and ¢ is the Dirac delta function. Remark that in this case
we have to work with initial conditions which in the limit have support on the half-line
Ry = {z € R|z > 0}. This is an essential difference with respect to the examples consid-
ered above, since now we first take the limit in R, and only then we take the limit in ¢ to
account for rapidly oscillating initial conditions.

Explicit computations are developed for an initial condition given by a (rescaled and
time accelerated) complex Ornstein-Uhlenbeck (OU) process, which can be seen as an ap-
proximation of a complex white noise. The case of an initial condition given by more general
rapidly oscillating random process is considered in the next subsection. The main result is
given by the following theorem. Recall that the hyperbolic cotangent function is given by
coth(z) = 1/tanh(x) and the hyperbolic cosecant by csch(z) = 1/sinh(z).

Theorem 2.34. When the initial condition is given by a rapidly oscillating Ornstein-
Uhlenbeck process, the DOS p(n, &) of the ZSSP associated to the NLS equation is smooth,
and can be written as a power series expansion around the limit case of infinitely rapid
oscillations. If € is the parameter controlling the rapidity of oscillations, we have

p(n,€) = po(n) + &% p2(n) + o(e?),

where
1 7 coth (n/2) —2

47 sinh? (n/2) (2.3.26)

po(n) =

is the DOS corresponding to the limit case, the first order term is zero, and the second order
term is given by

p2(n) = — [nTwcschz( /2) — 8CSCh2 (n/2) coth (n/2) + %[coth (n/2) — 1]}

(2.3.27)

Remark 2.35. Using the formula presented in subsection 2.1.1 it is possible to compute
the order of magnitude of the mass and energy introduced by the rapidly oscillating initial
condition U(xz/e?)/e. For any fixed R, the input mass is of order 2

I 2412 -2
N = = |U(z/e )‘ dr ~ Re
0

and the input energy is of order e~

E= / S10.0G /)~ LU/ de = Re
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Figure 2.3: Plot of the DOS po(n) at order zero (limit case of infinitely fast oscil-
lations).

Remark 2.36. Using a rapidly oscillating complex OU process as initial condition for the
NLS equation, the distribution of created solitons is uniform with respect to their speed
(both in the limit case, and considering second order corrections). This result should not
appear too surprising, since we can see from remark 2.35 that the input energy is much
larger than the input mass.

Remark 2.37. In figure 2.4 is plotted the second order term ps(n) of the DOS. From
the picture one can easily see that this second order term gives small-amplitude solitons a
higher probability of being generated. This means that, comparing different fast-oscillating
OU initial conditions, the slower the oscillations are, the easier it is to create solitons with
very small amplitudes.

The proof of theorem 2.34 fills the rest of this subsection, and is divided into several steps.
First, we present the general technique, for which we need the ergodicity result provided
by propositions 2.38. Using this results we can obtain the DOS through the study of the
Lyapunov exponent of the ZSSP system (recall that the initial condition has an infinite
support) and a generalized Thouless formula. This is shown in lemma 2.41. Then, what is
needed to complete the computations is just the invariant probability of some the variables

(U, ?), which will be introduced below. This invariant probability is obtained by solving
a Fokker-Planck equation. However, the solution of the Fokker-Planck equation requires
extensive computations, so that before performing them we shall present and explain the
general scheme we want to apply.

The initial condition we consider for the example presented in this subsection is given by
a (rescaled and time accelerated) complex Ornstein-Uhlenbeck (OU) process: Uy = Uy +iUs.
Here, Uy, Uy are two independent real Ornstein-Uhlenbeck processes:

Ui(z) = U;(0)e™" + \@e_x/ e¥ dWlSi) .
0

We will need to use the infinitesimal operator of the OU process, which is given by

Ly = —Ulaul — ug&m + 812“ + 832 .
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Figure 2.4: Plot of the second order correction term p2(n) of the DOS.

Its adjoint is
0 f = 0w, (urf) + Ouy (uaf) + (02, +02)) f . (2.3.28)

To ease notation, in the sequel we will drop the subscript for the initial condition Uy.

An ergodicity result

To prove the next proposition we need to reformulate the ZSSP using linear algebra nota-
tions, and using R as base field. For the next few pages we will therefore use the embedding
C < R? for all complex variables. This means for example that we will consider ¥ as
a vector of R* instead of C?, transforming ¢; = R; + S into the vector (Ry, 1) and
s = Ry + 2 into the vector (Ra, J2). With this notation, the ZSSP system can then be
rewritten as

0,V =AU)T,
where
n & —-Ux -Uh
| € n v, U,
AU) =
(U) =i U -Ui —-n &
U U & =
We shall also introduce polar coordinates in R* to rewrite ¥ = p ’7, where p = |U| =
([ + [92]?)"* € B and
Ry /||
?_ S/
o R/
S2/|¥|

is a unitary vector in R*. We can now prove the following proposition
—
Proposition 2.38. With the notation introduced above, the vector (U, Y ) is ergodic.

Proof. To prove the ergodicity of the vector ( 7, U ) we shall proceed as in [KA83|, where
ergodicity of linear systems of the kind of the ZSSP systems is studied in detail. By (2.1.3)
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we obtain the evolution equations for p

o) =0 e ["a(ve.7 W) a)

and for 7 . .

By 1= h(U(m), v (x)) , (2.3.29)
where, using matricial notations, ¢ : R? x R* — R is defined by

g(U,7 ) =7 TAWU) 7 (2.3.30)

and h: R? x R* — R* is defined by

U7 ) = (AW) — (U, )1d) 7 .

Here, 5) T denotes the transposed of the vector 7 By identifying ’_)’) and — ’_)’), the evolution
equation (2.3.29) can be viewed as an equation on the projective space P = P3(R). Remark
that this evolution equation is independent of p. We have that the infinitesimal operator
of the OU process Ly is elliptic, U is an ergodic process and the matrix function A(-) is

5
analytical. The couple (U, 7) is a degenerate diffusion process with generator

£=£U+h6?.

To prove the ergodicity of (U, 5)) we have to show that the Lie algebra generated by
the operator (h(u,-), u € R?)(s), s € P has dimension 3. In other words, we have to show
that, starting from any point sq € P and using suitable values u(™, n = 1..N, of the
variable u € R2, it is possible to reach any point s; € IP following the evolution prescribed
by s — h(u™,s) in a finite number N of steps.

Remark that for any fixed u € R2, h(u, ) is a vector field on P, namely the projection of
the linear vector field A(u)x, x € R*\{0} onto P. We see that it is enough to show that the
Lie algebra generated by A(u), u € R? has dimension 4. To do so, we shall decompose A(u)
into a sum four matrices ¥, k = 1...4. Recall that we have u = (u,us) € R?, and since we
are using the embedding C — R2, ¢ = (£,7) € R2.

A(u) = {ulzl + u2Xo +nX3 + 524} ;

where
0 0 0 -1 00 -1 0
0 0 1 0 00 0 -1
“1=19 -1 0 ol =10 0 o]
1 0 0 0 01 0 0
10 0 0 0 1.0 0
01 0 0 -1 0 0 0
=100 -1 o =0 00 -1
00 0 -1 0 01 0

The idea of this decomposition comes from the analysis of this problem on the complex
field C, which however cannot be implemented rigorously since we have to introduce the
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projective space P. The above matrices are obtained from the Pauli matrices o;, j = 1...3,
using the matrix notation for complex numbers

()
1 0
and the correspondences ¥y = ioy, Y9 = —i0g, Y3 = 03 and ¥4 = —ioz. The computations
presented from now on could be performed using this notation from linear algebra on the
complex field C, but we prefer to show them using the same notation used in the first part
of the proof, namely working on the real field R.

Remark that changing u our direct action is only on the first two matrices %7 and 3o. If
we take u(!) such that u(ll) > 1 and ugl) = 0, we have that A(u(?)) ~ %;. If instead we take
u® such that u:(LZ) =0 and uéQ) > 1, we get A(u(z)) ~ ¥,. Also, explicit an computation
shows that A(uM)A(u?) ~ %%y = —%, and (24)2 = —1I, where I is the identity matrix
in R**4, This shows that by choosing suitable values of u we can get arbitrarily good
approximations of the four matrices 1, 35, —¥4 and —I, which are linearly independent
and generate a subspace of R*** of dimension 4. Then, the projection on P produces a
vector field h(u,-) generating a Lie algebra of dimension 3, which proves that the vector

(U, 7) is ergodic, [KAS3). O

Corollary 2.39. By Hirmander’s theorem, the operator L is hypoelliptic, so that the in-

variant probability measure associated to the vector (U, 7 ) admits a smooth density with
respect to the Lebesgue measure.

In view of this result, in the following we will allow ourselves to confound the invariant

—
probability measure of (U, 7) with its density, calling both of them P(u,s), where u € R?
and s € R?* is a unitary vector.

Computing the DOS

Given the ergodicity of the couple (U, ? ), we can use [KA83, theorem 4.1] to obtain the
following result

Proposition 2.40. The Lyapunov exponent of the ZSSP system is given by

k(. €) = / a(u, 5)dP(u,5) (2.3.31)

where u € R%, s € R* is a unitary vector, q(u,s) = sT A(u)s is defined by (2.3.30) and
P(u, s) is the invariant probability measure of the couple (U, 7 )

Once the Lyapunov exponent x(n,£) is known, one can recover the DOS through a
generalized Thouless formula, as shown in [KMOS].

Lemma 2.41. The density p(n,&) of the distribution of the eigenvalues of the ZSSP system
with potential given by a complex Ornstein-Uhlenbeck process is given by

_ % (32 N 82)&(77,6) _ (2.3.32)

p(n,§) oz T o



2.3. EXAMPLES 65

Combining the results of proposition 2.40 and lemma 2.41 we obtain an easy way to
compute the DOS. The only missing element is the invariant probability P, whose density
can be found solving

L*P(U,~) =0, (2.3.33)

where

L'P=LyP—0-(hP).

It turns out that the computations to solve equation (2.3.31) are somewhat easier if we
introduce some new variables. To do so, we shall momentarily leave the “real” notation
introduced in the previous paragraph for the proof of proposition 2.38 and return to use

—

the notation of complex variables U € C2, U € C. We shall also consider 7€ C? to be a

—
unitary vector, which we will write as Y= (y1,72). We can now define the two real variables
w € (—00,00), ¢ € [0,27) as _

Y1 /1pg = eV
We also set v = tanh(w), so that v € (—1,1), and define 6 € [0,27) to be the argument of
U1/3.

The change of variables v <> (v, ¢, ) can be described as follows. Remark that for any
~ such that 1 # 0 and 2 # 0, one can find a unique corresponding vector (w, ¢,8) from
the relations 1 /72 = e**% and 71 /75 = e**%. The converse also holds, since

Im| = [9] _ Y1/ 192 _ ev
I O o D R (SO N

and a similar expression can be found for |vys|. Moreover,

0 — o = arg(va/1hy) = 2arg(v2),

which, together with the definition of 8, provides also arg(y;) = (0 4+ ¢)/2.

In the new variables (v, ¢, #), the function ¢ defined by (2.3.30) has a very simple form,
which we shall now describe. To do so, we shall return to the real-variables notation intro-
duced before the proof of proposition 2.38. We have that

R
1 1. |3,

AUy = 0,0 = —-0,
O = g% = [g1% | %,
RP

and (recall that V7T denotes the transposed of the vector V)

1 1
vl 9,0 = ——

1
= — 2 = — 2
=P I 0| 25} In (|¥]?) .

q(U,v) =~+"AU)y

Rewriting this using the new variables (w, ¢, ) and using the relations given by the ZSSP
system we get

1
q(U,v) = 5830 In (|¥|?) = ntanh(w) = nov.

Therefore, the Lyapunov exponent can be rewritten in the new variables as

K1, €) =n/vdP(v,<p,97 U). (2.3.34)
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We now have to find the form of the density of the invariant probability P, written in
the new variables. This is done by finding the Fokker-Planck equation for P(v,y,0,U). The
procedure to obtain the Fokker-Planck equation from the evolution equations for the new
variables is detailed in the next two paragraphs. There, we will also introduce the rapidly
oscillating initial conditions and finally describe the equation satisfied by the density of the
stationary probability P(v,y,0,U) when U is a complex, rapidly oscillating OU process.

The Fokker-Planck equation

We return to use the complex-variable notation. When there is no risk of confusion, we
will also omit to write the dependence on x. To obtain the evolution equations for the
new variables (v, ¢, 6) from the ZSSP system we shall introduce one more complex variable:
r(z) = Py (x)/1hs(z) = e(@+19(*)  Remark that the function r defined here is the reciprocal
of the function r introduced in the previous subsections. Moreover, r also depends on the
spectral parameter ¢ (through the Jost functions ; and 12), for which we do not restrict
to consider only real values ( = ¢ € R, but rather work with any spectral parameter on
the complex upper half-plane { = £ + in, n > 0. Using this new variable, the ZSSP system
(2.1.3) can be rewritten as

d
ar(x) = iU — 2i¢r —iU*r?.

Since dr = r(dw + idp), we obtain the system governing the evolution of the variables w
and ¢

Ozw(z) =20+ {U*e“’“ﬂo - Ue—w—isO}
Ouip(w) = —26 — R|UTentie — yemuiv]

With some easy algebraic manipulations this system can be rewritten as

Opw(z) =21+ 25 {U*e“"} cosh(w)

. 2.3.35
Opp(z) = —26 — 2R {U*ew} sinh(w) ( )

From the ZSSP system rewritten in the form (2.3.35) and using the adjoint of the generator
of the OU process given by (2.3.28) we obtain the following Fokker-Planck equation for the
density function of the joint probability P(w, ¢, u) of (w(z),¢(z),U(x))

0P =— 210, P — 23 [u*e*?]d,, [cosh (w) P}
+2£0,P + 2sinh (w) 0, [8? [u*e™?] P}
+ Ouy (u1P) + Oy, (u2P) + (02, + 02,)P. (2.3.36)

Remark that the vector (w, ¢, U) already forms a Markov process. Therefore, considering
the joint probability P(w,¢,0,u) would produce a Fokker-Planck equation with an addi-
tional independent term, which we can disregard because 6 does not appear explicitly in
(2.3.34). Changing variables v = tanh(w) we can transform this equation into a Fokker-
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Planck equation for the density of joint probability P(v,y,u) of (v(x), o(x), U(x)):

0z P(v,p,u) = — 210, [(1 - vQ)P} - 2%[u*e“"]8v {\/ 1- UQP}
v * 1
+ Ouy (u1P) + By, (u2P) + (62 +0.)P. (2.3.37)
Rapidly oscillating initial conditions

Recall that the aim of this example is to obtain the distribution of the eigenvalues of the
ZSSP for rapidly oscillating initial conditions. We therefore need to seep up time for the OU
process U.(t) = U(t/e?) and rescale it accordingly. The initial condition we will be working
with is therefore Uy = éUg. By the result of corollary 2.39, the invariant probability P¢ of

the couple (Us/s, ? ) has a density, which we also denote P*¢, solution of LZP* = 0. The
operator L£* has a finite expansion in e:

1 1
where
0P = 0u, (u1P?) + By, (ue P°) + (92, +02,) P°,
£1P* = =23 [uze'<] 9, [ V1= 02P°] +2—
: V1—02
=29 [ufe’?s] /1 — 020, P+ 92— = R [ufe'?=] 8, P°,
€ 1 _ v? €

L3P = 20, [(1 - ug)Pﬂ +2€0,,P° .

Op. | R [uz '] P?]

The terms of this expansion can be found as follows. Using the rapidly oscillating initial
condition described above, the system (2.3.35) becomes

Opwe = 2n + 2 cosh(w,) U? etvs
: 9L ) (2.3.39)
Orpe = —2€ — 2sinh(w. )R [ Wf]
and the Fokker-Planck equation
154 1 * 154 1 * 15 * 15
0, P° = E—QEUP + EElP + L5P°. (2.3.40)

For the invariant probability measure, 0, P° = 0, and L} P? is given by the right hand side
of (2.3.40).

We shall proceed as in [APW86] and assume that the density of the invariant probability
P? solution of £ZP® = 0 can be formally rewritten using a power series expansion in ¢
around the limit case of infinitely rapid oscillations:

(v,0,u) = "D (2.3.41)
n>0

The first term of this expansion, Py, is the invariant probability corresponding to the limit
problem for infinitely rapid oscillations. It formally corresponds to a white noise initial
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condition for the NLS equation (recall that with a white noise as initial condition one is
not allowed to apply the IST and therefore one cannot obtain the ZSSP system). The
DOS for the NLS equation with a white noise initial condition has been obtained in [KMO08]

working directly on the stochastic process v without introducing the process (U, 7 ), and
(formally) assuming that (v, U) is ergodic. Their strategy is based on the use of the Thouless
formula of lemma 2.41, the representation of the Lyapunov exponent given by (2.3.34) and
the Fokker-Planck equation (2.3.37).

Our approach consist in taking an initial condition Uy with fast, but not infinitely fast,
oscillations and to express the invariant probability P¢ (v, ¢, u) as a power series development
around the limit case, (2.3.41). This in turn will provide an expression for the DOS given
by a power series. The first term we find, pg, is therefore in accordance with the result
of [KMO08]. But we are also interested in finding the correction terms P; and P, for the
invariant probability and the corresponding correction terms p; and ps for the DOS.

Looking at (2.3.34) one remarks that the full joint probability measure P¢ is not really
necessary: what is needed is actually only P*(v) = [g, 027r Pe(v, p,u) dpdu.

The general scheme to find the invariant probability P*

Since the computations needed to find the correction terms are somewhat cumbersome, we
sketch here the general strategy we will use. Further details on the perturbation approach
and the solution of the Fokker-Planck equation can be found for example in [FGPS]. To
ease notation we will drop the superscript €.

Applying the operator £ defined by (2.3.38) to the power series representation of P
(2.3.41) and separating scales according to the power of ¢, we obtain an infinite system of
coupled equations. Setting P,, = 0 for n < 0, the equation at order n for n > —2 reads

en [L;Pn S LIPy + ,c*UPW} ~0. (2.3.42)

We set g = L3P, + L7 P,41. Due to the form of the operator £y and of its adjoint, which
can be rewritten as

1 «f —uf 1 «3 —uj
EUf:§€28u16 2 au1f+§62(9u26 2 Ou, f s

2
U2

. 1 —uf ui 1 —u3 u3
of = iaule T Oy, e f+ §8u26 T Oy,e? f,
the equation L}; P, 2 = —g is equivalent to
LyPoys=—7, (2.3.43)
where ]SnJrg = e|u‘2/2Pn+2 and g = e'“‘2/2g. This is a Poisson equation in the u variable, and

its solvability condition is that g must be centered with respect to the invariant measure of
U, [FGPS], which is to say that for every (v, ¢) we must have

~ 1 lul? _lul? 1 N .

Mﬂzﬁéjﬂgk S du= oo | L3P+ L du=0. (2.3.44)
In the explicit computations of the following paragraphs we will drop the constant factor
1/27 of the above equation, and still call it the solvability condition for the Poisson problem.
Once we have proved that the solvability condition (2.3.44) is verified, we can use the
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following formula to solve the Poisson equation (2.3.43)

Pria() = oo+ [ E[3(0) | 00) = u] da.

Here, fn1o is a function of (v, ¢), but is constant in w. This equation provides information
on P, ;o which will be used later: together with information from equations obtained at
lower orders, the compatibility condition at order n allows to completely determine P, .

Explicit computations: order —2

We have seen how the general procedure works. We shall now apply it to explicit the
computations for our example. The first equation we need to solve is

0=L;FP,
which ensures that in (2.3.40) there is no term diverging as e 2. The solution is found to be

2
[

1 w2
Po(U,(pJJ,) = ge 2 fO(U’QD)’

for some function f; which will be determined below by the solvability condition of the
equation at order zero.

Explicit computations: order —1

The second equation is
0=L;P+L1P. (2.3.45)

We set g := L} Py, and transform (2.3.45) into the Poisson equation

LyP,=—7, (2.3.46)

Jul?

g u 2 ~ . . . .
where P, = e P, and g = e 2 g, as explained in the paragraph describing the general
scheme. The solvability condition is

/ LiPydu=0. (2.3.47)
R2

Using the explicit form of £ Py we can easily see that it is always verified because, since

LiPy = %e_ iy {_ S [u e®] V1— 020, fo + ﬁ% [u* ¢i¥] 8¢f0]

is an odd function of u; and us, the integral on R? is zero. Condition (2.3.47) being verified,
we can solve (2.3.46) to find a first expression for P;:

Pi(v,0,u) = % 6_# [/000 E[L’T (U(=)) fo ‘ U(0) = u] dz + fl]. (2.3.48)
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Explicit computations: order 0

We now need to solve the “order zero” equation, which reads
0=Ly P+ LIP+ L5P,. (2.3.49)

We look first at the solvability condition for this equation, which is

LiPi+ L3Podu=0. (2.3.50)
R
We already know that
* 1 —u?/2 —u3/2 2 Lz,
L3Py = o eti/2ed —2n&“1—v)ﬂ+ﬂf%ﬂ):§;e = L3 fo
and
Lﬁ1:2 ﬁﬁ] _upx+ﬁ}

Rlu* '] 8¢} X

X

e
T N
{ S[U* (&) €] V1= 020, +\/7§R[U*(a:)ew]8¢}(fo)da:

+ %u*ew\/l—qﬂa
{ \/1—1}2

72T6|u22/000 {g[u*ew] [U*( ) el ](fuﬁ fo+( 1*1} fo)

R 410, (1)

Su* ew ( gofO + v 0, 0y fo)
— R[u* ?]S[U*(x (v@ Ov fo + 5 O fo)
— R[u* R (1)8 fo— fo)] dx

1 ul2 )
et {%[u*ew]\/1025'vf1+
T

v * 1
m%[u e’ awfl} . (2.3.51)

We try to simplify the above equation. To ease notation, we shall drop the dependence on
x in U. Note that

Sfu* ePIS[U* €] = uy Uy sin?(p) + uaUs cos? (¢ u1Usy + uzUl) sin(p) cos(p) ;

?

Slu* ePIRU* €] = u Uy sin2(g0) — ugUy cos? (¢ u Uy — uaUs ) sin(yp) cos(ip) ;

() —

(o) + ;
R[u* e™|S[U* €] = uaUy sin®(p) — u1Us cos? () +

() +

Rlu* eCIR[U* €] = upUs sin®(p) + u1U; cos? (g urUs + uxUy ) sin(p) cos(p) .

N7 N 7N N

() cos(p)
) sin(p) cos(v)

0y — wUs ) sin(i) cos(o)
) sin(p) cos(e)
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When ¢ # j, u; and U; are independent, so that E[uin] = 0. Also, E[ulUl] = e " and
E[IOOOE[U(O)U(JC)‘U(O) = u| dx] = 1. Therefore,

E [ﬁf(u) /0 E (L1 W) 50 |U(0) =] d:c] _ IE[ /0 E L WO) L V@) ‘ U(0) = ] da:]

- [ 2008, fo+ (1—v )32f0

25)

4o, (1= v%)0ufo) + 7 aZfo}
With these results, the compatibility condition (2.3.50) can be rewritten as
—E {EZfo + L (u) /OOO E [c’; (U(x)) fo ' U(0) = u} dz + L”{(u)fl] = Zf,  (2.3.52)
where
2i =8+ [ OO0 ]
:—znav(u—&)f)+an¢f+4au((1—v )8, f)+4 SO (2353)
The term £} f; in the first line of (2.3.52) is an odd function of u, so that its expected value

is zero. The solution can be found setting fo = go(v)/2m: since the function gy needs to
satisfy f 1 90(v)dv =1 and

Ou[n/2(1 =) fo] =0, [(1 =) 00t

we get go(v) = ke for k = and ¢ = n/2. Therefore

231nh(c)
1 u?
Py(v,p,u) = Tk eveT . (2.3.54)

Since fo only depends on v, we can simplify (2.3.48), the expression of P; we have found
solving the “order —1” equation. We get

P1:217Te_“22{f1—20\/1—v2f0/0 [ [U* w ’U }dx}7

and we also obtain that Pj(v fR2 " Py dedu = fo fidy. We can now return to the
order zero equation, (2.3.49) Lookmg at it as a Poisson equation in the u variable provides
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the solution

P, :%67# {f2 + /000 E[,c;fo +LI (V) fa

V(0) = u] dy}

+00) [ B[ U@L U0 = v

2%6_# {f2 +/0 E[£§f0 + L1 (U(y)) fr

+ [T (GO e )

U(0) = u]dy},

where V' is an independent copy of the complex OU process U. We remark that the above
equation may at first sight seem to present some problems, as we are integrating in dy on an
infinite domain the term £3 fo, which does not depend on y. However, it turns out that this
term partially simplifies with the last one, leaving only a centered term. This follows from
equation (2.3.52). We will show this in detail below, when solving the “order 2” equation.

Finding the density of states at order zero: pg

Now that we have completely determined the first term of the expansion of the invariant
probability, Py, we can use lemma 2.41 to compute the first term of the development of the
DOS.

Integrating over u and ¢, we get

27
Py(v) = /0 . Py(v, p,u) dudp = go(v) = ke.

Using (2.3.34) we obtain the Lyapunov exponent at order zero:

1 —
k(n, &) = n[l v Py(v) dv = ncoth(n/2) — 2.

Remark that for large |n|, £ ~ |n| (coth — £1). From the Thouless formula (2.3.32) we get
the density of eigenstates at order zero:

1 ¢ coth(c) —1

1
po(n,€) = ﬂ(af, +02) n(n,€) = T IR (2.3.55)

This proves (2.3.26) of theorem 2.34 and is in accordance with the result obtained in [KMO08|.
Since ¢ = n/2, at order zero the density is independent of &, which means that in the limit
one finds the probability of creating a new soliton to be independent of its velocity, see
remark 2.36 below.

Figure 2.3 above provides a plot of py(n) (recall that n > 0).

