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Résumé : Cette thése a pour objet I'étude d'équa-
tions de Schrddinger non-linéaires avec des don-
nées initiales aléatoires, dans des régimes singu-
liers. Les équations de Schrddinger non-linéaires
interviennent dans de nombreux modéles ondula-
toires pour décrire |'enveloppe d'un paquet d'ondes
qui oscillent rapidement. Quant a elle, I'étude sta-
tistique de ces ondes non-linéaires dans des régimes
singuliers est motivée par la présence d'instabilités
qui compromettent |'analyse des trajectoires indi-
viduelles.

Dans une premiére partie, on établit I'existence
de deux types de données initiales : les données sta-
tistiques, qui donnent lieu & des solutions fortes,
et les données pathologiques qui sont instantané-
ment instables. Ces deux types de données initiales
sont génériques, respectivement au sens de la me-

équation de Schrodinger non-linéaire, probléme de Cauchy, données initiales aléatoires,

sure et de la topologie. Dans une seconde partie,
des méthodes d'analyse sont combinées avec I'ap-
proche probabiliste pour décrire le comportement
en temps long des données statistiques, ainsi que
la stabilité de dynamiques non-linéaires sous |'effet
de perturbations aléatoires. Enfin, une troisiéme
partie est consacrée au développement de schémas
itératifs quasi-linéaires dans un contexte probabi-
liste. Ces schémas exploitent |'information statis-
tique des données initiales, et permettent |'ana-
lyse d'équations faiblement dispersives dans des
régimes singuliers. La troisiéme partie se conclut
par une prémisse au probléme de I'invariance de la
mesure de Gibbs pour I'équation de Schrédinger
cubique sur la sphére. Une interaction singuliére
est isolée, ce qui permet la mise en place future
d'un schéma quasi-linéaire adapté a ce probléme.

Title : Probabilistic approaches for nonlinear Schrodinger equations................coooovviiiiiiiiiiiicicee,
Keywords : nonlinear Schrodinger equation, Cauchy problem, random initial data, scattering, instabi-

lities

Abstract : The purpose of this thesis is to study
nonlinear Schrddinger equations with random ini-
tial data, in singular regimes. Nonlinear Schrédin-
ger equations are involved in many wave models
to describe the envelope of a rapidly oscillating
wave packet. The statistical study of these non-
linear waves in singular regimes is motivated by
the presence of instabilities that compromise the
analysis of individual trajectories.

In a first part, we establish the existence of
two types of initial data : statistical data, which
give rise to strong solutions, and pathological data,
which are instantaneously unstable. These two
types of initial data are generic, respectively in
the sense of measure theory and topology. In a se-

cond part, analytical methods are combined with
the probabilistic approach to describe the long-
time behavior of the statistical data, as well as
the stability of nonlinear dynamics under random
perturbations. Finally, a third part is devoted to
the development of quasilinear iterative schemes
in a probabilistic context. These schemes exploit
the statistical information of the initial data and
allow the analysis of weakly dispersive equations in
singular regimes. The third part concludes with a
premise for the problem of invariance of the Gibbs
measure for the cubic Schrédinger equation on the
sphere. A singular interaction is isolated, which
allows the future implementation of a quasilinear
scheme adapted to this problem.
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Résumé

Cette these a pour objet ’étude d’équations de Schrodinger non-linéaires avec des données initiales
aléatoires, dans des régimes singuliers. Les équations de Schrodinger non-linéaires interviennent
dans de nombreux modeles ondulatoires pour décrire ’enveloppe d’un paquet d’ondes qui oscillent
rapidement. Quant a elle, I’étude statistique de ces ondes non-linéaires dans des régimes singuliers
est motivée par la présence d’instabilités qui compromettent 'analyse des trajectoires individuelles.

Dans une premiere partie, on établit I'existence de deux types de données initiales : les données
statistiques, qui donnent lieu & des solutions fortes, et les données pathologiques qui sont instan-
tanément instables. Ces deux types de données initiales sont génériques, respectivement au sens
de la mesure et de la topologie. Dans une seconde partie, des méthodes d’analyse sont combinées
avec ’approche probabiliste pour décrire le comportement en temps long des données statistiques,
ainsi que la stabilité de dynamiques non-linéaires sous l'effet de perturbations aléatoires. Enfin,
une troisieme partie est consacrée au développement de schémas itératifs quasi-linéaires dans un
contexte probabiliste. Ces schémas exploitent l'information statistique des données initiales, et
permettent ’analyse d’équations faiblement dispersives dans des régimes singuliers. La troisieme
partie se conclut par une prémisse au probléme de l'invariance de la mesure de Gibbs pour I’équation
de Schrédinger cubique sur la sphere. Une interaction singuliére est isolée, ce qui permet la mise en
place future d’un schéma quasi-linéaire adapté a ce probleme.