Explicit computations: order 1 - p; =0

Let us turn to the following order equation, which reads

0=L}Ps+ LiPy+ L3P . (2.3.56)
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We first need to look at the solvability condition
/ LiPy+ LiPidu=0), (2.3.57)
R2

using which we want to completely determine P;. From the above results we have

LyP =% e {£§f1 4L /OOO E[c’;(U(x))fO ] U(0) = u} dx}

:217re_m2|2{£§f1 +£§|:— 20@f0/@ E[%[U*(x) eisa] ‘ U(0) = u}dx} :
LiPs Z;Te_mf{ﬁ’{(u)ﬁ + Ef(u)/o E[ﬁ;fo + L3 (UMW) A

+ [T (G wm)E U6+ ) i)

U0 =ufay}.

Since in the integral (2.3.57) all terms with a odd power of « do not contribute, we do not
need to track them. Remark that £7 is linear in u and £} is independent of u, so that for
the solvability condition (2.3.57) we only need to consider the terms where £} appears twice
or does not appear at all. The solvability condition is therefore

ZhH=0, (2.3.58)

where the operator .Z is defined as in (2.3.53). This time we have the constraint

1 27
!/ frdpdo =0,

-1J0

which gives fi = 0. It follows that P;(v) = 0 and the first order correction term to the
density of states is zero. We must look for the second order term. Solving the Poisson
equation (2.3.56), we get

1 Ju?

Py=y e 2{f3+/OOO1E{L;(U(Z))f2+/Oocz:;.c;(U(m+z))fodx
R CIGEET:

+ /OOO Li(U(2)Li(U(y+2) L5 (U +y + 2)) fo dx) dy ‘ U(0) = u} dZ} :

Explicit computations: order 2
The “order 2” equation reads
0=L;P+ LiPs+ L5Ps. (2.3.59)

Since we are only interested in finding the second order correction term for the DOS, we
only need to find P,. This means that we do not really have to solve this equation, we are
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only interested in its solvability condition:
/ LiPs+ LiPydu—0, (2.3.60)
R2
where using the results of the previous steps we can write
* | * > * ok
£2P2 = —e 2 £2f2 + E £2[,2f0
27T 0

+ /O ey (UW)Li (Ul +y)) foda ] U(0) = u} dy} ;

Lipy = Jf{Eﬂwh+EHMAWEFNU@ﬂh+AWE%KU@+2»EM

%e
N /O = (q(U(z»ﬁ;fo
+ [T LU+ )L W+ y+ ) fode )y | U10) = u] dz} |

Again, we can disregard the terms where £} appears an odd number of times, since they do
not contribute to the integral (2.3.60). Therefore the solvability condition becomes

0=E

Life+ | {c; ot [ LLH UL U+ ) fods

+ L3(U(0) L3 (U(2)) f2 + /OOO LI(U0)L3L(U(z + 2)) foda

oo

+ /0 T L U(0) 2 (U(:) {c;fw /0 LE(U(y +2) L (Ux + g+ 2)) fodx]dy}dz].

The part of the above equation which contains fs is exactly (2.3.53). We analyze the parts
containing fo. Due to (2.3.52), the first two terms simplify. We are left with three terms to
study, the last three on the right hand side:

I, = //o L3(U0)L5L5(U(z + 2)) fodzdz.
I, = //0 L1(U(0)L1(U(2)) L5 fodydz.
I, = ///0 LU0 LHUE) L (Uly + ) L5 (Ul +y + 2)) fo dedydz |

We can rewrite the solvability condition as

Lfy=—F, (2.3.61)
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where F' = E[Il +Zy + Ig] and the operator % is defined by (2.3.53). We have to analyze
the three terms Z,,, n = 1,2, 3; we start from the first one. Since fy only depends on v,

L3 Uz +2)) fo=—23[U"(z + 2)e"?]V/1 =020, fo .

We shall introduce some more compact notation. All the terms like R[U*(z)e’?] will be
denoted by ., and the same for the imaginary parts. We also have that J,%, = —S; and
0,3, = RN;. Then,

L] (U( )E*C*(U x+ z))f

{77 S ]- -V )3/28 fO} £§RI+ZV 1—22 5vf0}
= 8{ n%o%mm—vzaz[ V)20, o) + € SoRar V1 =020, [V1 =02 0, fo) |

v
V1—10?

Proceeding as we did when dealing with the equation at order zero, we see that the terms
containing SR or RY are centered, so that taking the expected value of Z; we are left with
just

+ n 8%0§Raw+z 81) [(1 - U2)3/28vf0} + f §ROC\\Yar:-"-zU 3uf0} .

E[Z:] = 8//00 e~ @) dr dz { nv1—v202|( [ 2)3/2 9 fo} (2.3.62)
0

g afi-eroas)
—160{ \/1—1;232[1—@ 3/28f0}+\/7 [(1v2)3/28vf0”.

Let us consider Zy. Since L3 fo = —2130,[(1 —v?)fo] does not depend on ¢, the integrand
becomes

LH(U(0) L5 (U())L3fo = 4L (U(O) {nS:v/1 w2 82[(1 — v*)fo] }
_ sn{ — $0S. (\/1 2 av)Q(av (1 - u2)f0}) + RoR, w02 [(1 - v2)f0]} .

Taking the expected value we get

]E[Ig]:/ 877{1)82[(1—7) fd—(\/l—ﬂ@)( [1—v)f0})}dy

- —16/000 {o,[0—v2,]} (o) dy (2.3.63)

This term is clearly infinite, but recall that we still have to consider the third term, which
will simplify the diverging part of Zs.

We turn now to consider the last term, Zs, which is more complicated. We have

2
L7 (U(y + Z))ET (U(JS +y+ Z))fO = 4{Sy+z%x+y+z ( V1—? av) Jo—Ry - Roqyizv 6vf0}
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and
T(UE)LI(UW+2) L5 (U(x+y + 2)) fo

3
8{ %z%y—‘rz%z—&-y—i-z(\/ 1-— ’U2 81;) fO + §Rz a¢ (%y+zsz+y+z) v@v ( \V 1-— ’U2 8vf0)

2
+ SRy Rasyss VI — 120, (00, fo) — R. 0, (mwéﬁﬁw) \/1”7_71}2 d, fo} .

We can use the relations 9,3% = (RS + SR) = —0, NN and

v, (V1 =020, fo) = —\/%avfo +ovV1—0v20%f,
to slightly simplify the above formula, which becomes
Li(U)LT U+ 2)Li (U@ +y+2))fo

= 8{ — \yz\Sy+z\yI+y+Z(\/ 1—229 ) o+ \Szé}ey+z§R$+y+z \V/ 1—w 8 (v@ fo)
+ ﬂ?z <%y+z\f:r+y+z + \SerZ m+y+z) vV 1-— U2 82f0}

We can finally get to the last step of the computations to obtain the integrand term of Zs.
We have:

LHUO) L1 ()£ (U + D)L (U + 5+ 2) fo
- 16{%032 S JHW(Ma )

= SoRe Ry Stz + SyaaRaryis ) VI = 020, (0V/T— 0202 )
~ Q08 Ry 2Ry (VI 02 av) (v0u o)

R (328 Sarye) 00, (VI 020,) o
)

+ R agp {%z (gRy+sz+y+z + \Yy—&-z z4+y+z) |V 82f0

+ R0 0p (S Ry 2Ry 42) (VD) fo} :

We have to integrate and take the expected value of this. Taking the expected value first
allows for some simplifications. Since E[U;(0)U;(2)Up(y + 2)Ux(x + y + 2)] = 0 whenever
exactly 3 index are the same (i, 7, h, k € {1,2}), we do not track these terms. There are only
four kinds of terms left to consider:

A=E[U;(0)U;(2)Ui(y + 2)Ui(x + y + 2)] = e~ @+2) 4 9e=(#+20+2),
b= E[Uz(O)UZ(z)UJ (y+2)Uj(z+y+ Z)] =e (@+2),

C = B[U;(0)U;(2)Ui(y + 2)U;(x + y + 2)] = e~ @202,

A =E[Ui(0)U;(2)Uj(y + 2)Us(x + y + 2)] = e~ @F+2+2) = C,
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We set
o= / Adx = e 4 2~ (#129) 8= / Bdxr =e77, v = / Cdz = e *+2)
0 0 0

and remark that A = B+ 2B and a = 8 + 2. We have that

&

2
ng%y+z%w+y+z = §RO§RZ§R?J+Z§R{E+?!+Z = A(Sin2<@) + COSQ (QO)) = A7

2
0S8Ry 1Rty = KoMy 12Supytz = B<Sin2 (¢) + COS2(50)> =B,

O%Z%y+z%r+y+z = %ngswz%xﬂﬂm = %0%2%y+z%m+y+z = 8?O%z%wz%wy+z

= C(sinQ(go) + cosQ(gp))2 =C.

KL

Putting everything together, we finally obtain
| E[GwO)G@E)E UG+ )L Uy )] da
:16{a(mav)4f0 —2/1- 120, (U\/l 2 8§f0)
_ 5(mav>2(vavf0) - auav(\/Wav)Zfo +2v02 02y +[3(U&J)2f0}.

We have to integrate in dz, then join this with (2.3.63) and integrate in dy to verify that
the diverging terms simplify. We have

/adz=1+2672y, /,dezl, /'yda:zedy,
0 0 0

which leads to
E[Z;] = 16/000 {(M&JY - (M&,Y(v&,)
—va,(Vi—a,) + (v(‘)v)2}(f0)
r2e sl (VIm0,) fo - Vim0, (w1 3t 0)
—v@v<m€)v)2fg+v285f0}dy.

The first term on the right hand side can be rewritten as

(Vi) wan)| () = {aln—al} ().
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which cancels exactly with (2.3.63). Finally, using (2.3.62), we get
F=E[L + T + T3]

- 16{ (\/1 e Bv>4f0 —V1-020, (v\/l e agfo) - v@v(\/l e 6v>2f0
+ 0202 fo — V1= 0202 [(1— 0?2 02fo ] + 0, (1= 0?2092 fo| }

1—02
Explicit computations give finally

4¢?

F =16¢c[20 + (40* = 2)c — *v(1 —v?)] fo = wenb(d)

[®v® + 4ev® + (2 = ®)v — 2] e,

We can return to the solvability condition (2.3.61), which we treat as we did above to find
Py. The equation can be rewritten as

2
—2nav((1 - v2)f2) 260, f +4av((1 —o?) anQ) n 4%2 02 fs+F(v) =0

1

with the constraint f02 " fil fadvde = 0. We can therefore assume fo to be independent of
v and a solution of

—219, ((1 - v2)f2) 140, ((1 - v2)8vf2> — _F(v).
Integrating, we get

GO

el =)o+ (1= P fo = —3G(0) + T — cf(0) +0,12(0)

where G(v) is the antiderivative of F(v):
G(v) = —16¢(1 + cv)(1 —v?) fo .
We can choose G(0) so that G(0)/4 — cf2(0) 4+ 9, f2(0) = 0. Then

G(v)

—cfo+0vfo = —m

=4c(l 4+ ev) fo,

from which we can easily find the solution
fo=2c(2v+ cv?) fo + Cofo -

Note that f2(0) = Cok and 9, f2(v) = ck(Cy + 4), so that the value of G(0) we must take is
G(0) = —4ck = —c?/(wsinh(c)). We still have to impose that

2m 1
Oz/ / fa(v)dvdyp = Cy + 262,
o Ja1

so that we obtain Cy = —2¢? and f5 is completely determined:

02

_ _ 2 - -
fa=2¢(—2c+2v+ cv?) fy 5 sinh(c)

(—2¢ + 20 + cv?)e .
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Finding the second order term for the density of states: ps

We can finally compute the second order correction for the DOS. We start by computing
the (second order) correction term dx for the Lyapunov exponent. Recall that ¢ = 7/2.

1
oKk = n[l vfa(v)dv = Czc; 2 (1 — coth(c)) .

Observe that for n > 1, 6k ~ 0. From the Thouless formula (2.3.32) we get the second
order correction po for the density of the eigenstates. Since dx only depends on ¢, we can
compute it as

p2(n, &) = % (8,3 + 852)&-:(77, £) = 8%635;-;(@

1 2 2 2
{C —; esch?(c) — ¢
¢

472

2csch2(c) coth(c) + c%(coth(c) - 1)} )

This provides (2.3.27) and completes the proof of theorem 2.34. Plotting the correction, we
see that we are also moving mass from the interval [a, +00] towards zero, see figure 2.4. The
approximate value of « is a = 4.599.

2.3.6 Density of states — general case

In this subsection we focus on the method for computing the density of eigenstates (DOS)
of the ZSSP for a more general class of potentials (which corresponds to the initial condition
of the NLS equation) with rapid (but not infinitely rapid) oscillations. The scheme of the
computations is similar to the one presented above, where the initial condition was taken to
be a rapidly oscillating Ornstein-Uhlenbeck process. We shall now take the initial condition
of the form

Us(z) =e 'F(Q(z/<?)), (2.3.64)

where the process Q(z) and the function F' satisfy the following assumptions

Hypothesis 2.42. Q = (Q1, Q) is given by a couple of independent, identically distributed,
ergodic Markov processes on a smooth, compact, connected Riemannian manifold M with
invariant probability ;. The infinitesimal generator of ), denoted by Lg, is a self-adjoint,
elliptic diffusion operator on M, with zero an isolated, simple eigenvalue.

F : M? — C is a smooth non-constant function of the form F(Q) = Fy(Q1) + iF2(Q2),
where F,, : M — R, n = 1,2, and that it satisfy the following centering condition

E{F(Q(m))} = /M F(q)du(q) =0. (2.3.65)

These are easy technical conditions which ensures that if we rewrite the ZSSP system

using polar coordinates (p,7) as we did in the previous subsection, the vector (Q,7 )
is ergodic, [APWS86]. Under hypothesis 2.42 we can therefore compute the DOS using the
method explained in lemma 2.41, which relays on the computation of the Lyapunov exponent
K, (2.3.31), and the Thouless formula, (2.3.32). The explicit computations presented below
are done in the new variables (v, ¢, Q) and using equation (2.3.34) to obtain the Lyapunov
exponent. We stress that the essential point for the application of this method is the

.
ergodicity of the vector (Q, Y )7 so that the technical hypothesis on the process @ could
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actually be considerably relaxed, see the following remarks. A detailed analysis of linear
systems and different conditions ensuring ergodicity are contained in [AKO].

Remark 2.43. If we require the generator of the process @ to be self adjoint is because this
considerably simplifies computations. However, in some cases it is possible to work also with
processes not satisfying this assumption, as it was the case for the OU process considered
in the previous subsection. Also the independence of the real and imaginary part of F(Q)
is only assumed in order to simplify computations.

Remark 2.44. An easy example of a process @) satisfying hypothesis 2.42 can be obtained
taking () a Wiener process on a torus.

Remark 2.45. Remark that since for the invariant measure L7, = 0 and since constants are
in the kernel of the generator (Lg1 = 0), which is a one dimensional subspace, the invariant
measure y of the process @ must be constant [FGPS]. The constant p can therefore be seen
as the volume of the manifold M. In the following, we maintain the same notation for the
(constant) invariant measure du(g) = pdq and the constant p.

Our main result is the following.

Theorem 2.46. Consider the NLS equation with initial condition given by a rapidly oscil-
lating process Q satisfying hypothesis 2.42. The distribution of eigenstates p(n,£) (DOS) of
the corresponding ZSSP is smooth and can be written as a power series expansion around
the limit case of infinitely rapid oscillations. If € is the parameter controlling the rapidity of
oscillations, we have

p(1,€) = po(n) + O(e?), (2.3.66)

where

po(n) = 1 ncoth(n/a) —a

~ 27a  sinh?® (n/@) (2:3.67)

is the DOS corresponding to the limit case, and the first order term is zero. Here, & is the
integrated covariance of the process U = F(Q), which is given by

G = /Ooo E[F(Q(0)) F(Q())] da. (2.3.68)

Remark 2.47. The second order term ps(n, £) of the expansion (2.3.66) is in general quite
complicated. A discussion of a method that can be used to obtain it and of some special
cases for which simplifications occur is provided at the end of this subsection.

The proof of theorem 2.46 and the discussion on the second order correction term py of
the DOS fill the rest of this subsection.

The Fokker-Planck equation

From now on we will use the notation Up(z) = F(Q(x)). We will also drop the subscript
Uy for the initial condition and, when there is no risk of confusion, also the dependence on
x. Just as we did in the previous subsection, we introduce some new variables,

r(z) = P1(x)/h2(z) = ev(@)tie(e) )
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where w € (—00,00) and ¢ € [0,27). Using these variables we can rewrite the ZSSP system
(2.1.3) as

%r(m) = iU — 2iCr — iU*r?

and since dr = r(dw + idy), we obtain the system governing the evolution of the variables

w, ¢ ,
{ dyw = 21 + 2 cosh(w)I[U*e?|

Opp = —2¢ — 2sinh(w)R[U*e™]
With the change of variable v = tanh(w), we obtain to the Fokker-Planck equation

0:P(v,0,q) = LOP + LT1P + L3P, (2.3.69)
where
Lif = ~20,|(1 =) f| +250,f,

. v .
£3f = =23[0"e%] 0, [ V1= v2r] + 20, [R[U e f]
To obtain a rapidly oscillating initial condition we still have to speed up the process @) and
rescale U = F(Q) accordingly. The resulting rapidly oscillating potential used in the ZSSP
is the process U given by (2.3.64). In the following, we will always work with the fast
oscillating process Q°(x) = Q(z/€?). Let P¢(v, p, Q°) be the invariant probability measure.
Under hypothesis 2.42 the invariant probability P¢ admits a smooth density with respect to
the Lebesgue measure, which is the solution of £ P¢ = 0. In the following we shall therefore
confound the invariant probability with its density. The operator £ has a finite expansion
ne * 1 * 1 * *
L= €—2£Q+g£1+£2.

We assume that the density of the invariant probability P¢ solution of £:P® = 0 can be
formally rewritten using a power series expansion in € around the limit case of infinitely
rapid oscillations: P¢ = Py + Py + 2P + ..., [APWS86]. The first term of the expansion,
Py, is the invariant probability of the limit problem for infinitely rapid oscillations, which
thanks to the results of section 2.1 can be found solving the formal problem of a white noise
initial condition. We are interested here in finding the correction terms P; and P,. To do
so, we shall rewrite the equation £ P¢ = 0 using the expansions of both £} and P¢, divide
scales according to the power of € and study them separately, posing the term at each order
equal to zero.

To ease notation, in the following computations we shall drop all the superscript €.

Explicit computations: order —2

The first equation is the “order —2” equation, containing the only term scaling as e~2. This
is simply
LoPy=0,

from which we get that Py = pfo(v, ).
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Explicit computations: order —1

The following equation is L7 Py + Lo Pi. This can be seen as a Poisson equation in the ¢
variable
LoP =y,

where ¢ = —L] Fy. The solvability condition for the Poisson equation is that the function g
must be centered with respect to the invariant measure of Q. Rewriting £3(u) = £ (F(q))
we obtain the following equivalent formulation of the solvability condition:

0= E{Pod,u:/ L3 (F(q))fo n*dq. (2.3.70)

M2 M2

Since £ (w) is linear in w and p is a constant, the condition becomes

/f F(q)ugdq:uE[F(Q)} =0,
K2

which is always verified thanks to the centering condition (2.3.65), and from (2.3.70) we
obtain no additional information on f,. However, we can now solve L] FPy+ Lg P to get the
following expression for P;:

Pl =hi+ | E[L (@) PU@) | U0) = u=F(g)] dr
—ufi+ [ nE[CU@) L] U0) = F@)] ds.

where f; is a function of (v, ), but does not depend on g.

Explicit computations: order 0

The next order equation is
L5Py+ L1P+ LoP>, =0. (2.3.71)

Again, we look at it as a Poisson equation in the g variable, and the solvability condition is
/E;‘Po +LiPidp=0. (2.3.72)

We have
£5Py = p( = 200,[(1 = v*) fo] + 260 o)
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Introduce the compact notation S, = S[U(z)e’?] and R, = R[U(x)e’#], so that 9,R, = -,
and 0,3, = RN,. Then, we also have

Li@P0) = nlito)fi + | " HE[C (U0) £ U @) £ |U0) = F) dr

ZMET(Q)f1+4MA E[gogzav[\/ 1—U28u(v 1_7}2]00)}
+ SO%m 81; (UfO) - %O§R$ av (’U aLpfO)

1U_ 'U2 [(SOC\}‘L - §R0§R_L) 6’”(me)
— RS 8U(m8¢fo)}
U2

450, (R0, (R o) [U00) = Flo)] .

1

The integrated covariance @& of the process U defined by (2.3.68) plays an important role.
However, to develop computations it is more convenient to introduce the quantity o defined
by

/0 N E[U:(0)U;(x)| do = a6y,

where ¢; ; is the Kronecker delta function. Remark that this is simply half of the integrated
covariance: & = 2«. Since L7 is linear in u, the expected value of the term L7 f; is zero, and
we have

E[£1(0)P1(0)] = 42a{0, [~ ) fo] + —— 0210}
Since L3 Py is constant in ¢, condition (2.3.72) becomes
ZLfo=0,
where

Lf = E[E;f - /OOO q(U(O))z:’;(U(x))fdx]

,U2
— _20, [(1 - UQ)f} +260,f + 404{&, (=) 0uf] + 1= af,f} . (2.3.73)

Setting ¢ := n/2q, the solution is given by

1 Ccv
folv, ) = 5he, (2.3.74)

where k is a constant that has to be chosen so that fo% fil fodvdy = 1. This gives
k = ¢/2sinh(c). Therefore,
MC cv

= = 2. .
47 sinh(c) ¢ (2:375)

Po(v,¢,q)
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With fo given by (2.3.74), the solvability condition (2.3.72) is satisfied and we can solve
(2.3.71) to get the following expression for Ps:

Po= et [ E[GR GO A+ [ LU@)E ) fods|U0) = F)]ds.

Here, f is a function of (v, ¢), but is constant in g.

Finding the density of states at order zero: pg

Using the explicit expression (2.3.75) for Py we obtain

27
Fy(v) := / Po(v, ¢, q) dudp = ke,
0 M?2

from which we find that the Lyapunov exponent at order zero is

1
K= 77/ v Py(v) dv = ncoth(n/2a) — 2a.
~1

From the Thouless formula we get that the density of eigenstates is, at order zero,

_ 1 ccoth(c) =1

po(n;§) = 2 sinh?(c)

We recall that ¢ = n/2a = n/a. We have obtained (2.3.67).

Explicit computations: order 1 - p; =0
We now need to solve the next order equation, which is
£§P1 + ETPQ + ﬁQPd =0, (2376)

where
P =it [ E[L(U) 5] U0 = Flo)] do,
Cil)P = | £ (U0 + [ LU0 L35 + £ (U0) L)
+ /O L U0) £ (V@) £ (U + 1) fody da U(0) = F(q)} .
Looking at (2.3.76) as a Poisson equation in the ¢ variable and setting
E { / /O U(0) U (2)Us(x + y) dy daz] 5,30 8, (2.3.77)

we find that the solvability condition is

0=C3f + E[ / T L U0) £ (U@) A+ / L (U) £ (U@) £ (U +9) fo dy da,
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which is to say
D‘Zfl = -9,

where 7 is defined by (2.3.73) and the function g is given by

S0z Sty (5,, V1-—wv?. )B(fO) — S0z Oy {\/ 1—v29, {U 64) (%erny)H

g=8uE

— S0, [v 2, [%xgm 0, (V1 - v2f0)} - \/1“277}2 o, [%x a, (%Hyfo)H

2
(47500 208 ]
2
+ 1i71;2 O [%0 % {%ﬁ“y a”(m‘f“)H

v3

-G % [éreo 2, (afew ag,(a’ewfo))} ] .

Developing the computations in the above equation one is left with

1}3
9= SMﬂ{(COSS(w) + Sins(w))fom[CB(l —v?) =3 —c— (137”2)2}

— (cos(y) +sin(p)) fov/1 — v2 [21}02 +3c— 2 5 — 20° ] } .

1—2  (1-02)2

The solution of .Z fi = g must therefore be of the form
fi(v,9) = cos() fr1(v) + sin(p) fr,2(v) + cos® () f1,3(v) +sin’ () fr,4(v),

so that Py (v) = fo% fide = 0 and we see that the first order term p1 (7, £) of the development
of the Lyapunov exponent is zero. This proves theorem 2.46.

For f; of the form given above, the solvability condition is satisfied and we can solve the
Poisson equation to obtain

Py =pufs + /0 mE{ﬁzfl ; /O T LU+ 2) foda + L (U(2) fo
+ / T LU Lo+ £ (U() LU + 2) f

+ /Ooo Li(UR) L3 (U(z +2) L1 (U(x +y + 2)) fody dz ‘U(O) = F(q)} dz.

Explicit computations: order 2

To find the second order term of the Lyapunov exponent, and therefore for the DOS, we
must push our analysis one step further. The next order equation we need to consider is

L3Py + L1Ps + CQP4 =0. (2.3.78)
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We have that
£ =ulsfatu | E[GL A+ GL VW) h
/ L3L7(U(2)) L1 (U(z +y) fody‘U (Q)}dw,

so that, due to (2.3.73),
]E[,c;g] = WLSfs .
Also,

£3(q)Ps = uE [c; (UO) fs + / “ewo)en + / T L U) L3 (U + 2)) foda

/ Li( (U)LI(U(z+2)L1(U(z+y+2))fo dydx}dz ‘U(O) = F(q)] .
The expected value of the first two terms on the right hand side of the above equation is

zero, and the fourth one can be joined with the term E[L}fs] to obtain &£ fo, with £ is
given by (2.3.73). Therefore, the solvability condition for (2.3.78) reduces to

Lfy = —F, (2.3.79)
where F' = E[Z, + I 4+ I3 + Z,] and

T, = //Ooo L3(U0)L5L5(U(x + 2)) foda dz,

I, = //OOO L3(U(0) L (U(2)) L3 fodzdz,

g / /O T L U0) £ (UE) £ (Ul + 2) f de dz,

7, = // Ooo L3 (U(0)) L1 (U(2) £ (U + 2)) L1 (U + 3y + 2)) fo de dy dz.