Abstract

The purpose of this thesis is to study nonlinear Schrodinger equations with random initial data, in
singular regimes. The nonlinear Schrodinger equations are involved in many wave models to describe
the envelope of a rapidly oscillating wave packet. The statistical study of these nonlinear waves
in singular regimes is motivated by the presence of instabilities that compromise the analysis of
individual trajectories.

In a first part, we establish the existence of two types of initial data: statistical data, which give
rise to strong solutions, and pathological data, which are instantaneously unstable. These two types
of initial data are generic, respectively in the sense of measure theory and topology. In a second part,
analytical methods are combined with the probabilistic approach to describe the long-time behavior
of the statistical data, as well as the stability of nonlinear dynamics under random perturbations.
Finally, a third part is devoted to the development of quasilinear iterative schemes in a probabilistic
context. These schemes exploit the statistical information of the initial data and allow the analysis
of weakly dispersive equations in singular regimes. The third part concludes with a premise for
the problem of invariance of the Gibbs measure for the cubic Schrodinger equation on the sphere.
A singular interaction is isolated, which allows the future implementation of a quasilinear scheme
adapted to this problem.
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0.3 Synthese en Frangais . . . . . . . . . .. L L 53

0.1 Nonlinear dispersive equations with random data

0.1.1 Generalities and main questions

In classical physics, dispersion is a linear wave phenomenon that occurs in media where waves of
different frequencies propagate differently. Dispersion is mathematically captured by a class of linear
equations called dispersive equations. Specifically, these equations describe vibratory phenomena in
dispersive media, without friction or dissipation. A typical feature shared by dispersive equations is
the presence of conserved quantities, such as the mass or the energy of the waves. On the other
hand, due to the dispersion, the amplitude of the solutions decreases, at least when the domain is
unbounded so that the waves have room to spread.

The propagation of waves in weakly nonlinear dispersive media is described by nonlinear dispersive
equations that are typically of the form

i0pu = Lu+ f(u),

where the solution u = u(t, z) has values in R? or C%, L is a self-adjoint operator usually given by a
Fourier multiplier, and f(u) is the nonlinear term, which may contain derivatives of u. The theory
of nonlinear dispersive equations has been greatly developed over the last 30 years, and we refer
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to the books [Bou99; Caz03; Dod19a; Tao06], to the note [Tao08], and to the references therein
for general presentation and discussion on many aspects of the rich mathematical study of these
equations. Illustrious examples of nonlinear dispersive models are the Korteweg-de Vries equation
(KdV), the nonlinear Schrodinger equation (NLS) or the wave equation (NLW), the Klein-Gordon
equation (KG), the Benjamin-Ono equation (BO), and the Hartree equation.

In this dissertation, we are interested in the study of nonlinear dispersive equation in singular
regimes where the solutions are highly oscillating, in the presence of rough and stochastic per-
turbations. Before discussing some motivations, we emphasize that unlike solutions to parabolic
equations, such as the heat equation, the solutions to dispersive equations generally do not experience
immediate smoothing effects. Thus, when working at a prescribed regularity, one has to isolate
the different scales of oscillations and to finely exploit the dispersive mechanisms that govern wave
propagation. In addition, at the non-linear level, it is necessary to understand how the different
waves interact with each other. Dispersive mechanisms are expressed by means of functional norms
linked together by a bunch of powerful inequalities. Some of these inequalities, state them in the
following paragraph, are widely used in the work that constitutes this manuscript.

The motivations to study nonlinear dispersive equations in the presence of randomness are of
very different natures. First, randomness can be imposed by the model to describe microscopic
fluctuations and collective behavior of large number of particles. In this situation, and when the
equation is Hamiltonian, the relevant objects that provide a statistical description of the system
at equilibrium are the Gibbs measures. Second, nonlinear dispersive equations display instabilities
or blow-up solutions in certain regimes that compromise the full description of the evolution for
individual initial data. Nevertheless, by endowing the set of initial data with a relevant probability
measure, we can inject randomness in the equation to grab a statistical ensemble of initial data
leading to strong solutions that are limits of smooth regularized solutions. To motivate the study of
dispersive equations with rough data, let us mention that models involving small parameters, in a
semiclassical regime for instance, can be studied by considering a fixed equation with a sequence of
oscillatory initial data, possibly with an unbounded energy.