We shall now analyze all these terms. Setting

//0°° E [Ui(O)Uj(w + Z)] drdz =6,

E[1,] // ) L3l (U (x+z))fo] de dz (2.3.80)
= —8ny0, {\/1 — 029, {(1 — 03 9, (V1 —v2fo) +v/1 — v2f0H .

we have
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Also,
BT] = / /0 T E[LHUO) £ (UE) 6 (UG + ) A dra:
= 85{ (cos®(i) 40 (0) i VT [0 = )~ 30— - LT

(1 —2)2
c v3
— (cos(p) + sin(go))flx/m{%c2 +3c— 1 E 2 i 112)2} } .

Two terms are left: one is
E[T,] = //ooo E[Q(U(O))ﬁ; (U(z))c;fo} dedz
= —16c/oooadxav [vfo +1- vQﬁv[\/l —v28v<(1 —UQ)fo)H ;

which is infinite, as in the OU case, but will simplify with part of the last term. The last
term requires more computations, and we shall start by introducing some more notation.
For i,j € {1,2}, i # j set

o = [[[ BV + 9V g+ )] dedyas,

v ///]E:Ui(O)Ui(Z)]E[UJ‘(ﬂﬁ+Z)Uj(a:+y+z)} dz dydz,
" ///E:Ui(O)Ui(ff+Z)}E[Uj(Z)Uj(w+y+z)} dedy dz,
d = ///E:Ui(o)Ui(x+y+z)}E[Uj(z)Uj(HZ)] .

Note that, by the stationarity of Q, b= [;° a®dz and ¢ = [~ v(z)? dz, where

v(z) = /OOO]E[Ui(O)Ui(z + z)] dz.

To ease notation, in the following series of four & and R we shall drop the subscript. However,
the first symbol will always refer to [U(0)e®#], the second to [U(z)e*?], the third to [U(z +
z)e'®], and the last one to [U(z +y + 2)e??]. We will also use a compact notation $? for I
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etc. With all this notation we have

///OOOE[%ﬂ dxdydz = // OOOIE[%‘L} dxdydz = a(sin4—|—cos4> + 2sin? cos? (b—l—c—i—d)

:a+251n2cos2(fa+b+c+d)

/// “2%‘:2 dxdydz-/// dxdydz-b(sm + cos )—|—281n2<:032 (a—c—d)

= b+ 2sin? cos? (a—b—c—d

)
/// dxdydz = /// dxdydz = c(sm + cos ) + 2sin® cos® (a — b — d)
0 0
)

=c+2sin2(3052(a—b—c—d

/// dxdydz = /// dxdydz = d(sin4 + cos4) + 25sin? cos? (a —b— c)

=d+2sin’cos’ (a —b—c—d).
Setting A := (—a+b+ c+ d), we finally get that
E[T,] = 16{ @+ 245in? cos? | R (v) + [ (a — b) + 44 sin? cos? | Ry(v)
+ (0 — ¢~ ) + 6A4sin? cos? | Ry (0)+
[(a —b—2c—2d) + 12Asin® cos? } Ra(v) + [A + 8Asin? cos? } R5(v)}
- 16{A(R1 + Ry +R3+R4+R5) +b(R1 +R3) +(c+d)(R1 + Ry —R4)
+ 24 sin? cos? (R1 + 2Ry + 3Rs + 6Ry + 4R5) } :

where

(am ) ol - auf0)].

Ro(w) = 0, |1 =20 U{vav(\/1—v2fo)+
Rs(v) = (Byv-) [a [(1—v%)d, fo}] :

2

Al

R4<v)=avm (V1 —v2fo) + v )fo],
Rs(v):{mﬁv[\/l—UQB[l—v v fo] +200, (V1 —v2fo) + \/%fo

+3vV1—120,(V1 —UQfO)]

v 2
+6(173/2 L (V1= v2fo) + v)2f0+31iv28v(q}fo)}_
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Finding the second order term of the density of states: ps

One can now in principle compute F(v, ¢) = E[Z; +Z + Z3 + Z4], and find f5 by solving the
compatibility equation (2.3.79). Then, one only needs to integrate to find P2(v) = [ f2dep,
integrate again to find the correction term for the Lyapunov exponent (1, &) = n [vdPs(v),
and differentiate in 7, £ to find the second order term po(n, &) of the DOS.

Computations in the general case are quite cumbersome, but important simplifications
occur in some special cases. We shall discuss them now. First of all, we remark that

Rit Ry ={0,[0— )0, ]} (o).

so that if the integrated covariance of the processes U; is unitary (o = 1), then proceeding
as in the OU case one can show that b = [ adz, and E[Z,] is exactly —E[b(Ry + Rs)].

If we also have that U is Gaussian, then A = 0 and 5 = 0. This means that E[Z3] = 0
and the term deriving from 7, reduces to

E[I;;] = (C—i—d)(Rl + Ry —R4) .

In this case, the dependence on ¢ of F' disappears, fo is independent of ¢, and the second
order correction term to the density of states will be independent of &.

Remark that the dependence of f; on ¢ is only through odd powers of trigonometric
functions. Then, in the case of a non-Gaussian process U, both E[Z3] and E[Z,] will show
a dependence on ¢ only through even powers of trigonometric functions, and we expect the
second order correction term of the DOS to have a non trivial dependence on £. We will
show below that it is actually quite easy to construct a process with 5 # 0.

Example of a process for which g # 0.

Even though for many common examples the constant 8 defined in (2.3.77) is zero, this is
not always the case. Indeed, there are examples of homogeneous Markov processes for which
B does not vanish. We provide here an easy example of such a process.

Consider the continuous time process A(t), ¢ > 0 with a finite number of stated,
{-=1,0,1}. Let the transition rate matrix be given by

-3 2 1
M = 2 =2 0
1 0 -1

Denote by P;(-,-) the probability of transition between states. In the following, we shall use
italics lower case letters a,b € {—1,0, 1} to denote the values of the process A, and boldface
lower case letters a,b € {e1, es, e3} to denote the associated state vector. We shall represent
state vectors using the standard basis {e1, ez, e3} of R3. In our notation, the same letter in
italics and boldface character represents the same element so that, for example, we have the
correspondence e; = a = a = —1. When performing linear algebra operations, we will also
use a’ to denote the transposed of the vector a. When in need to denote the components
of a vector a, we will use a = (a1, as,as).
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Using the Markov property and the definition of § given by (2.3.77 ) we have

8= / /0 h E[A(O)A(t)A(t n s)} dsdt = E[A(O) /0 h E[A()] A(0)] / h E[A(s)|A(0)] ds dt}

:Z;a{ /OOO Eb: (Pi(a,b)D) dt}2 - %:a{ /ooo Eb:b (b7 eMta) dt}z. (2.3.81)

The eigenvalues for M are A\ =0, s = -3+ V3 and A3 = -3 — \/§, so that
el\/ft _ ]\41 + e)\thz + e)‘3tM3,
where the three matrices My, My, M3 are given by

11 2-v3 —-1++3 -1

Mi==-]111 MQ:6 —-14+3 -2 -1-3
11 -1 ~1-v3 1+3
24+v3 —-1—-+3 -1

My=c| -1-V3 2 -1+3
-1 —-14+v3 1-3

Let us compute the value of 5. We start by analyzing the curly brackets {-} in the last term
of equation (2.3.81). We have that

Zb(lea) = 71(31 +a2+a3)+0+1(a1 +a2+a3) :0
b

However, this sum is not zero for the other two terms, the ones containing Ms and M;.
Setting

1 0 -1
1 1 1

Mgg = 7)\*M2 — ng 6 0 2 —2
2 3 -1 -2 2

we have that

/ Zb (b (™M + eABtMg)a) dt = Zb (b Maza) = —(a; — a3) + (—a; — 2a; — 2a3)
CE b

= —2a; — 2ay + 3ag.
Inserting this into (2.3.81) we easily find that

B=-4+9=5#0.
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2.4 Appendix

We collect here a few technical results needed for the proof of theorem 2.2. We shall retain
the different notations introduced there.

Lemma 2.48. We construct an explicit example of the subspaces H,, C H = W32(G) to be
used in the proof of theorem 2.2 and lemma 2.49.

Construction of H,. Divide G = (=N, N)?3 into cubes with sides of length 1/n and add one
extra layer of cubes around it:

A jg = [i/n, (i+1)/n) x [j/n,(j+1)/n) x [k/n,(k+1)/n),

for i,j,k = —(nN + 1),...,nN. Define the piecewise (on every cube) polynomials of fourth
degree as

Nn 4
~ 1
h(z) := > > po (@™ 1w = i)™ Lga,, (), (2.4.1)
irj,k=—(Nn+1) m=0

(m)

where y; ; 1. is the center of the cube A, ; 1, a; jk are families of m—dimensional tensors and

the brackets denote the relative tensor products (so that, for example, < a; ] el =i, k)@

denotes the product between the four-dimensional tensor al(-flj)’ , and four copies of the vector

( — yi k). With these definitions h is a function defined on [N — LN+ 1)3 but its
restriction to G does not belong to H in general since it may not even be continuous. Let
T be a real, nonnegative, smooth function, with compact support contained in [—1/2,1/2]3
and such that f[71/2,1/2]3 I'(y)dy = 1. Setting I'"(y) := n3F(nyz we can finally define 3’-{,Z
as the finite dimensional space of functions of the form h(z) := (hxI'"™)(x). Remark that h

has been defined on a set larger than GG, so that the convolution product is well defined for
z € QG. O

Lemma 2.49. For every g € C*(G), there erists a g, € H,, such that

1
lg = 9nll3, < C—ll9lles e -

Proof. Step 1 (Construction of g,,). For i,j,k = —nN,...,nN —1 (which means that y; 1 €
G) set agj)k = D"g(y; ;). Fori,j,k such that y; ; » ¢ G set az(zl)k := D™g(y'), where /' is
the nearest cube center; notice that the distance of these two points is at most the diameter
of the cubes, which we call 26 := 2v/3n~!. With the a(m ' thus defined we construct the
piecewise polynomial function g, as in (2.4.1): 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, := I'"" x g,.

Step 2 (Estimates). For every multiindex a € N3 such that |al; := a; + az + a3 < 3, we

need to estimate
[ [orrm <)@ - o790

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,

Z/ dy—/ IMx—-y)dy=1.
A gk [~(N+1/n),N+1/n)3

1,5,k

2
‘dm.
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For a = (1,0,0), using twice the inequality (a + b)? < 2(a? + b?), we have

= ’ Z/A =0y, " (x — y)gn(y)dy — O19(x)

ok A

< {‘Z/ I"(z — )3y, gn(y)dy — drg(z )’

3,7,k Ai gk

‘ 2

O (I % gn)(x) — Org(x) ‘2

. o 2
+‘Z/ I (z—y gn(y1 Y2, Y3) — Gn(¥1 ,yz,ys)}dyzdys‘ }

4,5,k Aijk

{‘Z/ L™ (2 = )|y, 9n(y) — O1n (@ |dy\+]619n — dig(x)

i4,k Ai gk

+‘Z/ " (x

l]k} 1Jk

’2
N o 2
gn(y1 s Y2,Y3) — In (Y >y2,y3)}dyz dys‘ }

- 4{51 S+ sg} , (2.4.2)

where 91 A4; ;1 denotes the faces of the cubes orthogonal to the direction e; := (1,0,0).
Notice that the number of non zero terms in the sums over i, j, k of this 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

(Z ”Fn(x - )HLl(A”k)) Halgn() - 81&"(1‘)"1100(31/(271,)(1)) ’

.5,k

where the second term is regarded as a function of y (z is fixed) and the L>°-norm is taken
on the ball Bl/Qn(av)7 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®M) and z € A®), where y(») and y® are the centers of the cubes A
and A®) respectively. We have therefore the bound

Halgn(')_algn(x)HLm(Bl/(zn)(m))
< 10180 () = 0,90 (Y™) | oo +1019(5D) = 19y + 04,90 (y®) = 0,0 ()]
<40 |[D?g| e )

This provides the bound for the term S;. Similarly, for S we have the bound

|5‘1§n( —Og(z ’ |81gn 319(9(2))| + ’319(9(2)) - 81g(ac)|
< 28| D?g|l 1 () -
We still need to estimate Ss, which contains the boundary terms deriving from the discon-

tinuities of g, (and, in the general case, of its derivatives). This term requires more careful
estimates. With Cr := sup, I'(z) and using the fact that ||[I"(z —-)||L1(5,4, ,,) < nCr, we
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have

Z ”Fn('x - .)HLl(alAi,j,k) ||§n(y?_7 ) - gn(yl_7 .)HLw(alAi,j,k)
igk

< nCF Z {||§n(y;ra ) - g(yla .)|‘L°°(31Ai,j,k) + Hg(yh ) - gn(yfv .)HL“’(31A¢J,1¢)}
4,5,k

< 8nCré?||Dg| () = C8%||D*gl| 1= (c) -

The sums over 4, j, k above are meant as sums over the faces 01 A; ; 1, intersecting the support
of I'"™(x — -), which are at most 4. Collecting all these results, we have the uniform bound

2
01" % ) (@) = ag(@)| < €8 (11D~ ) + 0* 1D gl ) -

We proceed in the same way with higher order derivatives to get, for a generic derivative a
of order 0 < |a| < 3, the estimate

o0 )(0) - 0%9(o)| <O [ T - o) - 0]

i,k Y Ak
_ 2
+ ’3(‘%(1:) — 8ag(:c)’ + Sg}
< C(IDIH g3 )6 + 53

For a = 0, 8§ = 0, but in the general case the estimate of the term S§ 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 discontinuities of g,, and its
derivatives along the faces (that we denote for brevity 9A), edges (denoted 9?A) or vertices
(denoted 92A) of the cubes, while multiple derivatives along the same direction result in
derivatives of I'" appearing. For example, for a = (1,1,1) we get three kinds of terms:

[ re-psnma. [ Pe-pame.
O3A; 4k 0%2A; K
| - s,
0Ai jk
where A denotes the jump of the function. For a = (3,0,0) we also have terms like

/ P (2 — y) Agu(y) dy, / 9T (2 — y) Adn(y) dy
0144 4,k 0 A

W4,k

and in the general case we find also terms like

/ O™ (2 — ) Aga(y) dy.
32Ai1j,k
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However, we can bound all this terms in the same way. We have that, for m € N and
b,c e N3,

/ T (x)dz < Cpn™tlel = 5= (m+lbh
O™ Ay

|A0°Gn ()| = [0°Gn(yT) — 0°Gu(y7)| < 21Dl ()d* 71 .

Therefore
8§ < C|ID*g||F 00 (6> 1D .

Remark that for all the terms composing S§ we always have m+|b|+|c| = |a| < 3. Summing
up, we have obtained the bound

lo-oulh=3

< COY (1D gl )07 + 1D g 021D )

('™ x gp)(z) — 0%g(x) 2dx

1
< CﬁHgH%‘l(G) :
The lemma is proved. O

Corollary 2.50. For any h € H, limy, o gy h = h.

Proof. Fix any ¢ > 0. By density, there exist a h. € C*(G) such that ||h — he|l < g/2.
Also, by the continuity of the projection, ||my, h — my hells < [|[h — hell% < €/2. Since
173, he — hellag < ||hem — hell#, by the above lemma we get
3, b= Ry, < N, (B = he)llyy + o, e = el + [[he = Ry,
1
< e+ O lhelleso)-

Therefore

lim sup ||7anh — hHH <e,
n—oo

and since ¢ is arbitrary, the corollary is proved. O



Chapter 3
Imaging with noise

An amazing fact in the analysis of imaging functionals, that has been recently pointed out
and is currently under investigation, is that specific kinds of noise can improve the image
quality or drastically reduce computational costs associated to the evaluation of the imaging
functional. A strong motivation is the observation that time reversal refocusing is enhanced
when the medium is randomly scattering. A time reversal experiment is based on the use of
a special device called a time reversal mirror (TRM), which is an array of transducers that
can be used as receivers and transmitters. A typical time reversal experiment consists in two
steps. In a first step, a point source emits a short pulse that propagates through the medium
and is recorded by the TRM used as an array of receivers. In a second step, the recorded
signals are time reversed and reemitted by the TRM used as an array of transmitters.
The waves then refocus on the original point source location. The striking observation is
that refocusing is enhanced when the medium is randomly heterogeneous and scattering
compared to the situation in which the medium is homogeneous [FCD00]. Moreover, the
refocused pulse is statistically stable in the sense that it does not depend on the realization
of the random medium, but only on the statistical distributions of its fluctuations [FGPS].
The technique has had some successful applications in the context where one can carry
out physical time reversal, that is actually resend the signal physically into the medium to
refocus the energy for kidney stone destruction for instance [FCDO0O].

In the context of sensor array imaging, a similar technique is employed. The typical
experiment still consists in two steps. The first step is the experimental data acquisition:
a point source emits a wave into the medium, the wave is reflected by the singularities
in the propagation speed of the medium and is recorded by an array of receivers. The
second step is a numerical processing of the recorded data: the recorded signals are time
reversed and resent in a numerical simulation into a model medium to locate the singularities
in the propagation speed. However, in contrast with physical time reversal, the fictitious
medium employed in the imaging process cannot in general capture complex heterogeneities
of the original medium. Therefore, research has focused on other approaches to improve
the imaging process, such as the use of random sources [DFGS12, GP10, HSH08, SWHI11,
VB11, WNT12]|.

The classical approach to the imaging problem consists in performing a large number of
experiments sounding each time a different source. For each experiment, the signal recorded
at each receiver is stored and time reversed. This produces the data matrix. For each
experiment, the time reversed data are reemitted (numerically) into the model medium in a
new simulation, and the images obtained by each simulation are stacked. While this method
provides a very good “image” of the medium, it involves gathering, storing and processing

95
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huge amounts of data [Be09a, MDB11].

In the noisy sources approach we discuss in this chapter random sources are used and
they are all sounded simultaneously (both in the case of probing and backpropagation)
in a single experiment. In this case, the time reversed recorded signals from the physical
experiment are stored in a data vector and resent simultaneously into the model medium
in a single simulation. However, special care must be put in the choice of the noisy sources
in order to ensure that the cross talk terms are very small and do not compromise image
quality.

This approach with simultaneous sources means significant savings both in the data
gathering, storing and processing stages. The analysis of this phenomenon in the imaging
context is analogous to the analysis for time-reversal techniques [FGPS] and bears also
similarities with techniques for passive imaging based on ambient noise sources [ABGW12,
DeS09, GP09, GP11, YVDO06]. The technique associated with ambient noise is another
spectacular imaging situation that recently has received a lot of attention, in which one
exploits the correlations in between recordings at different stations to infer some information
about the medium. In this case as in the time-reversal case the presence of heterogeneities
may improve the imaging result, here due to the enhanced phase space diversity that it
produces.

Various blending type methods have been investigated in order to be able to exploit
the simultaneous sources approach, in particular in the context of seismic imaging. In
the case of classic vibratory source approaches one seeks to design a family of relatively
long sources encoded such that the responses of each one of them can be identified in a
preprocessing step, with oil companies often having their own patented approaches for the
encoding [BalO, Be09a]. More recently there has also been work on using simultaneous
impulsive sources such as in the case of air guns that are fired with random time delays.
The idea of “deblending” is to try to recover the full “single-survey” response [Be09a, HSHOS|.
In fact similar techniques can also be used in the context of blending at the receiver end
[Be09b].

Applications of these different techniques are being investigated in different fields, from
seismology [SCS06, LMDO06, SCSR05, GSBO08], to volcano monitoring [SRG06, BSC07, BSC08],
to petroleum prospecting [CGS06] and medicine [FCDOO].

Our point of view differs somewhat from the ones above in that we are not seeking de-
blending approaches. We will rather present a general theoretical framework that shows
how, when data are viewed through the actual image, the cross-talk effect associated with
simultaneity of sources may actually be effectively mitigated by the image formation algo-
rithm: we do not need to deblend and to estimate the full single-survey response, because
the appropriate imaging algorithm will actually produce the same image as if we had the full
single-survey response. We articulate explicitly the crucial scaling assumptions that should
be satisfied for this to happen. Our point of view is similar to that presented in [DaS09]
where a least squares approach was used in the context of simultaneous sources for a partic-
ular data set and it was demonstrated how this could lead to surprisingly good results. The
results obtained there are consistent with the analysis we set forth here with a probabilistic
modeling of the sources.

This chapter is organized as follows. In section 3.1 we describe the mathematical setting
and present the results about the classic experimental configuration in which the full multi-
static response matrix can be recorded and used. We then present the noisy sources approach
for two different kinds of random sources. In the cases of simultaneous sources emitting either
stationary random signals or randomly delayed pulses we derive and discuss the main result
regarding the normal operator and its stability in sections 3.2 and 3.3. In section 3.4 we use
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high frequency analysis to obtain quantitative results on the image quality and statistical
stability of this algorithm, when the goal is to image singular perturbations in the speed of
propagation. We will see that the result strongly depends on the type of perturbation. The
application of these results to a physical exploration problem is discussed in more detail in
section 3.5 where we elaborate on the fascinating fact that imaging with simultaneous sources
of the two types we have described gives a resolution that corresponds to the one obtained
if the full multi-static response matrix was available, that is if we have the recordings of the
responses at all of the receivers for all the surveys where only one source emits at a time.
Simple numerical results are also presented to support this result.

The main mechanism that allows us to obtain this striking result is the separation of
scales that is inherent in our formulation and that serves to eliminate cross-talk terms that
otherwise could contaminate the image obtained using simultaneous sources.

Notation

We use italics characters to denote scalar variables and boldfaced characters to denote
vectors: for example x € R, but ¢ = (x,9,2) € R3. B, will denote the ball of radius r
in R? for d equals 2 or 3: B, = {z € R?||x| < r}. When the ball is not centered in the
origin, we will use the notation B,.(x) to specify its center . In section 3.4 we will also need
some notation for the order of amplitude of some variables. There, we will use A = O(¢) to
indicate that the quantity A is exactly of order €, which is to say that there exists constants
0 < ¢ < C < oo such that ce < A < Ce. To say that A is of order ¢ or smaller we will write
A < O(e).
The Fourier transform of a function f(t) is defined by

flo) = [ rerar.

We will also have to work with complex numbers or functions: in this case, we will
use a bar to denote the complex conjugate. We do so to avoid confusion with the Fourier

transform of the conjugate complex functions: if G is the complex conjugate of G, then G

is the Fourier transform of the complex conjugate of GG, while G is the complex conjugate of
the Fourier transform of G.
Given an operator £, we will denote by L£* its adjoint.

3.1 Mathematical formulation and classical approach

This section is devoted to the description of the mathematical model lying behind the
imaging algorithm. We will present the basic equation governing the propagation of waves
in a medium, the classical wave equation, and the method to solve it through the use of the
associated Green function. We will also present the Born approximation, which is by now
part of the classical mathematical setting to treat imaging problems.

Given this mathematical setting, we introduce the operators modelling the direct and
inverse problem in the case of individual or simultaneous sources. Finally, we illustrate the
imaging process by detailing the classical approach to the imaging problem, where each
source is sounded in a different experiment and the full multi-static response (MSR) matrix
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is available. This will serve as a comparison for the following sections, where we will explain
the approach using simultaneous random sources.

3.1.1 The wave equation with random sources

We consider the solution u of the wave equation in a three-dimensional inhomogeneous
medium:

1 0%u

c2(x) Ot?

The term n(t,x) models the point sources emitting deterministic or random signals. For
instance, in the context of seismic exploration they could be point sources emitting well
separated short pulses in a sequence of experiments. We discuss this classical configuration in
subsection 3.1.5. They could be sources emitting simultaneously stationary random signals.
We discuss this configuration in section 3.2. They could also be simultaneous blended (i.e.
time-delayed impulsive) sources emitting from the surface. We discuss this configuration in
section 3.3.

In the wave equation above, c(x) denotes the velocity of propagation of waves at a point
x = (1,y,2) € R? in the medium. We shall rewrite the velocity in a more convenient form
as

— Agu=n(t,x). (3.1.1)

3 (x) = cg % (x) + 6c () , (3.1.2)

where co(z) is the known smooth background velocity and §c¢=2(z) is the velocity perturba-
tion that we want to estimate, whose spatial support is contained in some bounded domain
Q C R

The direct and inverse problems can be formulated in terms of the background Green’s
function, the fundamental solution of the wave equation (3.1.1).

3.1.2 The background Green’s function

The solution of the wave equation (3.1.1) with the background velocity ¢ () has the integral
representation

u(t, ) = //G(s,m,y) n(t — s,y)dsdy, (3.1.3)

where G(t,x,y) is the time-dependent causal Green’s function, which is to say the funda-
mental solution of the wave equation with a Dirac delta (in both space and time) source
term
1 9*°G
ci(x) ot
starting from G(0,x,y) = 0,G(0,x,y) = 0, and continued on the negative time axis by
G(t,z,y) =0, Vt <0.
For a homogeneous background (constant ¢g), the Green’s function in the Fourier domain
is given by

—ALG=6(t)o(x —vy), (3.1.4)

~

LW
Glw,z,y) = exp (za@ fy\). (3.1.5)

dr|lx —y

For a general smoothly varying background, the high-frequency behavior of the Green’s
function is related to the travel time and it is given by the optical (or acoustical) geometric
approximation [BCS]

@(w,w, y) ~ A(z,y) exp (iw T (z,y)), (3.1.6)
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which is valid when the frequency w is much larger than the inverse of the travel time
T(x,y). Here the coefficients A(x,y) and T (z,y) are smooth except at © = y. The
amplitude A(zx,y) satisfies a transport equation and the travel time T (x,y) satisfies the
eikonal equation.

3.1.3 The scattering operator and the Born approximation

In this section we introduce the scattering operator, that is, the mapping from velocity
perturbations to the data. We will show that the exact scattering operator is a nonli-
near operator, which makes the treatment of the inverse problem (considered in the next
subsection) very difficult, if not impossible. We then have to introduce the classical Born
approximation, which results in a linearization of the scattering operator and opens the
possibility to work on the inverse problem. At the end of this subsection, we will also
detail the explicit form of the scattering operator in both the individual and simultaneous
sources settings, in the Born approximation. Our analysis pertaining to imaging and inverse
scattering is based on this operator.

The scattering operator

We assume that signals are observed at a passive sensor array (&,),=1,. n, for some time
interval [—T'/2,T/2]. What is usually required is that the recording time T" should be larger
than the typical travel time for a round trip from the array to the search region, so as to
guarantee that the backscattered signals are completely recorded. This is what is needed in
the classical setting detailed in subsection 3.1.5. In the case of noise blended sources that
is considered in section 3.3 we will also require that the recording time 7' be much larger
than the typical time delays, while for stationary random sources (section 3.2) the additional
condition is that it should be taken much larger that the inverse of the bandwidth of the
noise sources (i.e. much larger than the decoherence time).

The recorded signals form the data set D, which for each experiment is given by the
vector of functions

(D(t’ w7'))r:1,.“,Nr, te[~T/2,T/2]

representing the signal recorded by the sensor located at x,.. These data are modeled by
the scattering operator
F: (60_2(:1c))m€Q —-D.

We describe now how to obtain the scattering operator. Using the decomposition of the
background velocity of propagation (3.1.2) we can write the solution of the wave equation

1 1 0%u
(7o) * 5@y e — Aeu=nit.). (517)

as the sum of two terms
U(t, w) = Uo(t, .’B) + ul(tv m) ’

where wug is the solution of the wave equation with background velocity ¢o(x), which is to
say the propagating wave if the perturbation were not present. In the Fourier domain ug is
given by

fio (3, w) = / Go(w, 2, y)i(w, y) dy (3.1.8)

where Gg is the Green function for the wave equation with background velocity of prop-
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agation co(x). Then, the wave equation (3.1.7) can be transformed into a wave equa-
tion for u; with background velocity of propagation ¢y and source term which is given by
n=—6c?(x)dPu :
1 0%y 0%u
cA(x) o2 ot

uy is the component of the propagating wave which is scattered by the perturbation: it is
the wave recorded by the array of sensors to create the data set D. In the Fourier domain
uy is given by

— Aguy = —bc ()

Uy (2, w) = w? / Golw, =, y)0c2(y) iy, w) dy . (3.1.9)

This expression is exact, and it is known as the Lippmann-Schwinger equation. Using this
formula one can express the action of the exact scattering operator in terms of some kernel

Q:
D = (Féc?)(t, x,) = /Q(t,azr,y)éc_Q(y) dy.

The Fourier representation of the kernel Q obtained from the Lippmann-Schwinger equation
(3.1.9) is

~

Qw, xr, ) = w? Go(w, @, ) U(-,w). (3.1.10)

The Born approximation

As we can see from (3.1.10), the kernel Q depends on the function u = ug + u;. Inspecting
(3.1.8), we see that the dependence of ug on dc=? is quite easy. But the dependence of u
is much more complex. Indeed, the exact scattering operator F is a nonlinear operator.
Inverting it, which is to say try to find the velocity perturbation from the recorded data
(this is the aim of the imaging process, which is detailed in the next subsection), is therefore
a highly nontrivial task. Indeed, considering the huge amounts of data one is usually con-
fronted with in typical imaging problems, inverting the functional F can be considered from
a practical point of view as impossible. Then, in order to be able to deal with the problem
one is forced to introduce some approximations.

The Born approximation (or single-scattering approximation) consists in replacing @ on
the right hand side of (3.1.9) with the field ug, [BCS|. Using (3.1.8) this gives:

~

(2, w) =~ w? / Golw, 2. y)dc () Golw, y, 2)i(w, ) dz dy

This approximation is valid if the field u; scattered by the perturbation éc¢~2 is small com-
pared to the incident field ug. In the Born approximation, the kernel Q in the Fourier
domain is given by

~

Q(w,:cT,~) :wQ/ éo(w,:cr,-)Go(w,-,z)ﬁ(w,z)dz.
Q

Using this linearized approximation of the kernel Q results in substantial simplifications in
the computation of the scattering operator, making the inversion process accessible. In the
following, we will always work in the Born approximation.

The structure of recorded data set varies according to the kind of experiment performed,
implying that different scattering operators must be introduced to model these data if we
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use the classical scheme with a large number of experiment with a single source, or if we are
performing a single experiment using simultaneous (random) sources. The two operators
are described below.

Individual sources

In the case when it is possible to emit a short pulse f(¢) from each point source located at
Ys, s = 1,..., Ny, the multi-offset data are given by the matrix of signals

d = (d(t, z,, ys))r:h.,m, s=1...,N, t€[-T/2,T/2]

recorded by the sensor located at x,, when the source at y, emits the short pulse at time 0.
These data are modeled by the operator

Fo: (66_2($))m69 - (d(t’wr’ys))rzl,...,NT,s:l...,Ns,tE[—T/2,T/2] :

Its action

(]:0(56_2) (t, Xy, ys) == / QO (ta Lr,Ys, :I:)(SC_Q(IL’) dz
Q

is described by the kernel

82
Qo(tawT7ysaw) = _ﬁ // G(t2733r>33)G(t17$,ys) f(t - tl - t2) dtldt2;

which in the Fourier domain is given by

~ ~

Qo(w, Ty, ys, x) = w? @(w,whw)é(ww,ys) flw). (3.1.11)

Simultaneous sources

In the situation in which all sources emit simultaneously, the data consist of the vector of

signals
d= (d(tvmr))r:L...,Nmte[—T/27T/2]

recorded by the sensor located at @,. The source term n(¢, x) of the wave equation is in this
case spatially supported on the whole set of point sources. These data are modeled by the
operator

F (50_2(“3))zeﬂ - (d(t’wr))r:l,.,.,Nr,te[—T/Q,T/Q]
with
(.7-'(50_2)(1?7:cr):/Q(t,:cr,w)éc_2(w) de, (3.1.12)
Q

where the kernel @ is
82
Q(tv T, IB) = _@ /// G(tl, T, w)G(t27 T, y) n(t - tl - t23 y) dtl dt2 dyv (3113)

which in the Fourier domain reads as

~ ~

Q.2r2) = [ Gl 2)Gl, 2, 9) 7w y) dy. (3.114)
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3.1.4 The imaging problem

The imaging problem (inverse problem) aims at inverting the mapping Fy or F in order to
reconstruct the velocity perturbation dc=2(x) from the data set.

When the sources can be used separately and the full data set or multi-static response
matrix d = (d(t,mr,ys))rzl, Ne 521 Na, te[-T/2.T/2] is available, then the usual (least-

square) inversion process consists in applying the operator (FgFo) 1 Fg to the data set d,
where the adjoint of the scattering operator is

ZZ/ Qo(t, @y, ys, x)d(t, @\, y,) dt .

r=1s=1

When simultaneous sources are used and the data set consists of the vector of recorded
signals d = (d(t,.alr:T))T:1 Nate[—T 2T then the inversion process consists in applying

the operator (F*F)~1F* to the data set d, where the adjoint of the scattering operator is

Z/Zth“ d(t,z,)dt.

Note that the kernel of the adjoint F* depends on the background Green’s function G(t, x, y)
and on the source term n(¢,y). This means that we need to know the signals emitted by
the sources in order to be able to apply the adjoint to the recorded data.

In both cases, the full least square inversion is in practice too complicated and the normal
operator FiJFy or F*F is usually dropped in the inversion process. This procedure gives
a reasonable estimate (%_2(.%) of the velocity perturbation dc=2(zx) provided the normal
operator is close to the identity operator. This is approximately true for FjF, when the
multi-static response matrix is available and we will recall this result in subsection 3.1.5. In
[DFGS12] it is proved that this is also approximately true for 7*F in the case of two special
models of random sources. We will detail this result in the next sections. In particular,
in sections 3.2 and 3.3 we will carry out a detailed statistical analysis of the kernel of the
normal operator F*F in the two special cases mentioned. The kernel of the normal operator
is given by

Z Q (t, @, 2)Q(t, @y, ') dt ; (3.1.15)

T
2

we will show that this kernel is statistically stable (i.e. its fluctuations are smaller than its
expectation) and that it is concentrated along the diagonal x ~ a’.

Remark 3.1. The adjoint operator F*, and therefore the imaging functional (]—'*d) (),
can be computed solving only two wave equations. For the adjoint operator F; the optimal
scheme requires 2N, calls to the numerical wave solver. The two methods are explained and
discussed in subsection 3.5.1.

3.1.5 The classical setting: multi-offset sources

We assume in this section that multi-offset data can be recorded. The sources are localized
at the points (ys)s=1,...n, and they emit short pulses (f(t))teR. The data acquisition is
achieved during a sequence of N, experiments. In the s** experiment, the source term in
the wave equation (3.1.1) is

n(t,x) = f(t)o(x — ys) .
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We stress that in the following proof it is important to assume that the duration of the pulse
f is much smaller than the typical travel time.

The normal operator is
(FoFodc?)(z) = / FiFolx,x')oc 2 (x') da’, (3.1.16)
Q

with the kernel given by

T s

FoFo(z,x') ZZ/ Qo(t, xr, ys, )Qo(t, Ty, ys, ©') dt . (3.1.17)

r=1s=1

We assume that T is large enough, so that the backscattered signals are completely recorded
over [—T'/2,T/2]. This means that T should be larger than the typical travel time for a round
trip from the array to the search region. We can then replace the integral over [—T'/2,T/2]
in (3.1.17) by the integral over R. Using (3.1.11) and applying Parseval formula to express
the quantities in the Fourier domain, we find the following expression for the kernel of the
normal operator:

1 Yoo =
FiFo(z,x') = 5 / 4|f [Z@wmyg é(w,m’,ys)}

|

When the duration of the pulse f is much smaller than the typical travel time (which is
a usual assumption), it is possible to use the high-frequency approximation of the Green’s
function (3.1.6) and to perform a detailed resolution analysis which shows that the kernel
FiFo(x,x') is concentrated along the diagonal band @ ~ «’. This comes from the fact
that the two squares brackets in the expression in (3.1.18) behave like the kernel studied
in appendix B which is concentrated along the diagonal band. The width of the diagonal
band depends on the source and receiver array apertures. If the source and receiver arrays
densely sample a domain on a two-dimensional surface whose diameter is (at least) of the
order of the distance from the arrays to the points © and x’, then the width of the diagonal
band is of the order of the wavelength.

This proves that the normal operator FjFq is close to the identity operator, and the
error committed dropping it in the inversion process is small.

Mz

S B, e )G, s @ ’)}dw. (3.1.18)

r=1

3.2 Stationary random sources

In this section we consider the situation with stationary random sources. This is our first ex-
ample of random sources for which the use of a single experiment with simultaneous sources
still produces a good quality image of the medium. We will describe the imaging functional
to use in this setting and prove its statistical stability. The main result is that the algorithm
is statistically stable if the recording time is sufficiently long, which is to say much longer
than the decoherence time of the random sources used. But since from a practical point of
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view it is not difficult today to create (or simulate) random or heterogeneous source signals
whose characteristic time scale is small compared to the travel time to the probed region,
this is not a very restrictive condition and the large recording time can actually be of the
same order of the recording time needed in the classical setting described above.

We assume that the sources are localized at the points (ys)s=1,... n, and emit stationary

random signals (n(t)) +cr- The source term in the wave equation (3.1.1) has the form

N,
n(t,x) =Y ny(t)d(x—y.). (3.2.1)

The random functions (ns(t)) e S = 1,..., Ny, are independent, zero-mean, stationary
Gaussian processes with autocorrelation function

(ns(t))ng (t2)) = dss Ft2 — t1) . (3.2.2)

Here 05 is the Kronecker symbol and (-) stands for statistical average with respect to the
distribution of the random sources. Note that we model here in terms of discrete sources
at ys, s = 1,..., Ns;. However, as described in appendix A, our analysis also captures the
main aspects in a situation with a continuum of sources.

In the proof it is important to assume that the decoherence time of the random sources
is much smaller than typical travel times, i.e. that the width of the function F'is much
smaller than typical travel times. The Fourier transform F' of the time correlation function
is a nonnegative, even, real-valued function, and by the Wiener-Khintchine theorem it is
proportional to the power spectral density of the sources [Ri]. Note that we have

(s (w)Trgr (W) = 27855 F(w)d(w — ') . (3.2.3)
Using the stationarity of the noise sources, the expectation of the kernel of the normal
operator (3.1.15) can be rewritten as

N’V‘

(F*F(z,x')) = TZ (Q(0,z,, z)Q(0, x,, ')) .

r=1

Substituting the Fourier representation (3.1.14) into this expression and using (3.2.3) we
find that the expectation of the kernel of the normal operator is for any T

™

(Fr*Flz,x')) = 21 /w4ﬁ(w) [ié(w,w,ys)@(w,m’,ys)}
s=1

2

X [ E(w,wr,m)é(w,wr,w’)}dw. (3.2.4)
1

%
Il

Note that the mean kernel has the same expression as the approximation obtained for the
kernel of the normal operator (3.1.18) when the multi-static response matrix is available and
the recording time T is larger than the typical travel time. Therefore it enjoys the same
property, that is to say, it is localized on the diagonal band x ~ x’. The important question
is whether the normal operator F*F is statistical stable, in the sense that its typical behavior
is similar to the one of its expectation. From known results about the cross correlation of
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ambient noise signals [GP09] we anticipate that it is indeed the case when T' — oo, but it
is relevant to estimate carefully the fluctuations since the quantity 7" in typical applications
cannot be taken arbitrarily large. The variance of the kernel of the normal operator is

Var (F* F ( Z // Qlt,x, x)Q(t, T, @ )Q(t ., ®)Q(t 0, X))

rr'=1
- <Q(t,ocT,ac)Q(t,:cr,w’)><Q(t’,asrf,ac)Q(t’,asrf,oc’)>)dtdt’. (3.2.5)

We can write ) in the form

Qlt,z,,x Z/Q (v, T, Ys, ) g (t — v) dv, (3.2.6)
with
G(v,@r,Ys, @) = —/83} Gw,z,x)G(v—w,z,y,)dw. (3.2.7)
Therefore the variance of the kernel of the normal operator can be written as

Var(f f ZB CE Z Z ////g 'U wT7y817 )g(uva7ySQ7w/)g(vl7wr’gys’lgw)

r,r'=1 51,89, 51 52*1

X G, T, Ysy, &) Sty 50851, (U, 0,0, u") dv du dv'dud, (3.2.8)
with

S1s1805 s, (0, u, 0" ) // ; ( N, (t — v)ng, (t — ung (' — v')ng (' —u'))

2

— (g, (£ = 0)ngy (¢ = 1)) (ngr (¢ =0 Yy (¢ — u’)>)dt ar'. (3.2.9)
The product of second-order moments of the random processes n(t) is
(nsy (t = 0) gy (t = w)) (ng (' = 0" ) gy (' — ') = 85,5,05 5, F (0 — ) F(v" — ).
The fourth-order moment of the Gaussian random process n is

(ns, (t = v)ng, (t —u)ng (' — 0" )ng (' —u')) = 8s,5,05, F(v — u)F(v —u)
+5sls/55252 ( t_'U,+'U)F(t/—t—U/+U)
+531526525/1F( UI+U)F(t/ —t—v/—i—u).

Consequently, we have that for any T' > 0
S1s1808 s, (U, 1,0, 0) = 0, 51 050 ST (V=0 u— ') + 05,51 0,5 ST (v =0/, u—0"),  (3.2.10)

where

!/
— TN .
// ') sinc? (%) ST dw dw'. (3.2.11)
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The sinus cardinal function is defined as sinc(x) = sin(x)/z. When T is much larger than
the inverse of the bandwidth of the noise sources (i.e. T is much larger than the decoherence
time), we can use the approximation

o
T sinc? ((w;)T) ~ 27 §(w — w')

n (3.2.11), and therefore

St(s,u) ~ %/ [ﬁ(w)]Qei“’(s_“) dw. (3.2.12)

Substituting (3.2.10) and (3.2.12) into (3.2.8), we obtain for all T' larger than the deco-
herence time the following expression for the variance of the kernel F*F(x, 2'):

N N
Var(F* F(z, 27T/F 28 Z (w. 2, y.) HZ (., y,)["]

N, __ R 9
X ‘ G(w,mT,x)G(w,mr,w’)’ dw
r=1
N
T \ = 2
Jr% [;ways (w,x’ ys)}

N» __
[Z@ W, Ty, T (w,a:r,ac’)} 2dw. (3.2.13)

Using the approximation (3.1.6), we have in particular in the high-frequency regime for
r=ua
Var(F*F(z,z)) 4n [WPF(w)®dw 4«
(FrF@a)’ T (fwiF)de)’ BT

where B is the bandwidth of signals emitted by the random sources. This gives the order
of magnitude of the signal-to-noise ratio. Note that the ratio (3.2.14) does not depend on
the number of source and receiver points, but only on the bandwidth B and the recording
time T'. Only these two parameters control the fluctuations of the kernel F*F(x,z’) along
the diagonal band x ~ x’.

When x is different from &’ the first term in the right-hand side of (3.2.13) is dominant
(because of the absolute values). In particular, the decay of the variance as a function of
the distance |x — «'| is ensured only by the sum over the receiver points, while the sum over
the source points does not contribute to the decay, contrarily to the expectation (3.2.4).
Therefore the corresponding fluctuations of the kernel F*F(x, x’) become larger away from
the diagonal band, but we always have

(3.2.14)

Var (F*F(xz,x')) A [ WP F(w)? dw  Am
(FrF(o, ) ) (F*F(x' x')) = T (fw4]/5(w) dw)2 - BT

(3.2.15)

We remark that the important scaling constraint in order to ensure statistical stability
is that the decoherence time of the random traces is much smaller than the recording time,
that is T. Note that the total recording time, even without simultaneous sources, must be
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at least of the order of ¢yl where L is the propagation distance. Thus, the durations of
the experiments may be of the same order in the simultaneous source case as in a more
classic measurement configuration with a single source at a time as long as one can generate
random or heterogeneous source signals whose characteristic time scale is small compared
to the travel time to the probed region. The only, but major, difference is that one performs
only one experiment in the simultaneous case, while one performs N, experiments in the
classical case, where NN, is the number of sources.

3.3 Incoherence by blending

We present here our second example of random sources enabling to perform a single ex-
periment in the imaging process. The signal emitted is a (deterministic) short pulse, but
randomly delayed in time. We describe the imaging functional and detail the scaling as-
sumptions on the kind of emitted pulse and the distribution of the time delays necessary to
guarantee the statistical stability of the method.

Consider the situation in which N point sources emit the same short pulse waveform,
but at randomly delayed times. We refer to this situation as noise blending. It is modeled
by the wave equation (3.1.1) with a source term of the form

N
n(t,@) =Y ft—7)d(x —y.). (3.3.1)
s=1
The pulse function (f(t)) +cr 18 deterministic. Call its carrier frequency wo and its bandwidth

B. The time delays (7s)s=1,... N, are zero-mean independent and identically distributed
random variables with the probability density function p,(t). We denote by o2 = <7'52> =
J t?p-(t) dt the variance of the random time delays. Here (-) stands for statistical average
with respect to the distribution of the random time delays. Note that the source is not
a Gaussian process, so the recorded signals are not Gaussian either, contrarily to the case
addressed in the previous section, and the evaluations of second- and fourth-order moments
require specific calculations which are different from the standard rules for moments of
Gaussian processes.

The expectation of the kernel of the normal operator is

N, N
<.F*.F($,w,)> :Z Z //g(uaw’r‘vysax)g(ulvwr7y5’7x/)IT,ss/(uvul) dUdulv

r=1s,s'=1

where G is given by (3.2.7) and Zr s¢ is defined by
T
2

Irss(u,u') = <f(t —u—T75)f(t —u' — Ts/)> dt. (3.3.2)

©lS

We assume that 7" is large enough, so that the backscattered signals are completely recorded
over [—T'/2,T/2]. This means that T should be larger than the typical travel time from the
array to the search region and than the typical time delay o.. We can then replace the
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integral over [—7'/2,T/2] in (3.3.2) by the integral over R and we find

IT,ss’ (u’ u/) _ % / ‘f(w) ’26—iw(u—u/) <e—iw('rs—7's/)> dw.

If s # s', then
. 2
= [P @)

—tw(Ts—Tyr _ TWTs 2
(e m) = (e

Therefore, if o,wy > 1 then ’ﬁT (w)|2 ~ ( for all w in the bandwidth and

Iﬂss'(uvu’){ =S et s =,

0 otherwise.
This result shows that the expectation of the kernel of the normal operator is
1 . Ne =
(7 Faa) = g [Tl [0 w08 0.
N J—

{ZG w, &, )G (w wmw’)}dw, (3.3.3)
which has the same form and the same properties (in terms of concentration along the
diagonal & ~ ') as the expectation of the kernel of the normal operator (3.2.4) in the case
of stationary random sources, or as the kernel of the normal operator (3.1.18) obtained when

the full multi-static response matrix is available. The important issue to be clarified is the
statistical stability of the normal operator F*F.

The analysis of the variance of the kernel of the normal operator is based on the following
basic result: for any u,u’,u,%’ € R and s,5',5,5 = 1,..., N,, and again for T" much larger
than the typical travel time and time delay,

J = /_; /_; (7= u—m) ¢~ 7o)~ = 73 — & — 730)
— <f t—U—Ts)f(t—u/ —Ts/)> <f(t~—ﬂ—7'§)f({—ﬂ’ —Tg/)>> dtdlg

7'Lw u—u') —io(a—a')
a5 [/ 1Feli@ :
[<e—m)(7'q —Tgr) —lw(’Tg—T /)> <e—iw('rs—7-s/)><e—i&)(7-§—-r§/)>} dwdd.

If o,wp > 1, then
_ 1 20N E A2 —iw(u—u)  —i@(a—a) | ~\|2 ~
j755§65/5/(17653/)w |f(w)| |f(w)| e e |pT(w+w)} dw d@

1 PO -
+8u8s(1 =) o [ 1F@)PIF@) et

p(w w‘dwdw
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Therefore the variance of the kernel F*F(x, ') is:

Var (F* F(x, '

r=1 r=1
N‘S = = ~ o~ - 2
x [ G(w,2,ys)G(@,2,ys)G(w, &',y )G(@, 2", ysr) |Pr (w + D)

s'=1,s%s’

N

= = ~ - 2

Z Glw,z,y.)G(@, ', ys)G(@, @, ys ) G(w, ',y ) | P ( w)”,

s,s'=1,s#s’

that we can also write as (after the change of variable @ — —@ in the first part of the right
member)

Var(F* Fla,a’ dw da| flw) o' Fl@)| "

X
— ~
> ~—
M=
—~
N

E(w,:cr,) G(w,x,, HZGwaz,, Eww,,m')}

r=1
NS = N o~ =<
X{[ G(wvwvys wwys}{Zwavys G(a)vwlays)}
s=1 s=1
NS < o~ o~ < 2
3 B, 2 4) B0 7,92 Bl 4. B ys>} P - )|
s=1
1 e ~ 2.
+ (27r)2/ dw d@| f(w) 2z,u4|f((,u)|2w4
NT = ~ N' = ~
<[ Gw.,2)0w.2,.2)]| | Y C@. 2,20, 22|
r=1 r=1

— é(w,m,ys)é(@,a;’,ys)é(w,m,ys)é(w,x’,ys)}|@(w—a)|2. (3.3.4)

The statistical stability follows from the fact that the variance of the kernel is small. In
order to prove that the variance is small we first want to show that the integral in (w,®)
concentrates on a small band around the diagonal w = @. The double integral in (w,) can
be written as a double integral in ((w+@)/2, w— ). The products of terms that depend
on G vary in w — @ on a scale of the order of the reciprocal of the typical travel time c¢o/L
(where L is the typical propagation distance). This can be seen from the high-frequency
asymptotic expression (3.1.6) of the Green’s function. Moreover, the terms depending on j?

are varying in w — @ on a scale of the order B and the term |p;(w — (.:})|2 concentrates on
a band of size |w — &| < o7 !. Therefore, provided o1 < min(cy/L, B), we can make the
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approximation

where

1 _ 2
o= [raa

To summarize, if o > L/cy and o.B > 1, then the variance of the kernel 7*F(x, x’)
is given by

Ny —
Var(.F*f(ac,a:')) = ﬁ dw ‘f(w)‘4w8 ‘ Zé(w,xT,a:)@(w T, T ))2
T r=1
Ns N, , X R
DI TR S TR Bl MEPAIN PN !
s=1 s=1 s=1
1 S N- = ~ 2
+ T dw’f(w)| w [T_l Gw,zr,x)G(w, zr, x )}
N = ~ 2 N = ~
AL GeauGe )] - 3 GG v |
s=1 s=1

The hypothesis o,B > 1 is not restrictive and it was already required in the framework
of the stationary random sources in section 3.2. The hypothesis o, > L/cy means that
the random time delays, and therefore the recording time, must be larger than the typical
travel time. We will see in the numerical illustrations of section 3.5 that it is enough to have
random time shifts of the same order of typical travel time.

We have in particular for £ = x’

VP @) g 1y Jelf)lide (335)

(FrF@e) T\ N/ (ot fw) ) BT
This gives the order of magnitude of the signal-to-noise ratio. The quantity BT, controls the

statistical stability. It should be large so that the kernel F*F(x,x’) is statistically stable.
Using the method of Lagrange multipliers we get the two following results:

e The maximal value of T, amongst all probability density functions p, compactly sup-
ported in [—Tmax, Tmax] 18 Tr = 27Tmax and it is obtained for a uniform density over

[*Tmaxa Tmax} .

e The maximal value of T amongst all probability density functions p, with variance

o2is T, = %UT and it is obtained for a probability density function of the form

-2 (1- L)1 "
b= 450, 502 {[=VBo, V5o, }\) -
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3.4 High frequency analysis of the imaging functional

In this section we perform a detailed analysis of the imaging functional in the case of simul-
taneous sources, for the two kinds of random sources presented in sections 3.2 and 3.3, and
in the high frequency regime. We use the imaging functional (]—' *d) (z) to locate singular
perturbations in the velocity of propagation.