We end this paragraph by pointing out that, generally speaking, probabilistic methods are used
to exhibit mathematical objects with prescribed properties. In this perspective, the use of the
probabilistic method is an old idea in harmonic analysis where the study of random Fourier series
has been a subject of intense research (see for instance the book [Kah93] and the references therein).
In the context of probabilistic Cauchy theory, however, the use of randomness is slightly different
since, up to a certain extent, the relevant probability measures are prescribed. Indeed, we want the
statistical ensemble to be representative of the functions in the regime we are interested in. On the
top of that, the Gibbs measures, or other relevant invariant measures that are usually supported at
very low regularities, are imposed by the equation and its Hamiltonian structure.

The model We will mostly discuss the nonlinear Schrodinger equation in the three-dimensional
Euclidean space R3, but also on the periodic case T? and the sphere S2. Our motivation is to
investigate the Cauchy theory and the long-time dynamics of NLS at low regularity under stochastic
perturbations that may be rough. The general form of the nonlinear Schrédinger equation posed on
a Riemannian manifold (M, g) is

{i@tu + Agu = plulPlu, (t,z) eRx M. (NLS)

Ujt=0 = U0,
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Here, A, is the Laplace-Beltrami operator on (M,g) and p > 1 measures the strength of the
semilinear perturbation of power type, seen as a self-interacting potential. The sign of the parameter
1 € R dictates the focusing or defocusing nature of the equation, leading to drastically different
dynamics. Roughly speaking, in the defocusing case (1 > 0), the potential is repulsive and we expect
the waves to propagate linearly. In the focusing case (u < 0), however, the potential is attractive
and nonlinear phenomena are expected. We recall that equation NLS has the conserved Hamiltonian

Blul() = 5 /M Vu(t,2)dr + F /M fut, @) da.

In addition, the L?-mass is also conserved along the evolution

MIu](t) = 1/ lu(t, 2)[2 dz .
2 Jm
The nonlinear Schrodinger equation serves as a theoretical model that appears in a number of
dispersive models to describes the amplitude of the envelope of a fast oscillating wave packet.
We refer to [SS99] for physical perspectives on the nonlinear Schrodinger equation. In light of
the properties of the linear flow {eim} teR and of the conservation laws, the natural phase spaces
generally associated with dispersive equations are the Sobolev spaces H*(M) with s € R, endowed

1
s 2
ol = ([ 18500 ar)”
M

The parameter s measures the regularity and the oscillations of the function. Even if the mass of
the solution to NLS is conserved, its H*(M)-norm can, on the other hand, inflate for some s > 0 as
time evolves. In such a case, the mass distributes on the high frequencies as small-scale oscillations
appear. Such a low-to-high frequency cascade is referred as weak turbulence.

In this dissertation, we only consider equations that are not known to be integrable and we follow
a perturbative approach materialized by the Duhamel’s integral formula

with the norm

. t .
u(t, z) = e yg(z) — z'u/ =18 |y (7, ) [P~ u(r, z)dT .
0

Specifically, the nonlinear evolution is seen as a perturbation of the linear evolution. The Duhamel’s
integral formula is used to prove local existence and uniqueness by a contraction mapping argument
or, alternatively, a Picard’s iteration scheme in suitable space-time functional space. Notice that
this strategy is more likely to be successful when the data and the time of existence are small. In
order to understand the long-time behavior, however, we need to iterate this local argument thanks
to conserved quantities that control the growth of Sobolev norms, possibly combined with other
uniform space-time bounds obtained from monotonicity formulas.

In some supercritical regimes where the initial data oscillates at high frequencies, however,
instabilities rule out the Picard’s iteration scheme. We face two types of instabilities. On the one
hand, we have the scaling-supercriticality that leads to the norm-inflation mechanism discussed in
Chapter 1. Roughly speaking, because of some scaling-symmetries, studying small data in small-time
amounts to study large data. On the other hand, some instabilities are due to the presence of
particular stationary solutions that concentrate their mass, for instance when the dispersion is too
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weak. In these regimes, illustrated in Chapters 4 and 5, the system is quasilinear in the sense that
the linear evolution is not a good approximation of the nonlinear evolution.

Finally, we emphasize that when studying a nonlinear equation, one needs to control some
LP-norms to ensure that the nonlinearity makes sense. Such LP-bounds measure the concentration of
the solutions. Specifically, if a function in L? has a huge LP-norm for some p > 2, then the function
has its mass concentrated at a finite distance from the origin. Guided by physical intuition, one can
imagine that dispersive effects induce bounds on the LP-norms of the linear evolution, at least when
averaging in time. In this perspective, we recall some fundamental estimates that capture dispersive
features shared by solutions to the linear Schrodinger equation in the Euclidean space, where waves
have room to propagate.

e The dispersive estimate.

eztA

1€ ol oo (ray < [t 2 luoll Lrray , 11 € woll p2(may = lluoll L2y - (0.1.1)

o Strichartz estimates. Given 2 < p,q < oo, satisfying the admissibility condition % + g = %,
with (d, p,q) # (2,2, 00),

itA
1™ woll Lp g rayy S lluoll L2 mey - (0.1.2)
e Bourgain’s bilinear estimate.
€% Panuo €' Parvollz eximay S N2(37) = IIP<vuollpzealPuvoll zeey  (013)

e Local smoothing estimate. Let u be solution of the forced Schrodinger equation

{(iat+A>u =,
u(0) = ug .

Then, for every ¢ > 0,

[ @t o) dede £ 19 Ful
RxR4

1+6 x 2 Xz . .
+//Rde<v> f(t2)[P dzd. (0.1.4)

When the dispersion is too weak and does not gain enough integrability, we have no other choice
than trading integrability against regularity. To do so, we can use the Sobolev embedding estimates,
or, in the Euclidean space, the Bernstein estimate. For randomized initial data, however, we can
exploit probabilistic decoupling to gain integrability without trading regularity. We will see in this
introduction that there are a number of randomization procedures, depending on the context. The
general idea that ties them together is that a typical function has better LP-properties than expected
thanks to random averaging effects that cancel out the interference. This is reflected by the Paley
Zygmund theorem discussed below. Before going further, let us give an informal statement of a
probabilistic well-posedness type of results, which reads as follows.
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Theorem 0.1.1 (Probabilistic local well-posedness). Let sq be a deterministic exponent, such as the
equation is not uniformly well-posed when s < sq. There exists so such that for all sg < s < sq, there
exist a probability measure p supported in H® and a full measure set 33, such that for all ug € 3, the
sequence of reqularized solutions (uf)e>o, with initial data (ug * pe)e>0, converges to a limiting object
in C([-T,T], H?) solution of NLS, for some T = T (ug) > 0.

Often, the probability measure p is induced by the random Fourier series of type

weN—uY = Zgn(w)ﬂnu
k

where the (m,),’s spectral projectors are associated with a spectral resolution of the Laplace
operator (A2, 7, ), and the (g,),’s are, say, a sequence of independent normalized Gaussian variables.
Convergence makes sense in L?(€; H*(M)), when u ~ Y m,u is a fixed function in H*(M). This
can be seen with the orthogonality of the elementary pieces (m,u),’s, and the uniform bound on the
variance of the (gn)n’s

M
IS gn(@) el 2agureay = [u 3" gu(@) (A)3 ()22 M)]

n=N
=E [Z |gn (w H7TnuHL2 M)]

M
< SUPE [lgn(w Z ’Wnu”m(/\/l) ﬁmo’
n=N

Main questions. To conclude this paragraph, we list some questions that motivate the study of
dispersive equations at low regularity under stochastic perturbations. Specifically, in the presence of
non-trivial dynamics, well understood for smooth solutions, one can consider stochastic perturbations
due, for example, to rough microscopic fluctuations, and ask the following questions:

e What is the generic behavior of the solutions in super-critical regimes?
e Does randomness prevent deterministic instabilities?
e How does randomness affect the long-time behavior of coherent solutions?

In this thesis we study different manifestations of these questions, and we develop technics
combining deterministic and probabilistic tools, at low regularity. The main challenge we faced,
both in short-time and in long-time, is the aforementioned lack of regularizing effect for dispersive
flows. Beyond the fact that we are working at supercritical regularities where instabilities occur, we
do not have direct access to the conserved coercive energy, which is fundamental to understand the
long-time dynamics of the solutions. Actually, the underlying question we faced in this manuscript
that goes beyond the probabilistic considerations, can be stated as follows:

e How to exploit dispersive effects instead of spending regularity, especially when there is little
of it?
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0.1.2 A brief history of probabilistic Cauchy theory

This general introduction to the study of dispersive equation with randomness is not intended to be
exhaustive. Instead, we orient the discussion in light of the works presented in this manuscript. In
particular, we focus on the long-time dynamics of probabilistic flows, in the context of the Wiener
decomposition in the Euclidean space. Nevertheless, we aim to provide a motivating and illustrative
background on the rich history of this active research area.