The contrast in the image obtained strongly depends on the type of perturbation. We
therefore consider three types of perturbations, supported respectively on small balls, thin
tubes and thin discs. With a slight abuse of notation we will refer to them as point, line and
surface singularities, as they can be thought of as approximations of singular perturbations
of the velocity of propagation supported on subspaces of lower dimension.

For each kind of perturbation we first analyze the expectation of the imaging functional,
which gives the average image contrast seen between the center of the perturbation and
a point far from it: this will provide an hint on the level of difficulty to correctly image
these perturbations. This is done in subsection 3.4.2. An even more interesting result
follows: in subsection 3.4.3 we perform a quantitative analysis of the statistical stability
of the imaging functional with the two kinds of noisy sources presented in the previous
sections. The statistical stability can be characterized by the standard deviation of the
imaging functional. The calculations of the average and standard deviation of the imaging
functional allow us to characterize the typical contrast seen for the three perturbations.

With a careful analysis of fluctuations produced by the random sources in this section
we show that, in the high frequency regime, the typical contrast is actually much better
than just of order v/T as one might have expected from the general results of the previous
sections. However, the exact order of amplitude of the contrast depends on the shape of the
perturbation: point singularities are easy to observe, while surface type perturbations are
the hardest to locate.

3.4.1 The imaging functional in a high frequency regime
Geometry of the model

To be able to perform explicit computations, we shall simplify at most the geometry of
the model. We will assume that the domain we are investigating is a ball 2 = Bgr with
radius R. We also assume to have N, point sources located at points (ys)s=1,.. n, lying
on the surface of the ball 9Bg and dense enough (ideally, closer than half of the central
wavelength) so that a continuum approximation can be used. The sources can either emit
independent stationary random signals, as in the case studied in section 3.2, or they emit
(almost) simultaneously the same short pulse waveform, but randomly delayed in time, as
described in section 3.3. We will refer to the first case as stationary random sources and to
the second as (noise) blended sources.

Signals are observed at the passive sensor array (@,),—1,... n, for some large time interval
[-T/2,T/2]. Sensors are also assumed to densely sample the surface of the ball OBg.
Recall that for noise blended sources the recording time 7" should be much larger than the
typical travel time, so as to guarantee that the backscattered signals are completely recorded.
Similarly, for stationary random sources 1" must be taken much larger that the inverse of
the bandwidth of the noise sources (i.e. much larger than the decoherence time).

Finally, we shall also take the background velocity of propagation co(x), which is assumed
to be known, to be constant, and assume that perturbations are located near the center of
the ball. This means that the medium is homogeneous outside of a ball B, of radius r < R.
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The kernel of the imaging functional

We now turn our attention to the kernel F*F, which as we have seen plays an essential role
in the evaluation of the imaging functional, and analyze its behavior in the high frequency
regime. Since in this model sources and receivers are located on the surface of the ball
¥ = 0Bpr and are sufficiently dense, we can rewrite the kernel (3.6.2) using the continuum
approximation formula (3.6.3) of appendix B. When the surface density p of the receivers is
constant, we obtain

=

N —
ZG W, Ty, T (w,a:r,y) :/ pGw,x,, x)G(w, x,,y)do(x,).
r=1 OBRr

Since perturbations are located in a small area, far from the sources and sensors, we can use
the approximate identity [GP09, Proposition 4.3]

29w = ~ ~ =

— Gw,zr,x)G(w, xr,y)do(x,) ~ Gw,z,y)—Gw,z,y),

€ JoBg

which follows from Green’s identity and the Sommerfeld radiation condition. This result
can be viewed as a version of the Helmholtz-Kirchhoff integral theorem. Using the function
sine(x) = sin(x)/z, the right hand side of the above equation can be rewritten as

. 2%
22’%(G(w,m,y)> 4—Z£smc< |w—y\>
™ Co

and assuming that both receivers and sources have constant density on the surface 9B we
obtain

1 . w
Ko(z,y) = yp smc(%kr, - y|) . (3.4.1)

Recall that for simultaneous sources the imaging functional is

be2(@) = (Frd)(x) = | F'F(z,2')oc (@) do, (3.4.2)

Br

where dc=2 is the velocity perturbation and 5~c_2(ac) is the obtained estimation. Thanks to
(3.4.1) and using the explicit formulas (3.3.3) and (3.2.4) we can rewrite the mean of the
kernel 7*F as

s

J— NT —
Gw,z,ys)G(w, 2, ys) ZG(w,mr,m)G(w,m,«,m’)dw
1 r=1

Mz

FF)@a) = o [t Fe)f

1 417 oW ’
= 35,3 /w | f(w)]” sinc (%\mfwo dw

for noise blended sources, and as

2

(FF) @) = 5

T ~
553 /w4 F(w)sin02<z)—0|ac — ac’\) dw

for the stationary random sources.

We stress that the focus of this section is on the high frequency analysis of this functional.
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We will analyze its performances in localizing singularities in the background velocity of
propagation, in the high frequency regime n < 1, where
wo o 1

Co n

Note that with this notation the wavelength is equal to 2m1.

3.4.2 Expected contrast of the estimated perturbation

Even if the estimated perturbation 5~c’2(m) provided by the imaging functional does not
have the exact shape of the real perturbation, due to the different approximations used,
it still shows a peak on the actual location of the velocity perturbation. We study in this
section the expected (average in the statistical sense) contrast seen in the estimated velocity
perturbation between the actual location of the perturbation and points far from it.

The expected estimated perturbation for noise blended sources is given by

(@) = 555 [ Tt | )],

T 2573

with
T, (,w) :/ sine? (Lo — ) e (@) da.
Bgr Co

When the bandwidth of the source pulse is smaller than the central frequency, it is enough
to study the behavior of the spatial integral Z;(x) at the central frequency. For simplicity
of notation we drop the dependence on w. It turns out that T - Z;(x) is the quantity one
has to study also in the case of stationary random sources. All the computations presented
in the remaining part of this section are performed in the noise blended case; to obtain
the different orders of amplitude provided by the imaging functional for stationary random
sources it sufficess to multiply the results by T'.

To simplify the presentation of some computations, we assume that the support of the
perturbation is centered on the center of the ball Br on the surface of which are located the
sources and receivers, and choose this center as the origin of our system of coordinates.

We remark that for the purposes of this subsection it would not be necessary to dis-
tinguish between the scale of the wavelength of the signals (1) and that of the size of the
perturbation (¢). However, this distinction turns out to be crucial in the analysis of fluctu-
ations carried out in subsection 3.4.3.

We introduce now the different kinds of singularities and compute the relative order al
amplitude of the average contrast shown by the imaging functional.

Point singularities

Let us start by considering a point singularity, that is to say, a singularity whose support
has a very small diameter. We model it with a perturbation of the velocity of propagation
that is supported on a ball of radius e:

s (x) = alpy(x). (3.4.3)

To simplify computations, we can take « to be constant. Indeed, it only enters formulas
as a multiplicative constant (squared in subsection 3.4.3): since it is of no relevance to our



114 CHAPTER 3. IMAGING WITH NOISE

scopes, we set it equal to 1, also for the other types of perturbations.

Changing variables, we have:
Ii(z) = / sine?(jz — &'| /n)éc*(z') da’ = / sinc?(|z — 2’| /n) da’
Br

= 53/ sinc? (§|w/s — a:’\) dz’.
By n

At the center of the perturbation, & = 0, we have
€ L2 €
Z,(0) = 63/ sian(f\:c’D dz’ = 471'53/ ) sin? (fp> dp = 2men? (1 — sinc(25/n)>.
By n o € n
For € =~ 1 we have that Z;(0) = O(en?). However, if € < 1 the order becomes O(&?).

For |xz| = O(1), what gives the order of amplitude of Z;(x) is the decay of the sinc(z)
function, which goes approximately as 1/x. We have that

Ii(z) < 53772/ |z — ex’|"2dx’ = O(*n?).
B,

Remark that the bound we have found is sharp, since there are x for which 7; is exactly of
order £3n2.

We see that the difference in amplitude between the centre of the perturbation and a
point far from it is significant: it is of order 772 when € < 7 and of order =2 if ¢ ~ 7.

Line singularities

We consider now line-type singularities, which is to say an almost one-dimensional perturba-
tion of the velocity of propagation. We model it by a perturbation supported on a cylinder
of radius e:

sc (@) = Lic.y (), C.=B.x[-1,1] CR* xR. (3.4.4)

We have
T (x) = / sinc® (|z — &'| /n)dc 2 (z') da’
B

:52/ / sinc2<f\/(x75x’)2+ (y —ey’)? + (zfz’)z) dz’.
-1JB; n

At x = 0 this term reduces to

1
1
7,(0) = 52/ / sincz(ﬁ\/ﬁ(x/? +y?) + 2/2) dz'dy’ d2/,
-1/B
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which is rapidly oscillating in 2. In the integral in 2’ we can therefore approximate sin? by
its mean:

1 1 1 1 1 772 1
7,(0) ~ 27"52/ (/ n* (527“2 + z’2> dz’) rdr = 27782/ < arctan (—) rdr
o \2.J/. o Er er
! 1
=27 6772/ arctan (—) dr ~ 7%en® = O(en?).
0 Er

Far from the perturbation the integral is of order £2n?. For example, for 2% +y? = C' = O(1)
we have

Il (w)

N

1, ! 2 N2 N2 na\ 7t
—& / / n (($*€m) +(y—ey') +(z—z)> dz
—1JB;
271-52172/1 ;dz’:O(szﬁ). (3.4.5)
2 _10+(Z*Z/)2

Therefore, the difference in amplitude seen between the centre of the line perturbation
and a point far from it is of order L.

Plane singularities

Let us consider now singularities that are approximately two-dimensional: we call them
surface-type singularities and model them by a perturbation of the velocity which is sup-
ported on a disc of thickness ¢:

sc*(x) = Lipy(z), D, = [—¢,¢] x By C R x R%, (3.4.6)

With this notation we have

x) :5/_11 /131 sincz(%\/(a:—sx’ﬁ+(y—y’)2+(z—z’)2) dz’.
Atz =0

sinc? 2z ’2 +r ) rdr da’

>~ e

_271'5/ /
-1 ' 1
/71/0 7’ 623?/24—7‘) rdr dx’:W602[1§1n(1+782x/2)dx’
|n(e)])

because the sin? in the first line is rapidly oscillating in r.

= 0(5772

For z = O(1) we have instead that

1 -1
S B R e e e e I IO R
—1 1

1
,
~ 2men? dr =0(en?).
wert [ g dr= O )
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For this type of singularities, the difference in amplitude seen between the centre of the
perturbation and a point far from it is very weak: it is only of order |In(¢)|. This already
hints to the fact that, with the imaging functional we consider, surface-type singularities are
harder to locate than the other types. The analysis of fluctuations of the next subsection
will confirm this result.

3.4.3 Fluctuations and typical contrast

We have obtained in the previous subsection the average contrast of the imaged perturba-
tion. We want now to find confidence intervals for the typical contrast observed during the
experiment. To do so, we must analyze the fluctuations in the result. They are given by the
standard deviation of the estimated perturbation dc~2, which at a point « is given by

1
S = 2\ 2
Sz) = < |6c2(x) — (e 2(x))] > . (3.4.7)
We need to compute the standard deviation at the location of the perturbation and at points

far from it, and compare them with the expected amplitude of the estimated perturbation.
Using (3.4.2) to write explicitly (3.4.7) we get

W )= (K)o 0]
{/‘/ <IC @) >) (K(w,w”) - <’C(fﬂ7w//)>) > 50_2(w/)5c_2(w//) da'dz” ;

[/BR Cov(K(w,2), K(@,a") ) de~(a)oc (@) da’ dw"]27

where K = F*F. With the same computations used to obtain the variance of the kernel
JF*F in section 3.3 we obtain that the covariance is given by

21 T, Cov (IC(ac, z'),K(z,z ))

Nf' P N —
+Z@(w a:r,:c)é’ (w, 2, @ ZG W, X, T G’(w z,, ")
r=1 r=1
N, A N, A
X { G(w z,y,)G(w, @, y,) G(w z,y,)G (w, 2", ys)
s=1 s=1
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We recall that T = ([ p2(t) dt)_1 and p.(t) is the probability density function of the
random time delays. The quantity 7, should be large so that the kernel F*F(x,x’) is
statistically stable. For example, we have shown in section 3.3 that the maximal value of
T, amongst all probability density functions p, compactly supported in [—Tpmaz, Tmaz] 18
obtained for the uniform density over the interval and gives T = 27,44 Since Typqp Must
be at most of the order of the recording time 7,4, =~ T/2, to obtain a large value of T, one
should take T large too (which is something we had already required in section 3.1).

Observe that in the above equation for the covariance, in each of the two terms on the
right hand side we are summing N, terms with a minus sign and N2 with a plus sign, and
they are all of the same order. The contribution of the terms with a minus sign is therefore
small, and we can use the results of subsection 3.4.1 on the kernel of the imaging functional
to simplify the above equation into

Cov(lC(:c,w’),lC(w,a:”)) o~ 27r1T /dw|f(w)‘4w8
X {sinc(z;h: - m’\)sinc(z}—on - m”|>sinc(j—0|w’ - :1:”|)

+ sinc2<£\az - a:'|>sinc2<£|w - :c”|> } .
Co Co

Similar computations for the case of stationary random sources, where the terms with a
minus sign do not even appear, lead to

Cov(lC(m,ac'),lC(m,m”)) ~ % /dw |ﬁ(w)|2w8
X {sinc(:)kc - m’\)sinc(j—okc — IB”|)SiHC(Zi0|CL‘/ — :c”|)

+ sin02<£\:c - w’|)sin02(£|w - w”|>} .
Co Co

Let us continue the computations in the case of noise blended sources. Putting everything
together, we find that the standard deviation of the imaging functional at a point x is given
by

2

5@ = |3 [ 1) o)

with

Tz ,w) = // {sinc(wh: - m’\)sinc(ﬁh: - m"|>sinc(£|w’ - :1:”|)
Br Co Co Co

+ sinc? (£|m — :1:’|)sinc2 (i |z — w”|>} Sc () )oc 2 (x) da'da””.
Co Co

Again, we focus on the spatial integral Zo (and to simplify notations we drop the depen-
dence on w): the quantity we need to study is [Ig(:c) /TT] "2 for the noise blended sources

and [T . Ig(a:)} 12 for the stationary random sources. The computations presented below
are performed in the noise blended sources setting. To obtain the corresponding standard
deviation for stationary random sources it suffices to substitute the factor 1/T (or 1/v/T})
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by T (or \/T) For comparison with the average amplitude, recall that for stationary random
sources the results obtained in the previous subsection have to be multiplied by a factor T.
We can rewrite the integral Z;(x) as the sum of the two integrals

Ji(z) = / Hy(z,x',x") oc™2(x')oc2(2") da'dz”
Br
Jo(x) = / Ho(x,x', x") 6c™2(x')oc2(2") da'dz”
Br
which is to say the double integral of the two kernels
Hi(z, ', 2") = sinc(ﬁ|m — a:'|)sinc(£|ac — :L'”|)sinc(ﬁ|cc’ — :Jc”|) ,
Co Co Co
Ho(z, 2, 2") = sin02(£|w — :lc’|)sinc2 (ﬁ|w — :B”\)
Co Co

applied to the perturbation (d¢=2(z')dc2(x")), for every one of the three types of pertur-
bation studied above. However, since

Jo(x) =T} (),

we will only need to analyze ;.

For the following estimates it is important to keep separated the scale of the dimension
of the perturbation (¢) from the scale of the wavelength of the sources (). Their relative
amplitude will be specified, but to help the reader to keep track of the different orders, we
stress that we will always have ¢ <.

Point singularities

We return to the case of point perturbations introduced in the previous subsection and
modeled by (3.4.3). In this case, even a very rude estimation is sufficient to obtain a bound
which guarantees that this perturbation can be imaged. Since |sinc| < 1, changing variables
we get

|71 (z)| < €° // |sinc(|@ — | /n)sinc(|x — ex”|/n)| da’'dx”
B1
< KaG/ sinc?(|z’|e/n) dz’ (3.4.8)
Bi(x/¢c)

where the constant K = 4/37 comes from the use of the Cauchy-Schwarz inequality and
Bi(z/¢) is the unitary ball in R? centered in x/e. Since the sinc function is bounded,
we obtain a bound for [J;(0) of order £°. This is only a rough upper bound, but it is not
necessary to look for an improvement since it is already of the same order of the integral of
the second kernel, for which we have J>(0) = Z?(0) = O(g%), for £ < 7. Therefore,

7,(0) = O(<9).

Using the decay of the sinc function, we can find near the center of the perturbation (x| ~ ¢)
a bound for Z, of the same order. Oscillations are therefore of order &3 //T.

Recall that the average value observed on the peak is of order €3 for ¢ < 7, so that
the typical value observed remains of the same order due to the large factor 7T.. The same
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results holds true also for € ~ 7, namely the typical value observed is of the same order of
the average value.

Far from the perturbation the integrals of the two kernels decrease. Using the bound
(3.4.8), the integral of the first kernel can be bounded for |x| = O(1) by

|J1 ()| SK&G/ n2|m75m’|72dm/:K56772.
B

1
With some more work, one can show that this bound is sharp, at least for ¢ <« 7. This can
be done using the Fourier representation of the sinc function written in spherical coordinates
u=u(r,0,¢) € R3:
1 1"
sinc(A|z|) = 5/ el ¢ = 5/ e~ Al eos(9) giny(9) b
-1 0

1

1 T —idz-u(r,0,0) o; DY
= — AT 0)dod¢ = — AT q 3.4.9
e /0 e sin(6) 0] gy /52 e u, ( )

where S? = {x € R3 : |z| = 1} is the unitary sphere in R?. We can write

Be 52
6
o [ dudvdw,
78 S2

where we have used the assumption ¢ < 7. Simplifying this equation and using again (3.4.9),
we get for |xz| = O(1)

Ji(x)

12

6 1 2 6 2
Jh(z) ~ 2—2 {/52 elﬁ“"“du} = 2—2 [47rsinc(|sc|/n)} = 0(%%).

As for the integral of the second kernel, J2(x), the bound we have is of order £5n*. For
€ < n we have therefore

Ir(x) = O(e"n?).

In the general case € < 7, the above equation becomes an upper bound.

Recall that the statistical average of the imaging operator far from the perturbation is
of order £3n. Assuming that T is large, but still 1 < T < 1/5?, the above result implies
that the typical value observed is at most of order e3n/+/T; (it is exactly of this order for
e < n). Therefore, the typical contrast is still at least of order /T’ /n, allowing for a precise

localization of the perturbation (both when ¢ < n and € ~ 7).

Line singularities

Consider the case of line singularities, modeled by (3.4.4). Using rude estimations similar
to the ones presented above, we could only bound the integral of the (absolute value of the)
first kernel near the origin with something of order e%5?In?(e). This means that, in order
to be sure to able to image the perturbation, we would need to have ¢|In(¢)| < 1. But we
can do better.
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Assuming ¢ < 7, we can use the approximation

1
sinc(; Ve (a2 +y2) + z’2> ~ sinc(2'/n) . (3.4.10)

It is then possible to use the Fourier representation of the sinc function

1o L
. )\ — —1(z d — —1 Zd
sinc(Az) —2)\/_>\e ¢ 2/_16 ¢
to obtain the amplitude of the fluctuations. At & = 0 we can rewrite the integral of the

first kernel as an integral over C; = By x [~1,1] C R? x R, use (3.4.10) and integrate in

1

xl? y/’ :I;I/7 y :
= // sinc(|a'|/n)sinc(|z"|/n)sinc (|2’ — =”|/n) da’dz”
C.
1 1
— et // Sinc(*\/€2($'2 +y/2) +z’2>sinc(f\/52(:c”2 +y//2) +Z"2>
Cy n n
1
% Sinc<*\/€2(($' _ J3//)2 + (y/ _ y//)2) + (Z/ _ Z//)Q) d:II/d:I:”
n

z+1
~ et // sinc(2'/n)sinc(2” /n)sinc((2' — 2")/n) dz'd2" |

-1

and using the Fourier representation introduced above we get

J1(0) = //:+1 ///_11 e~ i¢e I g=i"E" I =il =) q¢ q¢’d¢” d2/dz"
- %64 / | / sine l(c’+<>)smc(%<<”—<)) a¢dc'ac”

(¢+1)/n (=¢+1)/n
= / / sinc(uq) duy / sinc(usg) dug d(¢.
(

=1)/n —¢=1)/n
Since the function s — fos sinc(u) du is uniformly bounded in s, we get that
Ji(0) = O(e"?) .
For the second kernel we have J2(0) = Z?(0) = O(e?n*), and therefore
Z5(0) = O(*n") .

Remark that for |z| ~ ¢ we can still bound fluctuations in the same way, because (3.4.10)
still holds, and the integral

—1/2
/ ((z —ex') 2+ (y—ey)? + (2 — z’)z) dz’
is maximal when x = 0.

We see that fluctuations near & = 0 are of order en?/y/T,. Since the average value
observed at = 0 for the imaging functional is of order n?, it is thanks to the large factor
T, > 1 that we get the statistical stability of the operator. This means that the typical
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value observed on the perturbation remains of order en?.

When « is far from the perturbation, oscillations are even smaller. Indeed, we can
proceed as in (3.4.8) to find a bound for the integral of the absolute value of the first kernel.

We get
11,
~ ein? [/1 /B1 (z—e2')? +(y—ey)* + (2 — z)'Q)_l/2 dx’] 2.

Since the integrand is bounded, the bound we get is of order £*n?. By (3.4.5), the second
kernel is of a higher order, J2(x) < O(e*n*), and therefore

| /\

2
smc Vi —ex)2+ (y—ey)? + (2 — z’)2) ‘ da’dy’ dz’]

To(x) < O(e'n?).

This bound implies that the typical value observed far from the perturbation is of order at
most €2n/+/T;, so that the contrast is at least of order 1v/T; /e.

Plane singularities

We turn now to analyze fluctuations in the case of surface-type perturbations, modeled by
(3.4.6). The difficult part is again to obtain good estimates on the integral of the first
kernel, for which we use the Fourier representation of the sinc function obtained in (3.4.9).
At = 0 we have

J10) = % // /// el (utw) - (v—w)] gy 4y dw da'dz”
7T S2
2
s LU, et o]
71' S2 S2
= L/ / / e () g du de
(43 Js2 [ s By + ’

where the approximate equality holds for ¢ < 7 and L denotes the projection on the last
two coordinates: x| = (y,z) € R%. The integral in da’, is computed on (D.), = B; € R2
We can rewrite also the integrals on S? as (twice the) integrals on the projection B; € R?
compute the integral in da’, and change variables:

32¢2
71(0): c / [// il (utw)L /] — Jug |? dwldul] V1—|w,|? dw,
B B
2 J +
= i/ {/ Sillws +wil) V1=|u? duL] 1—|w,[? dwy
B1 B1

T lug +w,l|/n

2 2,6
= £ / |:/ Jl ‘UL‘ \/17|ulf'wl|2 2d’LLL:| \/17|wl|2 d'wL
Bi/y Bi/y(wy)

m Cul]

Here Jj is the Bessel function of the first kind. Let us focus on the integral inside the square
brackets. Observe that the origin of our system of coordinates is always inside B /,(w_).
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Changing to polar coordinates we have

J 27 rpw(0)
y- Wil A e o du, ~ [ [ ne)suo.nara,
By p(wy) |UL| o Jo

where we denote by ¢, the square root term (written in polar coordinates), and the function
pw(0) takes values in [1/n—|wy|, 1/n+|wi|] C [0,2/n]. We claim that the integral term
Y is bounded. This can be proved by integrating by parts in r as follows. First, remark that
the square root term is concave (as a function of u | ), take its maximum over the domain of
integration By ,,(w, ) at the center of the ball and is zero at the boundary. Therefore, for
every fixed (0, w), the function ¢, (0, -) is still concave and bounded by 1. Then, one easily
obtains that the integral of the absolute value of its derivative in r is bounded by 2. Also,
the antiderivative of J; () is the Bessel function of order zero —Jy(r), which is bounded (the
maximum of its absolute value is obtained at r = 0, and Jy(0) = 1). Putting everything
together, we finally get

T=pw (0

o ) ew(®
V= /0 {—Jo(r)@u(@,r) + /0 Jo(1) Oy o (6, 7) dr| d6

r=0
2m Pw(0)
< /0 {JO(O)JrJO(O) /O |8r¢w(9,7’)|d7‘] 0 < 6r.

This proves the claim.

Using again the boundedness of the square root, we can bound the integral in dw, by
7/n?. We have therefore obtained a bound for 71 (0) of order O(¢?n*). This is only an upper
bound, but there is no need to look for an improvement, since it is already of a smaller order
than the integral of the second kernel, for which we have

J2(0) = Z{(0) = O(e*n* In*(¢)) .

Therefore,
75(0) = O(e*n* In? (e)).

Far from the perturbation, fluctuations are even smaller. Recall the notation x =
(r,z,1) € Rx R? and w = (u;,u;) € R x R?; the same notation is used for v and w.
Let us look at the integral of the first kernel; following the computations presented above
we have

Sil) = L/ / / / / eiil@=a)-(utw)+@—a")-(v=w)] 4y 4y day da'de”
(477)‘3 D, 52
4e” iLl(@—a'), (utw), @), (o-w),] g1 0
(477)3///92//1916” 2, da']

x et [Eutw)itz(o—wh] 4o de dw

325 /// // o [mJ— (utew), +ali-(v=w),] dw dw” X e n [wj_ (u+v) ]
B, B,

X elﬁx[\/lf‘“ﬂu\/l*‘“ﬂ ] x /1 —|uy2v/1— v 21— |w,|? duydv, dw,
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so that

2 2,.6 . e [ 1 a2 J
Ji(x) ~ ! / 1—fw 2?2 [ e®ove™ V™™ /1 —Ju; —w, 292 Sillesr)) du
B

m 1/n Bi/n(wi) |ui‘

, iz, [ o2 J
x/ GiTL vy emm\/l_|vj_+wj_‘2772 Mde dw .
B v

1/n(—w1) | L|

For |z| > 1, the last two integrals above are now much smaller than the corresponding ones
for * = 0. This is due to the fact that for |x| large, at least one of the two exponential
terms, which have mean zero, is rapidly oscillating with respect to J;. We therefore have
that Jj(x) is at most of order e2n*. Far from the perturbation, the (sharp) bound we
have on the integral of the second kernel is of the same order: J>(x) < O(g%n*). We have
obtained that

Tr(x) < O(e%n*).