Random Fourier series The use of randomness in harmonic analysis dates back to the early
1930s, when Paley and Zygmund observed in a series of papers [PZ30] that a typical function
in H*(T) enjoys better LP(T) estimates than what the Sobolev embedding would predict. More
precisely, consider a square-summable trigonometric series

E cp €™, with E len)? < 00,
n n

which does not belong to LP(T), for p > 2. However, Paley and Zygmund observed that it suffices to
randomly change the sign of each coefficient, independently, for the function to belong to LP(T).
This is how the story of random Fourier series started. In modern mathematics, the result in [PZ30]
states as follows.

Theorem 0.1.2 (Paley-Zygmund). Given a sequence of complex numbers (c,) € (*(Z) and a family
of independent mean zero Bernoulli (b,(w)) random variables, the random series defined by

+o0
u?(zx) = Z bp(w)e, ™, €T,

n=—o00
is almost-surely in LP(T) for every p € [2,00).

This observation has initiated a series of major contributions in harmonic analysis, and we refer
to the book [Kah93] for an overview of the subject. The modern proof of Theorem 0.1.2 is brief, and
relies on a standard quantitative large-deviation estimate. Nevertheless, this proof is illustrative of
the probabilistic arguments used in this manuscript. We encourage interested readers to consult
the note [Burll] for a precise discussion of the Paley-Zygmund theorem and its applications in the
context of dispersive partial differential equations. Of course, the result is valid for more general
random variables. We point out that a major difficulty at that time was to make sense of an
infinite family of independent Bernoulli variables. The first explicit realizations of infinite families
of independent Bernoulli variables are due to Rademacher [Rad22] and Kolmogorov [KS24] with a
dyadic decomposition of a number on the line.

The invariance of the Gibbs measure. The historical reason for interest in dispersive
equations in the presence of randomness and low regularity comes from statistical mechanics. In the
study of microscopic systems containing a large number of particles at equilibrium, macroscopic
observables are accessed by integrating over Gibbs probability distributions. In their works [LRS88;
LRS89], Lebowitz, Rose and Speer proved the existence of the Gibbs measure for some Hamiltonian
systems governed by the nonlinear focusing Schrédinger equation, and the Zakharov system. Given
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a finite number of particles N in a finite volume €2, the Gibbs probability measure on a set of
microscopic states is written

p(dXy) = Zy" exp(—BH(Xy)) dXy ,

where H is the Hamiltonian of the system, [ is the reciprocal temperature and Z,, is a normalization
factor. In order to understand Langmuir waves and plasma turbulence, they considered the focusing
case, so that the Hamiltonian is not bounded from below. They overcome this difficulty by using a
cutoff of the mass, which interprets as a system with a finite number of particles, without taking the
hydrodynamics limit as N goes to infinity. The Gibbs measure is absolutely continuous with respect
to a Gaussian measure, and the realization of a Gibbs measure consists in Wiener paths that are
quite rough. Indeed, the Gaussian measures are of type

(w,z) > Y %(;’)em e L*(Q; H'=5(T7)).

1
nezZd <n 2

Hence, at that time, the existence of a well-defined equilibrium dynamics on the support of the
Gibbs measure was hypothetical. For instance, in the case of the cubic Schrodinger equation in
dimension d = 2, the Gibbs measure is supported in H°~ but the deterministic threshold for local
well-posedness is s, = 0. In a paragraph called “Open Questions” [LRS88], Lebowtiz Rose and Speer
raised the following problem: how to prove the existence of a nonlinear dynamics on the support of
the Gibbs measure, at least for small-time? In addition, they wrote a short argument proposed by
E. Stein to show that the free linear evolution is not bounded in L*(T). The case d = 3 is still an
important open problem.!

The birth of probabilistic Cauchy theory The construction of invariant measures has
become a classical problem since the 1990s. Following the early works of Lebowitz, Rose and
Speer [LRS88; LRS89], Frielander [Fri85] and Zhidkov [Zhi94] proved the invariance of the Gibbs
measure for the one-dimensional nonlinear wave equation, followed by Bourgain [Bou94], who proved
the invariance of the Gibbs measure for the cubic nonlinear Schrodinger equation on T. In these
contributions, even if the initial data in the support of the Gibbs measure is by essence random,
the Cauchy theory is deterministic. Indeed, in one dimension, the Gibbs measure is supported
at regularity s < %, while the deterministic critical regularity is s, = % — %1 Nevertheless,
Bourgain needed to introduce the Fourier restriction norm to establish the local well-posedness
in H27(T) [Bou94]. To prove global well-posedness, however, Bourgain developed in the same
paper [Bou96] a new globalization argument discussed in Section 0.1.3. This argument is considered
probabilistic since it exploits the formal invariance of the Gibbs measure that serves as a substitute
for the conserved energy.