Thanks to the large factor T, fluctuations are therefore smaller than the average value given
by the imaging functional, both on the perturbation and far from it. The typical contrast
remains therefore of the same order as the average contrast, namely of order |In(e)|.

3.4.4 Comments

In this section we have analyzed the imaging functional given by (3.4.2) in the high frequency
regime (n < 1) with respect to small perturbations (¢ < 1) of the background velocity of
propagation. Using a suitable geometry of the sources and receivers, we have been able to
obtain quantitative estimates on the (average, with respect to the realization of the random
time delays or the stationary random source signals) sensitivity of the imaging functional.
The image presents a peak on the location of the perturbation, and the contrast is of order
n~2 for point perturbations, of order e~ for line perturbations, and only of order |In(¢)| for
surface perturbations.

The most interesting result of this section concerns the quantitative analysis of the sta-
tistical stability of this functional, providing the typical contrast seen for the three pertur-
bations considered.

An important fact is that the typical contrast found only depends on the type of pertur-
bation one is trying to image, and not on the method used. All results are described below
for noise blended sources, but the corresponding contrast for stationary random sources are
obtained simply substituting 7> with 7.

We have shown that for point perturbations, both when ¢ <« n and € ~ 7, fluctuations
due to the stochastic nature of the method are small, and the typical contrast is at least of
order /T /n (/T /n for stationary random sources): point perturbations are easy to find.

For line perturbation the situation is different. We can image with a satisfactory accuracy
and reasonable recording time only very thin line perturbations, € < 7. The typical contrast
in this case is at least of order /T, n/e.

For plane perturbations the average contrast is quite poor, only of order | In(e)|. However,
for very thin perturbations (¢ < 1) also the typical contrast is of the same order.

These results are summarized in the tables 3.1 and 3.2, where we list for the three type
of perturbations considered the order of the average value given by the imaging functional
and of the standard deviation, both at the center of the perturbation and far from it.
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(5e2()) S(a)

x=0 lz| > 1 =0 x| > 1
Points ~ g3 < edn? ~ &3 /T, S edn/VT:
Lines ~ en? < en? ~en? VT, Sen/VT;
Planes | ~en?|In(e)| < en? | ~en?|ln(e)|/VT. Sen?/VTr

Table 3.1: Noise blended sources: mean <<§ch2(m)> and standard deviation S(x) of
the estimated velocity perturbation at the center of the perturbation (z = 0) and
far from it (| > 1), in the regime ¢ < 7 < 1. The cases of point, line and disc
singularities are displayed.

(de2(x)) S(z)
x=0 lz] > 1 z=0 lz| > 1
Points ~ T¢e? < Tedn? ~\/Te? <VTen
Lines ~ Ten? < Ten? ~ /Ten? <VTen
Planes | ~ Ten?|In(e)| < Ten? | ~VTen?|In(e)] < VTen?

Table 3.2: Stationary random sources: mean <(%72(m)> and standard deviation
S(z) of the estimated velocity perturbation at the center of the perturbation (& = 0)
and far from it (J&| > 1), in the regime ¢ < 7 <« 1. The cases of point, line and disc
singularities are displayed.

3.5 Applications and simulations

3.5.1 Simultaneous source exploration

In this subsection we consider the formulation (3.1.1 - 3.3.1) as it describes a physical explo-
ration problem. That is, the source term n(t,x) results from the simultaneous emission of
N point sources located at (ys)s=1,... n, and emitting randomly delayed pulses as in (3.3.1),
and from the measurements at the IV, receiver points ($r)r:1,..., N, we aim to recover the
medium perturbations (50‘2(36)) In this framework, only one experiment is performed
to acquire the data set.

xeQ’

To put our approach in perspective we shall first consider the classic experimental config-
uration in which we can use the sources separately and obtains the full multi-static response
matrix d = (d(t, %, Ys))r=1,....N,,s=1....N, te[-T/2,7/2]- Lhis requires us to perform N, ex-
periments. In the s experiment, s = 1,..., N,, we observe the signal d(¢,x,,ys) at the
receiver point @, when the point source at ys emits a short pulse f(t). The Reverse-Time
imaging functional for the estimation of the medium perturbations dc=2 is based on the
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application of the adjoint F§ on the data set [BCS]:

ZZ/QO t Lr,Ys, T )d(tvwmys)dt

s=1r=1

IRT(w)

ZZ/ 2G (w,x wr)@(w,az,ys) A(w)j\(w,mr,ys)dw. (3.5.1)

s=1r=1

To evaluate the imaging functional, one needs a priori to solve N5 + N, times the wave
equation in order to get G(w x,x.), for r =1,...,N,, and G(w x,ys), for s =1,..., N;.
Usually the number of sources is smaller than the number of receivers Ny < N, and then
the strategy that requires to call the numerical wave solver only 2N, times is as follows:

1. for each s = 1,..., Ny, compute the wave emitted by the source located at ys, that
is to say evaluate 9(*)(w, z) solution of the Helmholtz equation with the background
velocity co(x) and with the source term 7w, x) = w? f(w) §(x — yYs).

2. for each s = 1,..., N, time reverse the recorded data and propagate these time

reversed signals from the receivers, that is to say evaluate u(*)(w,z) solution of the
Helmholtz equation with the background velocity co(x) and with the source term

Aw,z) = Y dlw, 2, y.)d(@ - ).

3. for each s = 1,..., N, correlate the two pairs of signals, one of them being time-
reversed first, and sum over the sources.

One gets
Irr(x Z/A(“) w, ) T (w, z) dw,

which is equal to (3.5.1). In the Born approximation and for T large enough (i.e. larger
than the typical travel time), we get

Irr(x /’Cfﬂﬂﬂ 2(x') da’

Kz, z") = (FgFo)(m, x') = %/ [ié (w,,ys)G w x’ ys)}
X [ié(w,mhm)é(w,wr,m’)] dw. (3.5.2)

It is possible to equalize the spectrum and to divide the data by w4|f(w)\2 in the Fourier
domain over the bandwidth in order to improve the accuracy of the estimation. We will see
below that this functional gives an image of the velocity perturbations §¢~2 with an accuracy

of the order of the wavelength when the source and receiver array apertures are large enough.

We then return to the blended source configuration (3.1.1 - 3.3.1). In this case the data
set consists of the vector d = (d(t,x,)) _, te[_T/2.7/2p Where d(t,x,) is the signal

measured at @, when the source term is (3.3.1). The imaging functional (for imaging the
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medium perturbations) consists in applying the adjoint operator F* to the data set:

N,
Tns(z) = (F*d)(z) = Z/Q(t,mr,w)d(t,acr)dt
r=1

N,
%Z//uﬂ Gw,z,z,)G(w, z,y) N(w,y) dw, z,) dy dw . (3.5.3)
r=1

To evaluate the imaging functional, one needs to solve the wave equation only two times.
This is a considerable advantage compared to the standard technique described above that
uses the full response matrix and that requires 2V, calls to the numerical wave solver. More
precisely the strategy to evaluate the imaging functional is as follows:

1. compute the wave emitted by the original source n(t,x) given by (3.3.1), that is to
say evaluate v(w, ) solution of the Helmholtz equation with the background velocity
co(x) and with the source term 7 (w, x) w?.

2. time reverse the recorded data and propagate these time reversed signals from the
receivers, that is to say evaluate u(w, x) solution of the Helmholtz equation with the

background velocity ¢o(x) and with the source term n(w, ) = 27{21 d(w, z,)6(x—x,).
3. correlate the two pairs of signals, one of them being time-reversed first.

One gets
1
Ips(x) = — /ﬁ(w,m)ﬁ(mw) dw,
27
which is equal to (3.5.3). In the Born approximation and for T large enough (i.e. larger
than the typical travel time and the typical time delay), we then find that

IBS(a:):/Q]-'*]-'(w,:n’)dcﬂ(:c’)dm’m/ﬂ<.7—'*f(:v,w’)>5c*2(:c’)dw’
:/K(w,w')50_2(w’)dw', (3.5.4)
Q

where the kernel K(x,z’) is given by (3.5.2). Note that here we have used the crucial
stabilization result F*F ~ <.7-" *F > that we derived in section 3.3.

The resolution in the perturbation estimate is given by the classic Kirchhoff resolution
which characterizes the support of K [GP10]. We assume that the source and receiver arrays
coincide and have a characteristic aperture or diameter a. Then:

e If the diameter a of the array is smaller than the distance L from the array to the
target, the resolution is given by the standard Rayleigh resolution formulas: the cross
range resolution is \gL/a and the range resolution is A\o(L/a)? for narrowband sources
and cq/B for broadband sources with bandwidth B > wq(a/L)2. Here ) is the central
wavelength corresponding to the central frequency wg of the pulse wave form f.

o If the diameter of the array is of the same order as or larger than the distance from
the array to the target, then we find that the resolution is of the order of the central
wavelength Ag.

Note that we could also use the stationary random sources of the form (3.2.1, that in
view of (3.3.3) gives the same resolution as the noise blended sources. Our analysis applies
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directly to the important case when we do not have “controlled sources”, rather “sources of
opportunity”. However the important assumption that we make here is that the (incoherent)
traces of the sources and their locations are assumed to be known. Situations in which the
sources are not assumed a priori known are discussed in [GS11].

3.5.2 Seismic forward simulations

We illustrate here how our results could be used in the context of forward simulations, which
constitute an important ingredient in typical iterative imaging or inversion schemes.

Consider again first the situation when we in fact have measured the full multi-static
response (MSR) matrix

d= (d(t’w“ys))rﬂ ..... Ny, s=1,...,N, t€[~T/2,T/2] °

For each s = 1,..., N, denote by u(*)(t,x;¢&) the numerical solution of (3.1.1) with the
source term n(t,x) = §(x — ys) f(t) when the medium perturbation is §¢=2. Denote by d[¢]
the corresponding computed MSR matrix, whose elements are defined by

dlel(t, z,,ys) = ul®) (t,zp;¢) = (.FO 6~c_2)(t,ar:r,ys) )

An iterative imaging scheme can then be based on calculating and minimizing the quadratic
misfit functional

Je=33 / d(t 2, y.) — d[E)(t, @y, dt. (3.5.5)

The implementation of a descent algorithm over ¢ produces a sequence of estimates ¢1, ¢, . . .
leading to an estimate, say ¢, of ¢ at termination. We find in the Born approximation that
the residual in (3.5.5) is

Jlel = 2327/2 |(Fo6c2) (t, @, y5) — (Fo &*2)(t,wr,ys)|2dt

s=1r=1Y"

= //Q .7:5.7:0(:137;13’) [50_2(£B) - (SNC_Q(;B)} [50—2(1,/) _ (SNC_Q(:B/)} de dz’ (3.5.6)

with F§Fo(x, ') defined by (3.1.18) when T is large enough (i.e. larger than the typical
travel time). Note that this minimization approach requires the calculation of J[¢;], j =
1,..., N which is computationally very expensive because it requires computing the full
multi-static response matrix with a new velocity function at each step, which amounts to
solving the forward problem Ny times at each step.

Consider now the situation when the sources are defined as in (3.3.1), that is with
simultaneous randomly delayed point sources. The data has the form of the vector

d=(d(t,®;))r=1,.. N, te[-T/2,T/2] -

~ -2
Denote by u(t, z;¢) the solution of (3.1.1) when the medium perturbation is d¢  and the
source term is (3.3.1). Denote by d[¢] the corresponding computed data:

d[2)(t,x,) = ult,x,;¢) = (Foc2)(t, @) .
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dddddddddd

Figure 3.1: Numerical set-up: the triangles are the sensors of the array, the dia-
monds are the reflectors, the dashed lines determine the search window for the imaging
functionals.

We can implement an iterative imaging scheme based on calculating and minimizing the
least-square functional

Z/ d(t, x,) — d[2)(t,@,)| dt.

We then find in the Born approximation and when T is large enough (i.e. larger than the
typical travel time and the typical time delay for noise blended sources, or larger than the
typical travel time and the decoherence time for stationary random sources) that

Z .7-'50_2 (t,z,) — (]—'5~c_2)(t, :IJT)|2 dt

~ [[[ FFea) 5t @) - St @) o) - @] dwaal, 35)

where we use the statistical stability property of the normal operator. Applying a descent
algorithm on J[¢] over ¢ is much less computationally intensive than with the full MSR
strategy, since it requires solving only one forward problem at each step of the algorithm.
The essential observation here is that the residual in (3.5.6) corresponds to the residual in
(3.5.7). Therefore, we can expect that the velocity model estimation based on the simul-
taneous sources will give estimates that are comparable to those obtained with (physical)
measurements and successive numerical calculations based on simultaneous sources only,
when in the scaling regime discussed in sections 3.2 and 3.3. We remark that the same
random forcing should be used in each iteration, that is, the random forcing associated with
the actual measured MSR matrix. Note, moreover, that if in fact the whole MSR matrix
was measured in the physical experiment one could from this synthesize a “synthetic” si-
multaneous source experiment by convolution with simulated stationary random sources or
randomly delayed sources.

3.5.3 Numerical illustrations

The numerical simulations presented in this section compare the image obtained with mi-
gration of the full MSR matrix and the one obtained with migration of a unique set of data
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40 45 50 55 60 40 45 50 55 60 40

x

a) MSR b) BS Timax = 10 c) BS Toax = 100
AN\ \\\

AY '\ M
d) BS Tmax =0 e) BS Tax = 10 f) BS Tmax = 100

Figure 3.2: Images given by Kirchhoff migration of the full MSR matrix (a);
migration of the data vector obtained with simultaneous sources without random
time delays (d); migration of the data vector obtained with blended sources (BS)
with random time delays uniformly distributed over [—10, 10] for two realizations of
the delays (b,e); migration of the data vector obtained with blended sources with
random time delays uniformly distributed over [—100, 100] for two realizations of the
delays (c,f).

collected with blended (randomly time delayed) sources.

We consider a three-dimensional homogeneous background medium with velocity ¢g = 1.
We compute the image in the plane (z,2) and use the homogeneous background Green’s
function (3.1.5) and the Born approximation for the three reflectors we want to image. The
source and receiver arrays are coincident and the Ny = 10 sensors are uniformly spaced
on the interval (0,[—20,+20]), (Figure 3.1). The pulse signal is the second derivative of a

Gaussian with Fourier transform f(w) = w? exp(—w?). We consider three point reflectors
at locations (47, 14), (53,10), (47,6) with the same reflectivity. The search window in given
by the square [40, 60] x [0, 20], and is marked with a dashed line in Figure 3.1. The random
time delays of the sources are independent and identically distributed random variables with
uniform distribution over [—Timax, Tmax] and we test three different values for Tax and two
different realizations. The images obtained in the search window are shown in Figure 3.2.
As expected by the theory, the image obtained with the data collected with blended sources
is very similar to the one obtained with the full MSR matrix when 7.y is large enough (here
the time for a round trip from the array to the target is about 100). When 7y, is small the
image is unstable in that it depends on the particular realizations of the time delays.
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3.6 Appendices

3.6.1 Appendix A: Statistical stability for a continuum of point
sources

When the point sources are close to each other (closer than a wavelength apart), then it is
possible to model the process n(t, ) as a zero-mean stationary (in time) Gaussian process
with autocorrelation function

Y1 +y2)

(n(t,y1) nlt2, 1)) = Flt2 = ) (e — y1) (45

where the function 6 describes the spatial support of the sources.

The product of second-order moments of the random process n(t, x) is

<n(t - Svyl) Tl(t - u, y2)> <Tl(t/ - S/7y/1) ﬂ(t/ - ulvyé)>
=F(s —u)F(s' = ') 0(y1)d(yr — y2) 0(y1)d(y1 — 3) -

The fourth-order moment of the Gaussian random process n is

<n(t —s,y1)n(t —u,y2)n(t' — s, y)) nt’ — u',y§)>
=F(s —u)F (s’ —u) 0(y1)d(y1 — y2) 0(y1)d(y1 — y2)
TF( —t—s+s)F({t' —t—u +u)0(y1)d(yr — y1) 0(y2)0(y2 — y5)
FF( —t—u +s)F({t' —t—s" +u)0(y1)d(y1 — y3) 0(y2)d(y1 — y2) .-

Consequently, we have that for any 7" > 0
// n(t —s,y1) n(t —u,y2) n(t' — s, yy) n(t' — o', y3))

—(n(t—s,y1)n(t —u,y2)){n(t' — s, y}) n(t' — u’,y§)>> dt dt’
= Sr(s—s",u—u)0(y1)d(yr — y1) 0(y2)d(y2 — y5)
+57(s —u',u—5") 0(y1)0(y1 — y5) 0(y2)d(y1 — y2), (3.6.1)

with Sp defined by (3.2.11). We then get the same formulas as in the discrete model.

3.6.2 Appendix B: Resolution analysis

Consider the kernel

N».
ZG w, &y, 2)G(w, Ty, ') . (3.6.2)

We assume that the points (z,)", are at the surface ¥ = {y € R?,y3 = 0} and are close to
each other (closer than half-a-wavelength) so that a continuum approximation can be used:

Ko(z,z') = /Ep(mr)é(w7wr,m)@(w,mr,a:’)da(wr), (3.6.3)
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where p is the surface density of receivers. In the high-frequency asymptotics, for = x’,
we have

Ko, @) = /E (@) Al@, @) do(x,)

For |z — /| of the order of the wavelength, we find

Ko(z,2') ~ /Ep(mr)A(m/, z,)? exp (— iwVy T (2, z,) (z — ') do(z,).

If, additionally, we assume that the background is homogeneous ¢(x) = co, then 7 (', x,) =
|2’ — x,|/co and A(z', x,) = 1/(4n|x’ — x,|) and we have

1 1 w x,—a
" ~ - - j— — g
Ko(z,z') ~ (an)? /Ep(a:r) @ —a]? exp (Zco o | (x—x )) do(x,) .

This expression gives the width and the form of the function Ky, (x,z’) along the diagonal
band & ~ &’. If the diameter a of the array (i.e. the support of p) is smaller than the
distance from the array to ', then we find the standard Rayleigh resolution formulas. If
the diameter of the array is of the same order as or larger than the distance from the array
to «’, then we find that the resolution is of the order of the wavelength.

Using stationary phase arguments, we obtain for | — x’| much larger than the typical
wavelength:

plwo) 2mcols — )2 i , v
(47)2 iz — '] ;sgn(arg—xg,)exp(—z%\m—w |) )

where xq is the intersection of the ray going through  and «’ with the surface y3 = 0:

xsx — xhx
o= —7—
T3 — Ty

This expression gives the long-distance decay of the function K, (x, x’) for w|x —a'|/co > 1.
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Chapter 4

The stochastic transport equation

4.1 Introduction

Consider the stochastic linear transport (SLT) equation in Stratonovich form

%+b~Vu+JVuo% =0, Ult=0 = ug . (4.1.1)
Here W = (W}),>, is a d-dimensional Brownian motion defined on a filtered probability
space (Q,.F, Z;, P), the drift b : [0, T] x R? — R? is a given deterministic vector field, o € R
and ug : R — R are given and the solution v = u (z,t) will be a scalar random field on
(Q, .7, %, P) defined for (t,z) € [0,T] x R

We deal with the problem of singularities of u starting from a regular initial condition ug.
When o = 0 and b is not Lipschitz, singularities may appear, in the form of discontinuities
(or blow-up of derivatives), as in the simple example d = 1, b(z) = —sign (z) /|z|: any
non-symmetric smooth initial condition ug develops a discontinuity at x = 0 for any t > 0,
because there are different, symmetric, initial conditions xq for the associated equation of
characteristics

) =0b(t,z(t), z(0)=um

which coalesce at x = 0 at any arbitrary positive time. Opposite to the question of unique-
ness of weak L°° solutions, where positive results have been given under relatively weak
assumptions on b, see for instance [DPL89, Am04], it seems that good results of no blow-up
are not available in the deterministic case when b is not Lipschitz.

Our purpose is to show that, for o # 0 and b of class

be Ll:=L7(0,T;LP(R",RY)),

d 2
p,q=2, ;+5<1 (4.1.2)

some regularity of the initial condition is maintained. In particular, discontinuities do not
appear. We prove the following result.

Theorem 4.1. If 0 # 0, (4.1.2) holds and uy € N> W7 (Rd) then there exists a unique
solution u such that

loc

P (u(t,r) € Nsa Wi (RY)) =1

133
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for every t € [0,T].

Moreover, the unique solution in this class is given by a representation formula, in terms
of ug, involving a weakly differentiable stochastic flow. By Sobolev embedding theorem,
u(t, ) is a-Holder continuous for every « € (0, 1), with probability one. Hence, from smooth
initial conditions, discontinuities cannot arise.

The precise formulation of the concept of solution and other details are given in the
sequel.

The intuitive idea is that, opposite to the deterministic case, when o # 0 the character-
istics cannot meet. They satisfy the stochastic differential equation (SDE)

which generates, under assumptions (4.1.2), a stochastic flow of Holder continuous homeo-
morphisms, with some weak form of differentiability. The existence of an Hélder continuous
stochastic flow has been proved in [FF11], [FF12a], [Zh11]. A differentiability property in
terms of finite increments has been given in [FF12a]. Here we establish Sobolev type differ-
entiability. A similar Sobolev regularity of the flow is investigated in [MNP12] by different
tools (Malliavin calculus). See also [MP10].

The assumption (4.1.2) has been introduced in the framework of stochastic differential
equations by Krylov and Réckner in [KR05|, where they prove strong uniqueness for equation
(4.1.3). In the fluid dynamic literature, with < in place of <, this condition is known as
the Ladyzhenskaya-Prodi-Serrin condition [Fl, Pr59]. One of its main consequences is that
it gives uniform bounds on gradients of solutions to an auxiliary parabolic problem (see
theorem 4.2 below) essential for our approach, along with good properties of the second
derivatives.

The possibility that noise may prevent the emergence of singularities is an intriguing phe-
nomenon that is under investigation for several systems. For linear transport equations with
be L* ([0,7];C¢ (R%,R?)) it may be deduced from [FGP10] (the result presented here is
more general). For nonlinear systems there are negative results, like the fact that noise does
not prevent shocks in Burgers equation, see [F1], and positive results for special kind of sin-
gularities (collapse of measure valued solutions) for the vorticity field of 2-dimensional Euler
equations, see [FGP11], and for the 1-dimensional Vlasov-Poisson equation, see [DFV12].
Moreover, for Schrodinger equations, there are several theoretical and numerical results of
great interest, see [dBD02a, dBD10, DdM02a, DdAM02b, DT11]|. For a list of results con-
cerning the restored uniqueness due to noise and address to the lecture note [Fl] on this
subject.

After the result of theorem 4.1, it remains open the question whether the solution is
Lipschitz continuous (or more) when ug € W (R%) (or more). In dimension d we think
that this is a difficult question under assumption (4.1.2). The answer is positive when
b e L>® ([O,T] ;O (Rd,Rd)) because the stochastic flow is made of diffeomorphisms, see
[FGP10] and it is also positive in dimension d = 1 for certain discontinuous drift b, including
for instance b (x) = sign (z), see [At10].

It must be emphasized that, although this “regularization by noise” may look related
to the regularization produced by the addition of a Laplacian to the equation, in fact it
preserves the hyperbolic structure of the equation. The equations remain reversible and the
solution at time t is, in the problem treated in this paper, just given by the initial condition
composed with a flow. If the initial condition has a discontinuity, the solution also has a
discontinuity; no smoothing effect is introduced. However, the emergence of singularities
(shocks in our case) is prevented.
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This chapter is organized as follows. In section 4.2 we present some results on regularity
and approximation properties of the flow associated to the SDE (4.1.3). They are obtained
via the study of an associated SDE and the regularity of its solutions. The main results are
contained in lemmas 4.3 and 4.5, while more technical results are collected in appendix A.
In section 4.3 we define weakly differentiable solutions of the SLT equation and prove their
existence in theorem 4.10. A technical result on convergence of random fields in Sobolev
spaces is left to the last appendix. Finally, uniqueness of weakly differentiable solutions of
the SLT equation is proved in section 4.4.

4.2 Convergence results

In this section we present some technical results on an associated SDE that we will study as
an intermediate step to obtain some regularity and approximation properties of the stochas-
tic flow generated by the SDE (4.1.3). The main results are contained in lemmas 4.3 and
4.5. In order not to overload this section, many technical results are left to appendix A.

Let us start by setting the notation used and recalling some results. We will use the
following auxiliary SDE, introduced in [FF12a:

dY; = AU (t, vy " (2)dt + (VU (t, vy ' (2)) + Id)dW; Yo=1. (4.2.1)
The link between this SDE and the one presented in the introduction is given by the C!-
diffeomorphism v;: Y; =y 0 X; 0 fyo_l, where v () =z + U(t,z) and U : R — R? is the
solution of the partial differential equation (PDE)

QU+ 3AU+b-VU =AU +b=0
UT,z)=0 '

This PDE is well posed in the space
HY (T):= L7 (0,T; W?P(RY)) nWh?(0,T; LP(RY)) .

Further details on the regularity properties of function in this space are given by lemma
4.12 in appendix A. We refer the reader to [KR05], where a proof of this lemma as well as
of the theorem below (in a similar setting) are given. In this paper it is also shown that the
classical Ito formula extends to functions in Hj .

We report here the precise result on the well-posedness of the PDE shown above, which
is taken from [FF12a, Theorem 3.3]. The proof is recalled in Appendix A.

Theorem 4.2. Take p,q such that (4.1.2) holds, X\ > 0 and two vector fields b, f (t,x) :
R — RY belonging to Li(T). Then in Hj (T) there exists a unique solution of the
backward parabolic system

(4.2.2)

8tu+%Au+b~Vuf)\u+f:0
w(T,z) =0 '

For this solution there exists a finite constant N depending only on d,p,q,T, A and ||bHL;3,(T)
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such that
HUHH;’YP(T) < N\ flleacr - (4.2.3)

We will use the result of this theorem with f = b.

Let b" be a sequence of smooth vector fields converging to b in L. Let U be the unique
solution to the PDE (4.2.2) provided by the above theorem and U™ the solutions obtained
using the approximating vector fields ™. Lemma 4.14 in appendix A shows that the vector
fields U™ converge in Hy , to U.

In [FF12a] is also proved the existence of Holder flows of homeomorphisms for the two
SDEs above, which we denote by ¢;(-) for the SDE (4.1.3), and () for (4.2.1). We
will use ¢}(-) to denote the flows obtained for the approximating vector fields 5™, and
P (+) for the flows corresponding to the auxiliaries SDEs obtained via the diffeomorphisms
A = Id+U"(t,-). We will use ¢f(-), ¢5" (), and ¢5" (-) for the inverse flows. Remark that
the inverse flows ¢ and gbf)’n are solutions of the same SDEs as the direct flows, but driven
by the drifts —b and —b".

We can now state and prove the two main regularity results on the flows (bé’".

Lemma 4.3. For every R >0, p>1 and z,y € Bg,

lim sup sup B|[0§" (@) = 6h()|"| < Cpur 2 —yl".
N ¢c[0,T] x€Br

In particular,

lim sup sup E Ugf)gn (z) — oh (x)|p} =0. (4.2.4)

N0 ¢c(0,T) z€EBR

Proof. Step 1 (preliminary estimates). By lemma 4.14 of appendix A we have that for
every r > 0 there exist a function f such that lim, . f(n) =0 and

1
sup sup |VU(t,x)| < -,
2R t€[0,T) 2
sup sup |U"(t,x) = U(t,x)| < f(n),
z€B: t€[0,T)
sup sup |VU”(t,x) — VU(t,x)| < f(n).

z€B, t€(0,T)

Since ¢.(x) is jointly continuous in space and time, there exist an r < oo such that the
image of Bgr X [0,T] will be contained in B, for all ¢t < T. In the following we will always
take x,y € Bg. It follows that

9

U7 (0, 65 () — Ut )] < () + 307 (@) — 6x(0)
VU™ (4,67 () = VUt 6u(w)| < f() + [TU" (4,67 (2)) = TU" (1, 60(0)].

To shorten notation, we will write ¢™ and ¢ to denote ¢} (x) and ¢:(y), U™ (¢™) and U™ (x)
to denote U™ (¢, ¢™) e U™(0,x), etc. The same holds for the flows of the SDE (4.2.1). From
the definition ¥}' = v, 0 ¢} o (y¢1) ™! and the properties of the diffeomorphisms 4;* obtained
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from lemma 4.14 and remark 4.15, we immediately have
07 6] = |67 — 6+ U™(8") — U (6)] — Fn)
> 216" — 6|~ f(n), (42,5)
24" — vl + £(n)) > l6" — o]
and

9" — 9] < 216" 6l + f(n) (120)

Step 2 (computations). We start by proving the convergence of the flows of the auxiliary
SDE (4.2.1). By Ito formula, for any a > 2

éd\w” —yl" = ym —w\“{ww =), U"(9") = U(9))ga dt
+{((W" =), (VU™ (¢") = VU(9)) - dWi)pa
+ “T_l Tr([VU"(¢") —VU(¢)] [VU™(¢") — VU(¢)]T) dt}
= |y" - w}“*Q{Al + Ay + A3} ,

where (-,-)ga denotes the standard scalar product on R%. Let us analyze the three terms
A1, Ag, As. Using (4.2.5) we have

1
Ay <A = | (£n) + 50" — o]) at
n 2 n
<A™ — |7 dt + 22X f(n) |9 — | dt.
Since VU™ is bounded (uniformly in n, see lemma 4.14) and since by equation (4.5.16)

of remark 4.15 || belongs to L*(Q x [0, 7)) for any a > 1, we can write Ay = dM]*, where
for every n, dM;" is the differential of a zero mean martingale.

As for the third term, using twice the inequality (a+ 3)? < 2(a?+ 4?) and the estimates
of the first step, we get

2

B A < A0 @) - V@) + 21

< |¢" — ¢|*dA} +2f%(n) dt
< 8[w" — *dA} + 8f2(n) A} + 2f2(n) dt

where for every n

t VUn n _VUn s 2
A ::2/0 VU™ (45) (¢4)]

1 PrFEPs dS (427)
o2 — o[ e

is a nondecreasing adapted stochastic process, with Aj = 0, and uniformly in n E[A%] <
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C < 00, see lemma 4.16. Set B := [4d?a(a — 1)] A}. From the above estimates and after
renaming M, (which remains a zero mean martingale), we get

afe P —y|") < B [aAW = 9|+ 20Mf ()" — |* 7| dt

+dM, + f2(n)e B |y — o|* T2 dBy
+d%a(a—1) e B P2 (n)|y" — | dt.

Integrating in time, taking the expected value, and finally the supremum over t € [0, 7], we
get

T
sup B [e B up — | '] < |9 — o +am[/0 o B

t€[0,T)

U7 ] ds]

4 Coanf(n) E[/T e~ Bl (|w2 — [T ()| — ws|“*2) ds]
. 0

+ /2 E| /0 e

The expected value in the second line above is bounded uniformly in n. This fact is easily
seen using for each term the Holder inequality together with the integrability properties of
the flows ™ and of the exponential of the processes Bf'. These two integrability properties
are provided by equation (4.5.16) of remark 4.15 and lemma 4.16, respectively. We claim
that also the expected value of the last line is bounded.

TN dBQ} . (4.2.8)

Claim 4.4. There ezists a constant C' such that for every n and p > 0

Af

Proof of the Claim. Using the definition of B}’ we can rewrite the term on the left hand side
2
»[VU(5,97) = VU(s, )] as]

as r
E[/O efB: }¢27¢(9|2

Using Hoélder inequality, for some ¢ > 1 small (to be fixed later) and k the conjugate
exponent, we obtain the two terms

T
E[/ e kB
0

for which we have already explained how to obtain a uniform bound, and

on fzps;”ng} <c.

’l/}g _ws|

v =] ds]

E[/OT [VU" (5 68) = U (s, 6| ds} : (4.2.9)

|¢g_¢5’2€

For this term, we proceed as in the proof of lemma 4.16. The key point is the estimate of

the term
1 T %
/E[/ V20" (s, 677)| ds] dr,
0 0



4.2. CONVERGENCE RESULTS 139

where

t
o =rz+(1 —r)y+/ rb™ (s, ¢5) + (1 =7)b(s, ds) ds + Wy .
0

We can conclude as in the proof of lemma 4.16 if we use the result of lemma 4.17. In
particular, we obtain that (4.2.9) is controlled by [|b]|s. O

We return to the proof of lemma 4.3. Thanks to the uniform bounds obtained for the
expectations in the second and third lines of (4.2.8), we can pass to the limit in n to obtain

limsup sup E[e‘BzLWf—wt‘a}
n te[0,T]

< 1imnsup Ca(l¢o(x) = do(y)|* + f(n)?)

T n
+ CaplimsupE [ 2|7 — " ]
n 0

T
< Cule—yl" + Co [ timsup sup B[e o7 = || as.
0 n t€|0,s]

Using Gronwall lemma we get

limsup sup E[G*B?Wf - wt‘a} <Conrlr—y|*. (4.2.10)
n t€[0,T]

We can now get rid of the exponential factor using again Holder inequality

n11/2 n a11/2
limsup sup IE[W” — 1/)|a} < limsup {E[eﬁgﬂ sup E[e‘th |z/)f — ¢t‘2 } }
n te[0,T] n te[0,T]

< Cpar |z —yl*

With a = 2p, redefining B}* as 1/2 of the process defined above and using the relation
(4.2.5), we can finally transport this bound to the flows ¢™:

timsup sup E[|67 — oul?] < Cylimsup (sup E[lug vl ] + f2(n)
n te[0,T] n te[0,T]
< CVp,/\,T|w - y|p .
Remark that all the estimates found are uniform in z,y € B(0, R), so that we have obtained
the desired result for the forward flows. But since the backward flows ¢ (-) and ¢4 (-) are

solution of the same SDE driven by the drifts —b™ and —b, the same result holds for them
too. O

Lemma 4.5. For every p > 1, there exists a constant Cqp, 1 > 0 such that

sup sup E [}Vq%’" (x){p} < Capr (4.2.11)
te[0,T] zeRd

uniformly in n.

Proof. Since the backward flow satisfies the same SDE of the forward flow with a drift of
opposite sign, it is enough to show that the uniform bound (4.2.11) holds for the forward
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flows. Let 0™ and £™ be the derivatives of ¢" and 9™, respectively. Since ¢ = (77*) " Loth0,
from equation (4.5.15) of remark 4.15 we have |0]'|P < Cy,|("[P. Therefore, we only need
to show that the estimate (4.2.11) holds for the flow %™, which solves

def' (v) = AVU" (t, 67 (2)) &' (x) dt + V2U" (¢, 7' (2)) &' (x) AW,

with initial condition &7'(z) = Id. For the rest of the proof we take any fixed x € RY. VU™
is bounded uniformly in n and the function V2U is at least of class L], so that the last
term is the differential of a martingale (dM}") due to lemma 4.17. By It6 formula we have

therefore
dlgl? < Clepp e+ My + 1P T ([V207 (4,7 () €] [VRU™ (107 ) 7] ) .

The constant C' can be chosen independently of n, and the trace of the matrix in the last
term above is controlled by a constant Cp 4, depending on p and the dimension d of the
space, times |£7'|?|V2U™ (¢, ¢2')|%. Introduce the process

t
AP = cp,d/ V20 (s, ¢7) " ds . (4.2.12)
0

This is a continuous, adapted, non decreasing process, with A} = 0 and, due to lemma 4.17,
E[A”] < C uniformly in n. Lemma 4.16 even provides the bound E[ekA?] < Cjyn for any
real constant k. We can therefore find a bound uniform in n reasoning as in lemma 4.14.
We find that

de™ A [€P|P < Ce™ A [€P|P At 4+ e~ A7 AM

and after integrating and taking the expected value one obtains

t
E[e~4|¢p17] < &l + C / E[e A7 [enP] ds.
0

Take the supremum over all ¢ € [0, 7] and apply Gronwall inequality to get

sup Ele” ¥ |¢]"] < Crlghl” = Capr,
t€[0,T]

uniformly in n and = € R?. Using Holder inequality as in the proof of the previous lemma,
we finally obtain estimate (4.2.11) for the derivative of the flow ¢™, which concludes the
proof. O

4.3 Existence of weakly differentiable solutions

In this section we introduce the definition of weakly differentiable solution of the SLT equa-
tion and prove the main theorem on existence of such weakly differentiable solutions when
b only satisfies some integrability conditions. This is done considering the solutions u,, of
approximating regular problems and proving their convergence to a function u which is suf-
ficiently regular and is a solution in the weak sense of the SLT equation.
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Consider the SLT equation in Stratonovich form (4.1.1). The Itd formulation (as ex-
plained in detail also in [FGP10]) is

2
du+b-Vudt + oVudW = %Audu T

In this section we assume b € L, with p,q as in (4.1.2).

Definition 4.6. Assume that b € L%, with p,q satisfying condition (4.1.2). We say that
u is a weakly differentiable solution of the stochastic partial differential equation (SPDE)
(4.1.1) if

Lo u:Qx[0,7) x R? - R is measurable and [ u (¢,2) ¢ () dz (well defined by property
2 below) is progressively measurable for each ¢ € C§° (Rd) ;

loc

CO[0, T]; Nyp>1 LT (22 x RY));

2. P(u (t,) € Ny WLT (Rd)) = 1 for every t € [0,T] and both u and Vu are in

3. wis a weak solution of (4.1.1), which is to say that for every ¢ € C§° (R?) and t € [0, T7,
with probability one

/u(t,x)go(at) dr + /Ot/b(s,x) -Vu(s, z)p(z) drds
= /uo(a:)go(x) dx+azj:/0t (/u(s,x) Oz, () d:z:) dw?!
+ CT;/Ot/u(s,x)Ago(z) dzds.

We shall make a few remarks on the above definition.

Remark 4.7. The process s — Y/ := [u(s,z)0,,¢ () dz is progressively measurable by

property 1 and satisfies fOT |Ysi|2 ds < oo by property 2, hence the Ito integral of Y is well
defined.

Remark 4.8. The term fot Jb(s,z) - Vu(s,z)p(x)dzds is well defined with probability
one because of the integrability properties in (¢, 2) of b (assumptions) and Vu (property 2).

Remark 4.9. From 3 it follows that [u (¢,2) ¢ (z) dz has a continuous adapted modifica-
tion, for every ¢ € C§°(R?).

Let ¢ (w) : RY — R? be the a-Hblder continuous stochastic flow of homeomorphisms,
for every « € (0,1), associated to the SDE

AXF =b(t, XP)dt+dW,, X&=ux.

The existence and regularity properties of this flow is shown in [FF12a]. Recall that the
inverse of ¢; is denoted by ¢f.

We can finally state and prove the main theorem on the existence of weakly differentiable
solutions of the SLT equation.

Theorem 4.10. Assume b € Lj with p,q as in (4.1.2). If ug € Nr>1WET(RY) then
u(t,x) == ug (¢ (z)) is a weakly differentiable solution of the SPDE (4.1.1).
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Proof. Even though we shall use some technical results from appendices A and B, the proof
is quite long. We divide it in five steps. To help the reader follow the ideas of the proof we
present its general scheme in step 1, leaving the more technical points on the convergence
of approximating solutions and the regularity of the limit function for the following steps.

Step 1 (preparation). Observe that the random field (w, t, z) — ug (q%(m)) is jointly mea-
surable and (w,t) — [uo(¢f(z))e (z) dz is progressively measurable for each ¢ € C§°(R?).
Hence part 1 of Definition 4.6 is true. We could prove part 2 by chain rule and Sobolev prop-
erties of ¢}, (z). However, a direct verification of part 3 from the formula u (¢, z) := ug (¢} (z))
is difficult because of lack of calculus. Hence we choose to approximate u (¢, z) by a smooth
field w,, (¢, x); doing this, we prove both 2 and 3 by means of this approximation.

Let u! be a sequence of smooth functions which converges to uy in W"(R%) and
uniformly on R?. It is easy to check that these properties are satisfied for instance by
ul (z) = [0, (x — y) uo (y) dy when 6,, are usual mollifiers; for instance, the uniform con-
vergence property can be obtained from

lug () —uo (z)] < /9n (x =) Juo (y) — uo ()| dy
éC/Gn(fv—y)Iy—xlady:C/Hn(y)lylo‘dy

because uy € CO.

Let ¢7 (w) : R? — R? be the stochastic flow of smooth diffeomorphisms associated to

the equation
dX7" = b, (t, X7") dt + AW, Xi" =z,

where b,, are smooth approximations of b as considered in the previous section, and let ¢6’”
be the inverse of ¢}'. Then u,, (t,z) := uf} (q%’" (z)) is a smooth solution of

2
Aty + by - Vg dt + 0V, dW = %Aundu Unl, = ul,

see [Ku, Theorem 6.1.5], and thus it satisfies

for every ¢ € C5°(RY) and t € [0, 7], with probability one. We need to establish suitable
bounds on u, (t,z) and suitable convergence properties of w, (¢,z) to w(¢,z) in order to
apply lemma 4.18 of appendix B - which is the first step to obtain the regularity properties
of u of point 2 of Definition 4.6 - and pass to the limit in the equation. More precisely, for
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every p € C§°(R?), t € [0, T] and bounded random variable Z we have
¢
E [Z / Up (t, ) o (x) dz] +E {Z/ /bn (s,2) - Vuy (s,2) ¢ (r) dx ds]
0
d t
= /ug () ¢ (z)dx + OZE [Z/ (/un (8,2) Oy, 0 () dx) dWSl}
i=1 0

+%2E {z /O t / wn (5,7) A () dxds] (4.3.1)

We shall pass to the limit in each one of these terms. We are forced to use this very weak
convergence due to the term

E {Z/Ot/bn (5,2) - Vi (s,x)go(x)dxds]

where we may only use weak convergence of Vu,,.

Step 2 (convergence of u,, to u). We claim that, uniformly in n and for every r > 1,

sup / IE[|un(t,ac)\’"}dQESCT7 (4.3.2)
te[0,T] JR4
sup / E{\Vun(t,m)\T}dngr. (4.3.3)
t€[0,T] JRE

Let us show how to prove the second bound; the first one can be obtained in the same way.
We use the representation formula for u,, and Hoélder inequality to obtain

(/R E|[Vun(t,)f"] d“‘)z < /R E| [V (66" (@) "] da /R E[|Ve"(@)] "] da

The last integral on the right hand side is uniformly bounded by (4.2.11). Also the other
integral term can be bounded uniformly: changing variables (recall that all functions involved
are regular) we get

| E[vu e @) o < [ Vel 2l o) .
R4 R4

where Jyn(,) is the Jacobian of @7 (y); this last term can be controlled using again Holder
inequality, (4.2.11) and the convergence of u? in WL (for every r > 1). Remark that all
the bounds obtained are uniform in n and ¢.

We consider now the problem of the convergence of u,, to u. Let us first prove that,
given t € [0,T] and ¢ € C§°(RY),

P — lim Up (8, ) o () de = / u(t,x) @ (z)de (4.34)

n—roo Rd R4

(convergence in probability). This is the first assumption of lemma 4.18 and allows also to
pass to the limit in the first term of equation (4.3.1) using the uniform bound (4.3.2) and
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Vitali convergence theorem (we are on the compact support of the test function ¢). Since
/ Uy (8, ) p (x) do = / ugy (cﬁé’" (2)) ¢ (z) dz
Rd Rd
= [ =) (65" @) o @) e+ [ o (6" () 0 (o)
using the Sobolev embedding W24 — C%1/2 we find that

/ (un (t,x) —u(t,z))p(z) dz
R4

< lug = woll e llell s

+C gl /B 65™ (&) — o6 (2)]/* de.

The first term converges to zero by the uniform convergence of ug to ug. To treat the second
one, recall we have proved property (4.2.4). Hence

n—oo

i 2| [ (o4 (o) — ¢ ()] dz] =0

and thus
P — lim 65" () — ¢ ()] dz = 0.
Br

n—oo

Property (4.3.4) is proved.
Similarly, we can show that, given ¢ € C§° (]Rd),

2
At =0. (4.3.5)

T
P — lim

n— oo 0

/ (un (£,2) — u(t,2)) o () da
Rd

This implies that we can pass to the limit in the last two terms of equation (4.3.1). Indeed,
property (4.3.5) implies that

P lm Ot (/un (5,2) Do 0 (2) dm) A :/Ot (/u(s,x) Du.0 () dx) A

for each ¢ =1, ...,d. Moreover,
t 2
=E / ds|,
0

/ot(/u” (s,2) O p () dx) AW

which is uniformly bounded in n due to (4.3.2). By Vitali convergence theorem we obtain
that

lim E {Z/Ot (/un (s, ) 8931-90(33)(190) dwg] =E [Z/Ot (/u(s,x)@ri@(x)dx) de] .

The proof of convergence for the last term of equation (4.3.1) is similar.

2
E

/un (8,2) Oy, 0 (x) dz

Step 3 (regularity of u). Let us prove property 2 of definition 4.6. The key estimate is
provided by property (4.2.11).

Given r > 1 and t € [0, T, we shall prove that P (u (t,-) € Wl’T(Rd)) = 1. We want to

loc
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use lemma 4.18 of appendix B with F' = u, F,, = u,. Condition 1 of lemma 4.18 is provided
by (4.3.4). It is clear that w, (¢, ) € Wll():(Rd) for P-almost every w, so that condition 2

follows from the uniform bound on Vu,, obtained in (4.3.3). We can then apply lemma 4.18
and get u (t,-) € W,2' (R?) for P-almost every w.

loc

Let us prove the second part of property 2 of definition 4.6. We have, from lemma 4.18
and equation (4.3.3),

n—oo

E [/ [Vu (t,x)rdx} <limsup E [/ |V, (t,z)|" dz] <C,
Br Br

for every R > 0 and ¢ € [0,7]. Hence, by monotone convergence we have

sup E {/ |Vu (t,z)]" dx} <C,. (4.3.6)
t€[0,T] R4

A similar bound can be proved for u itself: using (4.3.2), the convergence in probability
proved in the previous step and Vitali convergence theorem we get that for any ' < r,
R > 0 and uniformly in time,

/BR E[|u(t,x)|r1} dz = lim E[mn(t,x)r’] de < Oy

n— oo BR

by monotone convergence it follows that

sup / E[|u(t,x)|r,} dz < C,.

te[0,T] JRd

Step 4 (passage to the limit). Finally, we have to prove that we can pass to the
limit in equation (4.3.1) and deduce that u satisfies property 3 of Definition 4.6. We
have already proved that all terms converge to the corresponding ones except for the term

E [Z fot [ by (s,2) - Vuy, (s,z) ¢ (z) dz ds]. We do not want to integrate by parts, for other-

wise we would have to assume something on div b. Since b, — bin L = L4 ([O7 T]; L? (]Rd)),
it is sufficient to use a suitable weak convergence of Vu,, to Vu. Precisely, if we set

E {Z/Ot/bn (s,2) - Vuy, (s,:c)cp(:c)d:cds]
|z [ o) s o) ar as| = 10 )+ 120
where
W (t [ // )= b(s,2)) - Vu, (s,7) ¢ (2) dxds}
I3 ( [ / / ) (Vun (s,7) — Vu (s,x))dxds} :

we have to prove that both I3 (t) and S (t) converge to zero as n — oo. By Holder
inequality,

I (0) < Ollbn = bl 1y (1 710 gy) B [ 190 L (0,710 ) |
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where 1/p+1/p’ =1 and 1/g+1/¢' = 1. Thus, from (4.3.3) it follows that Y (t) converges
to zero.

Let us treat 17(12) (t). Using the integrability properties shown above we have
t
E [Z/ /@(m) b(s,z) (Vun (s,2) — Vu(s,z)) dz ds}
0
t
= / E {/Zgo(x)b(s,x) < (Vuy, (s,2) Vu(s,:n))dx] ds.
0

The function
ho (5) = E [/ 2 ()b (s,2) - (Vun (3,2) — Vu(s,2) ) dx}

converges to zero as n — oo for almost every s and satisfies the assumptions of Vitali

convergence theorem (we shall prove these two claims in step 5 below). Hence 12 (t)
converges to zero.

Now we may pass to the limit in equation (4.3.1) and get
t
E [Z/u(tm)ga(x) dx] +E {Z/ /b(s,x) -Vu (s, z) p(x) dxds]
0

= 10y ngiE[z/Ot ([ uta) 0o (@) da) arw
+%2E [Z/Ot/u(s,x)Acp(x) dxds}

The arbitrariness of Z implies property 3 of definition 4.6.

Step 5 (auxiliary facts). We have to prove the two properties of hy, (s) claimed in step
4. Recall we may use lemma 4.18 at each value of time, which gives us

n— oo

E [/R &Ciu(s,x)go(x)de] ~ lim E VR Doty (s,xm(x)zclx] (4.3.7)

for every ¢ € C§°(R?) and bounded random variable Z, at each s € [0,7]. We have
b € L7([0,T];LP(R?)), hence b(s,-) € LP(R?) for almost every s € [0,7]. The space
C5°(R?) is dense in LP(RY), so that we may extend the convergence property (4.3.7) to all
¢ € LP(R?) by means of the bounds (4.3.3) and (4.3.6). Hence h,, (s) — 0 as n — oo, for
almost every s € [0,7].

Moreover, for every € > 0 there is a constant C'z ,, . such that

T T
[ neeas <czpe [ 8] [ o (Vo] T Vatsn) ) as as
0 0 Br

14e

T =
<Czppe ||bH1L}:E (E/O /B |Vun (s, ) ’de ds)
R

1+e€

T -
+Czp ||b||1LJgTE <E/ / |Vu(s,z) | dz ds>
0o JBg
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for a suitable r depending on ¢ (we have used Holder inequality). The bounds (4.3.3) and
(4.3.6) imply that fOT hite( ) ds is uniformly bounded. Hence Vitali theorem can be applied
to prove that 1(2) fo s)ds — 0 as n — oco. The proof is complete. O

4.4 Uniqueness of weakly differentiable solutions

Theorem 4.10 of the previous section provides a weak differentiable solution of the SLT
equation as from definition 4.6. For this special solution we also have a representation
formula in terms of the initial condition ug and the (inverse) stochastic flow of an associated
SDE, which governs the evolution of characteristics of the SLT equation. This representation
formula guarantees also some regularity properties of the solution, and in particular forbids
the emergence of singularities. This section is devoted to the proof that this fairly regular
solution is actually the unique weakly differentiable solution of the SLT equation.

Theorem 4.11. The weakly differentiable solutions of definition 4.6 are unique.

Proof. Let u', i = 1,2, be two weakly differentiable solutions of the SLT equation (4.1.1).

Then u := u! — u? is a weakly differentiable solution of

%4’[) VU‘FUVUO%:O, U|t:0:0~ (441)
We want to prove that v is identically zero. We divide the proof in three steps. In the first
step we shall prove that u? solves the SPDE (4.4.2) with zero initial conditions. This is done
using a sequence of regularized functions u. — w obtained by mollification and passing to
the limit the equation for u2. In the second step we use this result to obtain an equation
for v(t,z) = E [u2 (t,x)]. With a long series of estimates, in the last step will rewrite the
equation for v so as to be able to apply the Gronwall lemma and obtain that v = 0.