Let us now move to the two-dimensional case that, strictly speaking, was the birth of the
probabilistic Cauchy theory. In another celebrated work [Bou96], Bourgain obtained both the global

existence for data in the statistical ensemble, and the invariance property of the Gibbs measure for

We refer to [DNY19; DNY22], where a notion of probabilistic scaling is introduced. It corresponds to

Sp = *Tip which is independent of the dimension. The cubic Schrodinger equation in dimension three is

therefore critical for the probabilistic scaling, since the Gibbs measure is supported in H ’%’(']I‘3).
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the two-dimensional Wick-ordering? cubic Schrédinger equation
(10 + A)u =: |u?u:, (t,z) € RxT?,
u(0) = uf .

Up to a gauge transformation to remove the conserved mass, the initial data can be represented as a
Fourier series

gn 'mm

nez?

where (n) = /1 + |n|? and (gn),ez2 1s a sequence of independent normalized Gaussian variables
with complex values. In contrast to the one-dimensional case, the support of the Gibbs measure lies
at super-critical regularities H°~(T?), the critical scaling exponent being s. = 0. To overcome this
difficulty, Bourgain searched the solution under the sum of a rough linear evolution, and a smoother
nonlinear remainder

u=e"uf +u. (0.1.5)

Specifically, the nonlinear Duhamel term v turns out to be at regularity H %_(TQ). Bourgain
performed a fixed point argument for v at regularity H¢, for some € > 0, represented by the Duhamel

integral written
I<: |eztA w+U| ( ztAuw+v) :) )

To run the contraction mapping argument, Bourgain first observed a gain of %—derivatives in the
second Picard iteration. Then, Bourgain exploited multilinear cancellations to analyze the interactions
between €4 ug and v2, by developing a TT*-probabilistic argument. In this approach, v is treated
deterministically, since one does not exploit any particular random structure of the remainder.
The linear-nonlinear decomposition (0.1.5) in the context of random initial data is also called the
Da Prato-Debussche method [DD02], which successfully used a similar strategy in the context of
fluid mechanics. Subsequently, Burq and Tzvetkov extended Bourgain’s strategy to nonlinear wave
equations in the case of a general Riemannian compact manifolds (M, g) without boundaries. In this
way, they provided a general framework that made possible further developments of the theory. They
proceeded as follows. Take s < s, so that the Cauchy problem in H*(M) := H5(M) x H"}(M)
{(att—Ag)u:—|u|3, (t,z) €R x M 0.1.6)
(u(0), 0ru(0)) = (fo, f1),
is ill-posed. Then, consider randomized initial data defined by taking (fo, f1) in H*, expanding them
in an orthonormal basis of L?(M) constructed from the eigenfunctions of the Laplace operator —A,
and decoupling each mode by independent standard Gaussian variables (hy, 1,):

= (f§5 1) (Zh fo|enen,2l f1|en>n>-

This defines a H*(M)-valued random variable, and we have almost-sure local existence according to
the induced measure in the following sense:

For the cubic case, the Wick-ordering reads : [u[*u := |u|*u — 2||ul|3,u. We use a gauge transformation
and the conservation of the L?-mass to pass from the cubic nonlinearity, to the Wick-ordering nonlinearity.
See, e.g., [0OT18] for discussions on Wick-ordering renormalization in the context of dispersive equations.
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Theorem 0.1.3 (Burg-Tzvetkov [BT08a]). For T > 0, there exists a set ¥ such that for allw € X,
the initial value problem (0.1.6) with initial data (u(0), 0u(0)) = (fy, fy') admits a unique solution
in C([-T,T],H?®) under the form
sin(t|V
u(t) = cos(t|V]) f§ + |(V|\)ﬁd +v.
Uniqueness holds for the nonlinear term v in a subspace of C([=T,T],H?), for some s. < o.
Moreover, there exist C,c,d > 0 such that for all T > 0,

P(°2r) < Cexp(—CT_(sH(anfl)H;[%) .