Step 1 (Equation for u?) The first step consists in proving that u? is also a weakly
differentiable solution of

ou? dw

W‘i’b Vu +0Vu OH:07 U|t:0:0 (442)

namely that

/uz(t,aﬁ)go(a?) dx—l—/t/b(s,x)-VuQ(s,x)go(x) dzds

for any ¢ € C°(RY). Let 6°(x) be a sequence of standard mollifiers. We will denote . the
convolution (in space only) (u(t,-) * 6°(:))(x). From the definition of weak solution, using
¢y (z) = 0°(y — =), we have

t

t d t
wlt)+ [ bsy) Vs to Y [ ouls)odwi = [ Resy)ds,
0 —Jo 0
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where the commutator R, is given by

Re(sv) = [ [ (os.) = b(s,2)) Vuls. )"0 — ) da]
The function u. is smooth in space. For any fixed y, by Itd formula we have

du2(t,y) = 2uc(t,y) duc(t,y)
d
= — 2uc(t,y) b(t, y) Vue(t, y) dt — 20 uc(t,y) > Oy, uc(s,y) o AW
=1

+ 2uc(t,y)Re(t, y) dt

which, rewritten in the week formulation using a generic test function ¢, reads

[atewa+ / t [ ¥s. 0925, (0) dy s
+O’Z/ / s s ( )dy odI/VZ / /2u6 (s,y)Re(s,y)p(y) dyds.

We want now to pass to the limit for € — 0 in the different terms. Since for every t, us — u
uniformly on compact sets, by dominated convergence the first term tends to

/uQ(t, Y)p(y)dy.

For the following terms, we consider s fixed. Using Holder inequality and the convergence
of [[Vue||r — [|[Vu||Lr on compact sets (recall that ¢ is of compact support) for any p > 1,
we have

/b(s,y)w(y) (V’ug(s,y) - Vuz(s,y)) dy < ||b(s,m)e(w)|], 2(s,y) — VUi (s, 9)]| .

< Criplpo | VUE(s,y) — VU2 (s,)]

L0,

which is enough to obtain the convergence of the second term. In the same way one obtains
also the convergence of the third term. As for the term containing the commutator R., we
can use again Holder inequality and the uniform convergence of u. to reduce the problem
to the convergence of R, to zero in L" for some r > 1. This can be achieved using again
Holder inequality, the equi-boundedness of Vu, in LP for every p > 1, and the continuity in
mean (for almost every y) of the function b € LP(R?). This proves (4.4.2).

Step 2 (equation for v?) We know that u is almost surely continuous in space and time
(and therefore locally bounded) and by deﬁnition of weak solution Vu € L"([0,T] x R?) for
every r > 1 almost surely. It follows that f(s) = [ Vu?(s,y)¢(y) dy is still almost surely a
function in L7(0,T"). This means that, ertlng (4.4.2) in Ito form, the stochastic integral is
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a martingale and

'ZL2 x xT)dx t S, xT) - 'U/2S£L' Tr)ardas
JEl ol eldns [ [4s.0) VE [ (5.0)] olo) ded

_ ‘;/Ot/ﬂa[u? (5,2)] Ap(x) dz ds.

Hence v(t,z) = E [u? (t,z)] satisfies

/v(t,x)go(x)dx—i—/ot/b(s,a:)~Vv(t,x)<p(x)dxds: f/ot/v(t,x)Aga(x)dxds

and is fairly regular: v € CO([0,T]; W' (R?)) for every r > 1. This follows by Holder
inequality because

/ Vot )| de = / IE[uva] | dz < / (Bl E[ V) " ar
< (/EUUP’“fdm)l/Q(/E[|Vu|2q2d:v)l/2 <C,

holds uniformly in ¢ by the second point of definition 4.6. Similar computations provide the
same result for the function v.

Thanks to its global integrability properties, using approximating functions as in the
first step, one can prove that v solves

t
/112 (t,x)dx—i—aQ/ /|Vv(t,x)|2dxds
0

= —2/0 /b(s,x) -V (t,z)v (t,z) deds. (4.4.3)

Step 3 (final estimates) We want to find suitable bounds on the last term of (4.4.3)
allowing to apply Gronwall inequality. This, combined with the initial condition v(0,z) = 0,
will complete the proof.

To ease notation for the different estimates obtained in the step, we shall drop the
dependence on (¢, ) for the function involved, b and v.
For every t € [0,T], we have

1/2 1/2
‘/vb-Vvdx §(/|Vv|2dx) (/v2|b|2dx)
1/r 2/p
/1)2 1b]? dz < (/ 02" dx) </|b|p dx) : (4.4.4)

where 1/r +2/p =1, which istosay 1/r=1-2/p=(p—2)/p, or

and
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One also has the interpolation inequality

1/« (1—s)/2 ) s/2 a—2
(/Uadl“) < (/Ude) (/Vv| dm) , s =~ d.

The idea of the result comes from the Sobolev imbedding W2 C L* for 1/a = 1/2 — s/d,

namely & = % — é = 0‘2—;2, or s = (’;—;Qd; and then

1/«
( [ dx) < [ollyea < oI55 ol

Using this interpolation inequality we get
1/r 2/c 1—s s
(/ v2" dx) = (/ v dx) < (/ v? dx) (/ |Vu|? dx>

P p S:ade
2a

for

p—2’
We are lucky enough to find that s has a very easy and convenient expression:
-2 25552 4

d= d=—.

4r 41)’%2 D

S

Thus the bound (4.4.4) becomes

/v2 b da < (/dex)l_i (/|VU|2dx)Z </|bpdm>2/p

and we find a first bound for the last term in (4.4.3):
p—d
2p

’/vb-vudx < (/|Vv|2d:v>w (/vgdx) (/|bpd:v>1/p.

Recall that if % + % = 1, then ab < a®/s + b"/r. Using this inequality with s = % and
2p

r = 515 we can rewrite the above bound in a more useful form, in view of the application

of the Gronwall lemma. We have

‘/vb-Vudx < %2 (/Vu|2dx> +c(/v2dx> </|b|”dx>pid,

and we can transform equation (4.4.3) into the following inequality:

/v2 (t,x)dng’/Ot </v2dx> (/b|pdx)p2dds.

/0 ' ( / |b|pdx) " ds < o0 (4.4.5)

Hence, if
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we may apply Gronwall lemma and deduce that

/vz(t,x)dx:().

This implies that v = 0, so that also w = 0, which completes the proof of the theorem.
We are left with only (4.4.5) to prove. But this is not difficult to achieve, since we already

know that
T b
/ </|b|pdm) ds <
0

for certain p,q > 2 such that ¢ + % < 1: it is hypothesis (4.1.2). And manipulating the
exponents we immediately find

9

q
p—d p
because 2p < gp — qd, and % <1- %. O

4.5 Appendix A: technical results

For completeness, we collect here some modifications of known results, mostly from [FF11,
FF12a, KRO5], used in sections 4.2 and 4.3. We will use the notation introduced in there.

The following lemma provides the regularity properties of functions in the space H;{p.
It is proven in [KRO5].

Lemma 4.12. Let p,q € (1,00), T € (0,00) and u € HJ (T). Then we have:

1. If % +% < 2 then u(t,x) is a bounded Hélder continuous function on [0,T] x RY. More
precisely, for any e, § € (0, 1] satisfying
d 2 d 2
e+-—+-<2, 20+-+4+-<2
b q p q

there exists a constant N, depending only on p,q,e,d, such that for all s,t € [0,T] and
z,y € R, x #y we have

1-1/q—6 1/q+6
jult, 2) = u(s, 2)] < Nl — 1 ullg /i 1Dy w5145 (45.0)

u(t, z) — u(t,y)|
lz —yl®

\u(t,x)| + < NT_l/q(Hu”Hg’p(T) + T”Dt uHLg(T)) . (452)

2. If%Jr% < 1 then Vu(t,z) is Holder continuous in [0,T] x R, namely for any e € (0,1)

satisfying

d 2

e+—-+-<1

P q
there exists a constant N, depending only on p, q, €, such that for all s,t € [0,T] and
r,y € R, x # vy, equations (4.5.1) and (4.5.2) holds with Vu in place of u and
d=c¢/2.
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We now report and prove theorem 4.2. This theorem was proved in a similar setting in
[KRO5], and the adaptation to this setting can also be found in [FF12a].

Theorem 4.13. Take p,q such that (4.1.2) holds, A > 0 and two vector fields b, f (t,x) :
R — R? belonging to LY(T). Then in HY (T) there exists a unique solution of the
backward parabolic system

(4.5.3)

8tu—|—%Au+b-Vu—)\u+f:0
u(T,z) =0

For this solution there exists a finite constant N depending only on d,p,q,T, X and |[b|L3(r)
such that

lullzg (7) < NI fllLger) - (4.5.4)

Proof. Since we are working in R?, we emphasize that (4.5.3) is actually a collection of d
independent equations. In other words, (4.5.3) has to be interpreted componentwise.

We divide the proof in three steps. First, we consider the easier case of b = 0, A = 0.
Then, to prove the general case, we obtain the a-priori estimate (4.5.4) and we finally get
the existence and uniqueness of solutions applying the method of continuity.

Step 1 The existence and uniqueness of a solution when b = 0 and A = 0 is proved
in [Kr01, Theorem 1.2], together with the estimate for the second spatial derivatives of w:
IV2ull La(ry < N fllLger)- The equation itself then provides the estimate for || Dyul| s 1)
and to complete the Schauder estimate (4.5.4) the only missing norm is ||ul| ¢ (7), which can
be estimated by means of

T
a1,y < [ 1D, e .

Step 2 We turn now to prove the a-priori Schauder estimate in the general case. In the
following, K will indicate different constants depending only on d,p,q,T.

Assume that the solution v exists and is unique. Set f = f+b-Vu— A\u and, just as
above, the result of [Kr01] gives for S € [0, T]

q
I(S) = HDtuHLg(S,T) + HUHII[]{;I’(S’T) S K(”quLg(S,T) + Hb : VUH%Z(&T) + Aq”“”%g(s,T}) :

By lemma 4.12, for ¢t € (S,T) and p,q such that % + % < 1 (we use that Vu is Holder
continuous in time)

Vu(t, )| = |Vul(t,z) — Vu(T,z)| < KI4(t). (4.5.5)

Furthermore

T
- Vullzy s < /S sup [Vau(t, @) *[Ib(t, )11 gy At < K / Dbt %, gy At (4.5.6)
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and
”uHLq(ST) K/ / | Dsu( )”Lp(]Rd)dS) dt<K/ / |Dsu(s )||Lp(Rd)ds dt

gK/ I(t)dt
s

Combining the above equations we get

18) < Kl Mgy + K [ 101000y +50)
Finally, we estimate I(0) by means of Grénwall’s inequality

. Ul(r)le, +A7) dr
HmSKwnmﬂ+K/an”«W Y% gy + A7) e Mo #2) ar gy

to obtain

Ifllzgcr

N
WMmm<fmum, g, r) < 5

The Schauder estimates (4.5.4) immediately follows.

Step 3 It is now possible to apply the method of continuity. For p € [0,1] set
Lr = LA+ p(blu,: — Au). Let A be the set of values of p € [0,1] such that

Diu+ LFu+ f=0 (4.5.7)

has a unique solution. We already know from step 1 that 0 € A, so that A is not empty,
and to prove the theorem we only need to show that 1 € A too. In fact, we will show that
A =0,1].

Fix any po € A and define the linear operator R : L4(T) — Hj ,(T') that maps f into
the (unique) solution of (4.5.7) with p = pg. By assumption R is well defined and by the
estimate (4.5.4), which we have already proved in step 2, it is also bounded. In order to
show that for p € [0, 1] near to po equation (4.5.7) is solvable, we rewrite it as

Dyu+ LMu+ f + (L* — L*°)u =0, u=Rf+ R(L'— L") u

and define the linear operator T+ : H (T) — Hj (T) as THu := Rf + R(L* — L") u.
Now, the solution we are looking for is a fix point of T#; therefore, if T# is a contraction,
we obtain that the problem is solvable for p near pg, and also p is in A.

We will denote by C' various constants independent of pg, p, u, v. Define, for any
u,v € Hy ,(T), the function J in a way similar to the definition of I above:

J(E) 1= 1De (w= )% )+ u =l oy
Observe that
) < (||Dt(u _ U)HLQ(t )+ llu— UHHS,,,(t,T))q = |ju— U||l}{g,p(t,T) )

We use the definition of 7#, the boundedness of R, the estimate (4.5.6) and the estimate
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for J we have just obtained to write
770~ T#0] g oy = IR = D)= )]
— Ol — piol [[b- V(= ) + Au—

7y S Ol = 1) (w = 0)| 1y,

v) HLg(T)

< Clu— pol [(K / "0 106t 14 de) M- v>|Lg<T>]

1 1
< Clu = pol [ K5 b1l gy T(0) % + Ml(u = 0)l| g
< Clp = pol [[(w =)l g (1) -
This implies that for any p € [0,1] such that |u — po] < 55 = 6, the operator T# is indeed

a contraction. Therefore 7# has a fixed point u, which is the (unique) solution of (4.5.7).
Since we have proved that, if gg € A then

[M0757/l0+5] m[oal] CA?

in a finite number of steps we get that 1 € A. The theorem is proved. O

Lemma 4.14. Let U, be the solution of the PDE (4.2.2) for f = b = b"™, as defined in
section 4.2. Then

1) U™ (t,x) and VU™ (t,x) converge pointwise in (t,x) to U (t,z) and VU (t,x) respec-
tively, and the convergence is uniform on compact sets;

ii) there exists a A for which sup, , |VU™ (t,z) | < 1/2;

iii) ||V2U™ ()| o gy < C-

Proof. The proof of the second point follows from a result contained in [FF12a|, where it
was proved that, for a fixed n,

sup [|[Vux(t)[|coray — 0 as A — +oo. (4.5.8)
t€[0,T]

However, inspecting the proof we see that all the bounds obtained depend on [[b g, but
never on b itself. Since [b"||ps — [|b][g, the uniformity in n follows. We report here for
self-containedness the proof of (4.5.8).

Rewrite the PDE (4.2.2) as

1
DtuAJriAu)\f/\u)\:f(erb-VuA):g, (4.5.9)

where we use the subscript to underline the dependence of the solution on the parameter A
present in the PDE. Denoting by P; the heat semigroup, we have the well-known estimate

IV Prgl ey < O | (4.5.10)

|gHLlJ(]Rd)'

Extend the functions b and f to [0, 00) x R? defining them as zero for t > T' (this does not
change their Lg—norm) and keep the same notation for the extended functions. The solution
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uy can then be written as a convolution (the integrand is zero after time T'):

T
up(t,x) = / e NP g(r, ) (@) dr.
¢

Differentiating in the above formula we get

T
HVu,\(t)HLOO(Rd)g/t N [V Pt g(r) | e gy (45.11)

We can obtain an L? estimate by Sobolev embedding theorem (W*?(R%) < L>(R?) for s >
d/p) and (4.5.10):
HVPT t g

<C(|IVPiglr L+ VeVP g(r

HLoo(Rd) HLP(Rd HLP(]Rd))
< C||g(7“)HLp(Rd) Cllg(r )HLv(Rd)
(r _ t)1/2 (7“ _ t)(1+s)/2

< Kpar 702 g(r)| o ge)

For d/p < s < 1 —2/q we have that (1 + s)/2 < 1—1/q = 1/¢, implying that the
positive function 6(t) := K, 47 t~(17%)/2 belongs to LY (R, ). Equation (4.5.9) itself gives
lg(t)ll Lrray € LI(R4), so that by (4.5.11) and Holder inequality we get

T
[V ur ()] o gy g/t e 20 — ) || £(r)|| Lo gy dr (4.5.12)

T
+/ e 00 — ) 16(r) | oo (ray [ Vur ()| oo ety dr
t

Since by lemma 4.12 uy is bounded, for any ¢ € [0, 7] the functions 6(r —)|[b(r)|| r(ray and
u(r) theta(r —t)[|b(r)|| » ey, seen as functions of r, belong to L'(¢,T'). The classical Gron-
wall lemma can be easily adapted to our situation where the free extreme of integration
domain is the lower one. Then, using the Gronwall lemma we obtain from (4.5.12) that

T s
IVUr(®) e gy < (8) +/t a(5) (s — )]1b(3) | o gty eXp(/t O — 1) b(r) o g ) dis

(4.5.13)
where

T
o) = [ X000~ )10 dr 2 0.
t

We can easily control the function a: keeping in mind the definition of 6, for any given € > 0
it is possible to find a § € (0,7 —t) such that [|0]| . 5) < e. We can then split the integral
defining « on the interval [t,¢ 4 §] and the complement of it, where the exponential term
e~*9 is arbitrarily small (say, less than €) for X large enough:

o N VL =t ANV
< ([ o ar) iy + ([ e o an) 1wl
0 1)

<& (14 10w o) ) I gy (4.5.14)



156 CHAPTER 4. THE STOCHASTIC TRANSPORT EQUATION

Note that the bound on o we have obtained is uniform in ¢. Set

KT,dp,0,5]1bll 7y = 101l £ (7 10l L2 7y = / O(r — ) 1b(r) | o (ray dr
¢
and obtain from (4.5.13) and (4.5.14)

Vs @] gty < = 10z (14 18] oy ) (1+ KeX).

Since by lemma 4.12 Vu) is a continuous function and since ¢ — 0 for A — oo, we obtain
(4.5.8). This completes the proof of the second point of the lemma.

To prove the other two points, set V™ := U™ — U, then
1
QV"+ AV +b- YV - AV = —(b* =b) - (Id+VU™), V™(T,z)=0.

From the bound (4.2.3) on the solution provided by theorem 4.2, we obtain

HV”HH;,,D < N|b" = bz = 0.

It follows that U™ — U in Hj p» which proves the last point. Since by lemma 4.12 U,U", VU
and VU™ are all Holder continuous functions, there exists a subsequence (that we still call

U™) such that U™ — U and VU™ — VU for every (t,z) and uniformly on compact sets. [

Remark 4.15. The following results hold uniformly in n because, as remarked in the
previous proof, all the bounds obtained depend on the norm of b.

i) Using the solution uy of the PDE (4.2.2) with a value of A\ obtained from the second
point of the above lemma 4.14 we have that

s%pt s[%pT] V() ||C(]Rd) <2. (4.5.15)

This can be obtained as follows. We know now that (77*)~%(-) is of class C}(R?), so
that for all y € R?

-1

VoM W) = [V () )]

k
= [ vult. 60 w)]
k>0
It follows that
k
sup sup [|[V05) ™ O)oggey < D [50p[|V0r( ) oo <2
n tel0,T) k>0 &

ii) From the uniform boundedness of the coefficients (U™ and VU™) of the SDE (4.2.1),
we get

ts;%]E{|wt H < C(l + |m|“) . (4.5.16)
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Lemma 4.16. For every n, both the process

LIVUR(gn) — VU™ (g,)|
Af = / ; Ligrs.) ds
' 0 ’¢? - ¢s|2

defined by (4.2.7) and

t
Ay = prd/ (V20 (s, ¢7) | ds
0

defined by (4.2.12) are continuous, adapted, nondecreasing, with Ay = 0, E[A}] < C and
for every k € R,
E[e"7] < C.

The constant C' can be chosen independently of n.

Proof. For the process defined by (4.2.7) the proof follows the same steps of the proof of
[FF11, Lemma 7]. We only remark that the function U is the solution of a different PDE,
but it has the same properties in terms of regularity. Moreover, the flows ¢ and ¢” solve
two SDEs with different drifts b and ™, which means that in the proof one has to use twice
the result of [FF11, Corollary 13|, once for every drift.

For the process defined by (4.2.12), the result is already contained in [FF11, Corollary
13). O

Lemma 4.17. Let f" be a sequence of vector fields belonging to L, convergent to f € Li.
Then, there exists € > 1 such that

IE{/T ’f"(s,qb?)‘zeds} <C<o. (4.5.17)
0

Proof. To prove the result for a fixed n one can use [FF11, Corollary 13] and follow the
proof of [FF11, Lemma 8 and Corollary 9|, which still works due to the strict inequality in
the conditions imposed on p,q. Then, since all the bounds only depend on the norm of f
but never on the function itself, one obtains that (4.5.17) is uniform in n. O

4.6 Appendix B: Sobolev regularity of random fields

Let » > 1 be given. We recall that f € Wﬁ): (Rd) if f e Lj, (Rd) and there exist
gi € L] (Rd), i=1,...,d, such that

loc

[t onp) == [ g@e@ds

for all ¢ € C5° (R?). When this happens, we set 0,, f (z) = g; (). From the definition and

easy arguments one has the following criterion: if f € L] . (Rd) and there exist a sequence

{fu} € WLT (R?) such that f, — f in Lj,. (R?) (or even in distributions) and for all
R > 0 one has a constant Cr > 0 such that [; [V f, (2)]"dz < Cg uniformly in n, then
f € W5" (RY). This criterion will not be used below; it is only stated for comparison with
the next result.

Let now F : Q x R — R be a random field. When we use below this name we always

assume that it is jointly measurable.



158 CHAPTER 4. THE STOCHASTIC TRANSPORT EQUATION

Lemma 4.18. Assume that F (w,-) € L] (Rd) for P-almost every w and there exist a

loc
sequence {F,} of random fields such that

neN

1. F, (w,") = F (w,) in distributions in probability, namely

P — lim Fn(w,x)gp(x)dx:/RdF(w,ac)go(ac)da:

n—oo R4
for every v € C§° (]Rd) ;

2. F,(w,-) € whr (]Rd) for P-almost every w, and for every R > 0 there exists a constant

loc

Cgr > 0 such that
E U VE, (x)|rdx} < Cx
Br

uniformly in n.

Then F (w,-) € Wﬁ): (Rd) for P-almost every w,

E [ 8wiF(',J])Lp(J])Zd(L':| = lim E { 0z, Fr () p () Z da (4.6.1)
R4 Rd

n—oo

for all ¢ € C§° (Rd) and bounded random variable Z,

P — lim O, Fry (W, ) p (2)de = — /Rd F(w,x) 0y, ¢ (z)dx (4.6.2)

n—o0 [pd

for all p € C§° (Rd), and for every R > 0

n—oo

E [/BR IVF (m)rdx] <limsup E [/BR IVE, (x)|rdm} . (4.6.3)

Proof. Given R > 0, there is a subsequence {n;} and a vector valued random field G such
that VF,,, converges weakly to G'in L" (Q X ]Rd), as k — oo. Taking R € N, we may apply a
diagonal procedure and find a single subsequence {n;} and vector valued random fields G,
R € N, such that VF,,, converges weakly to GF in L" (Q x Bg), as k — oo, for each R € N.
Using suitable test functions, one can see that GE = G® on Q x By if R’ > R. Hence we
have found a single vector valued random field G, such that VF,, converges weakly to G
in L™ (2 x Bg), as k — oo, for each R € N and thus for each real R > 0. At the end of the
proof, G will be identified by VF, independently of the subsequence {n;}. Thus, a fortiori,
the full sequence VF,, converges weakly to G in L" (Q X Rd), as n — oo. For this reason,
to simplify notations, we omit the notation of the subsequence.
For each ¢ € C§°(RY), by assumptions 1 and 2

F(w,z) 0y, (x)dz = lim F, (w,2) 0y, (x) dz

R4 n—oo Rd

= — lim 0z, Fp (w, ) o (2) do,
n— oo Rd

the limits being understood in probability. For each bounded random variable Z, this implies
that

lim 0z, Fn (W) p(2) Z (w)de =— | F(w,z) 0y, (x) Z (w)dx

n—oo R4 R
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in probability. This limit holds also in L! (2) by Vitali convergence criterion because, by
Hoélder inequality,

?|

uniformly in n, for some p > 1, and with R such that Br contains the support of ¢.

P
] < Cp 9l o 1 2]l B [ [ ok a

Br

O Fn (w, ) ¢ (2) Z (w) dae

Rd
S CR,p

[l L 121l Cr

From the weak convergence above, we also get that

lim E UR 00, Fo (-, 2) 0 () de} :E[ Gi () () de]

n—oo R4

Hence

E [ [ Gt de} - _E VR F (- 3) 00 () de} .

By the arbitrariness of Z this gives us

/ F(w,x) 0y, (x)de = f/ G; (w,z) ¢ (z)dz (4.6.4)
R4 Rd

for P-almost every w. This is the identification of G mentioned above, which implies the
weak convergence of the full sequence VF,,.

Identity (4.6.4) holds P-almost surely for every ¢ € C§°(R?) a priori given. Thus it holds
P-almost surely, uniformly on a dense countable set D of test functions ¢, dense for instance

in Wllo’zl (R4), 1/r +1/r" = 1. Using the integrability properties of F (w,-) and G; (w,-) we
may extend identity (4.6.4) to all ¢ € Wll’rl (R?) and thus all ¢ € C§°(R?), uniformly with

oc

respect to the good set of w for which it holds on D.

Thus, from identity (4.6.4) in the stronger form just explained, we deduce - by definition
- that F (w,-) € WL (R?) for P-almost every w. And VF (w, ) = G (w,z). We immediately

loc

have (4.6.1) and (4.6.2).

We have shown that, for every function &(w,z) of the form

fw,a) =3 on(0)Zu(w),
k=1

with ¢ and Z as above, we have

n—roo

’E { [ VECa)E) daz}

< Jim ‘IE UBR VE, (- 2) () dx}
1r

, 1/
<E [/ 1€, z)|" dx] limsupE [/ |VE, (-,z)|" dx
BR BR

n— oo

(in the last passage we have used Holder inequality). The set of functions ¢ introduced is
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dense in L" (Q x Bg), so that

1/r
]E[/ |VF(-,x)’de} = ||VF|
Br

sup

lell v <1

E[ . VF (-, 2)€(,x) dx]

L7 (Q%BR) =

1/r
< limsupE {/ |VF, (~,x)|rdx] .
Br

n— oo

This completes the proof. O
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