The proof follows the strategy of [Bou96], performing a fixed point on v. Here, the authors
exploit the LP-regularization of the linear evolution under the effect of the randomization, in the
spirit of Paley Zygmund’s observation, and the gain of one derivative in the Duhamel formula for
the wave equation. For Schrodinger-type equations, however, there is no comparable general result.
As we point out in Chapter 5, the behavior of solutions to Schrédinger-type equations on compact
manifolds, even in short time, is much more complex because of the infinite speed of propagation.
In this perspective, another ensuing series of works on compact manifolds concerns the almost-sure
global well-posedness of the Schrodinger equation on two and three-dimensional balls [Tzv08; BB14c;
BB14a; BB14b].

Randomization procedure in the Euclidean space. In the Euclidean space, where the
long-time dynamics of Schrodinger equations are completely different, the probabilistic framework
is not the same since we do not have a discrete spectral resolution for the Laplace operator. For
this reason, there is no canonical randomization procedure in the FEuclidean space. One way to
mimic the randomization procedures presented above in a compact setting is to use a unit-scale
frequency decomposition, leading to the so-called Wiener randomization. The procedure, introduced
by [LM14b] and [OP16] independently, consists in superposing unit-scale frequency blocks decoupled
by independent Gaussian variables (see Figure 0.1.2).

Definition 0.1.4 (Wiener randomization). Take a unit-scale partition of unity in the frequency
space

Y owE-k)=1, ¢eR?

kezd
for a suitable smooth cutoff function ¥ supported in [—1,1]% Then, take ug € H*(R%), and write

its Wiener decomposition

Uy = Z Pl;kuo, Pl;kuo = ‘/771(1/)( — k:)Fuo) .
kezd

Given a probability space (2, A,P) and a family of independent complex valued standard Gaussian
variables (gx)peza, the mapping

weQmrug = gr(w)Prruo (0.1.7)
kezd
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defines a random variable valued in H*(RY). Note that the regularization procedure does not
regularize the initial data. For all p > 2 and o > 0, if ug € W5P(R?) \ WoP(R?) then so does ug,
almost-surely as proved in Lemma B.1 from [BT08a].

This randomization procedure has for side effect to relax the admissibility condition in the
Strichartz estimates, imposed by the scaling of the equation (see Figure 0.1.2). Given a function
whose frequency support is of size one, we can use the Bernstein inequality to pass from L? to
L? without losing any derivative. Then, we glue the individual estimates together by the mean of
probabilistic decoupling, in the spirit of the proof of Paley-Zygmund’s theorem.

Proposition 0.1.5 (Probabilistic Strichartz estimates, Prop. 1.5 [BOP15b]). Let (p,q) be a
Strichartz-admissible pair and s > 0. For every q < q < oo, there exist C,c > 0 such that for all
ug € H*(R?), and X\ > 0, we have the large deviation bound

P({w e 1(9)" " fill pquingiun) > M) < Cexp(=eXuoll)

Then, almost-sure local well-posedness at supercritical regularities follows from the Da Prato-
Debussche trick, as described in the above paragraph. In this case, the nonlinear smoothing effect for
the remainder v was evidenced in the analysis of [BOP15b], combining the probabilistic Strichartz
estimates with bilinear estimates in Fourier restriction spaces, or more recently by exploiting the
local-smoothing estimate in lateral spaces [DLM19]. In the first approach, used in this manuscript
in dimension 3, the nonlinear remainder gains s derivatives:

t
o(t) = u(t) — P uf = —i / elt=t)A <\ oA g2 et A u;;) dt' +... € H* (R®) as.
0

second Picard’s iteration

Bényi, Oh and Pocovnicu same authors refined in [BOP15a] the analysis in U? and V2 spaces for
small data, to prove almost-sure global existence and scattering.

Let us conclude by mentioning another randomization procedure used to study the nonlinear
Schrodinger equation on the line. It is based on the lens transform, that compactifies time and
space by transforming the Laplacian into the harmonic oscillator. We refer to [Poil2; PRT14; BT20].
Notice, however, that in dimension greater than one this procedure gains derivatives in LP-spaces,
so we prefer not following this approach.

Quasilinear probabilistic decomposition: the paracontrolled approach. The linear-
nonlinear decomposition we have discussed so far has shown its limits, and Da Prato-Debussche’s
trick does not always lead to the desired nonlinear probabilistic regularizing effect. Indeed, in some
cases where the dispersion is too small or where the nonlinear interactions are prevalent, singular
interactions may appear and limit the possible gain. In the worst cases, bad interactions can even
exclude any possible nonlinear smoothing. In such cases, one cannot run the standard probabilistic
semilinear resolution scheme & la Bourgain. An illustrative example is the derivative nonlinear wave
equation, whose probabilistic study was carried out by Bringmann in [Bri21], who by the same time
proposed the first probabilistic quasilinear resolution scheme.

The derivative wave equation considered in [Bri21] writes

—0ku+ Au=|Vu?, (t,z) e RxR3,
u(0) =ug, u(0)=1uy.
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supp Pp;pug — k 1

Figure 1: The colored stripes indicate the microlocal support of the elementary blocks P in
the Wiener randomization.

1/q}

Figure 2: The purple region indicates the pairs of exponents for which the Strichartz estimate
holds almost-surely. We observe that the Wiener randomization procedure relaxes the
admissibility condition materialized by the purple line, and gains integrability without trading
derivatives.
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In addition to the scaling-critical exponent s. = %, the Lorentz-critical critical regularity sq = 2
dictates the well-posedness threshold: the equation is locally well-posed in H® x H*~! when s > 2,
whereas ill-posedness occurs when s < 2 [Lin93], respectively. Still, Griinrock proved in [Griill]
that well-posed holds in Fourier-Lebesgue spaces, in scaling-subcritical regimes % < 5 < 2. At these
regularities, Bringmann investigated in [Bri21] probabilistic well-posedness in the scale of the Sobolev
spaces. Writing the linear ansatz

sin(t|V|)

u=f+v, fUt)=cos(t|V|)ug + T

ui € H®,
and considering the high-low interactions V Ps.1 fV P; f* in the second Picard’s iteration, the author

observed that the equation does not experience any smoothing. Indeed, given v > s-derivatives, we
have

v [ gp, VR ar = [ VDIV P V) dr.
S :

It turns out that the v-derivatives fall onto the linear term f“, which can only handle s derivatives.
In contrast to the case of the Schrodinger equation, there is neither bilinear estimate nor local
smoothing estimate to compensate for this surge of derivatives. To remove the high-low interactions,
Bringmann successfully implemented the paracontrolled calculus framework, developed by Gubinelli,
Imkeller and Perkowski [GIP15] in the context of parabolic equations with stochastic forcing. The key
idea is to see the singular interactions, which consist in the paraproduct of a high-frequency function
with a low-frequency potential, as part of the linear evolution. In this perspective, Bringmann used
a refined probabilistic ansatz of type

u=fY+C+w,

where? roughly speaking, f“ is the linear evolution of the randomized initial data, and the paracon-
trolled* term C reads

C =) I(t)(Pnf“Pen(u— f)), (0.1.8)
N

where Z denotes the Duhamel operator. The nonlinear remainder w is smoother and lives above
the deterministic threshold. In particular, the singular interactions are paracontrolled by the
linear evolution [GIP15]. Notice that the proof in [Bri21], based on an induction on the size of
frequencies of the initial data, is to be compared with quasilinear schemes. However, in contrast
with the existing literature on paracontrolled calculus for parabolic equations, Bringmann further
exploited the stochastic structure of the solution. Namely, when analyzing the singular interactions,
Bringamnn crucially exploited the independence between the high frequencies and the low frequencies
of randomized initial data. In the spirit of [Bri21], we used in Chapter 4 a similar paracontrolled
approach to prove almost-sure local well-posedness for a weakly dispersive equation, and we refer

3We denote the paracontrolled term by C' referring to the common terminology used in [DNY19], which
denotes the term C the colored Gaussian variables, alluding to the Gaussian structure of the linear evolution
f¢, altered by a low-frequency potential.

4We say that a function g is paracontrolled by f when there exists a function h such that g = IIy; f IIjh +
a smoother remainder.
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to the introduction of Chapter 4 and to paragraph 0.2.3 for a more detailed discussion on the
paracontrolled probabilistic ansatz.

In the context of dispersive partial differential equations, paracontrolled calculus has also been
developed in a spectacular way by Deng, Nahmod and Yue to prove the invariance of the Gibbs
measure for the Wick-ordering Schrédinger equation on T?

(i0; + A)u =: [ulP~ u:, (t,z) € R x T2,
u(0) = uop,

with an arbitrary odd power p > 5. This is an important breakthrough, and the use of random
averaging operators has proven to be extremely powerful and promising in addressing other challenging
problems open for many years (see e.g. paragraph 0.2.3 concerning the invariance of the Gibbs
measure for NLS on S?). For Schrédinger equations, in contrast with the case of the nonlinear wave
equation [OT20], the case p > 5 is much harder than the cubic case. The reason being that the
high-low-low . .. low-type frequency interactions of the random data have regularity %—, whereas
the deterministic critical threshold has regularity s, = 1 — p%l, which is strictly larger than %
when p is larger than 5. To prove local existence on the support of the Gibbs measure, and to
remove these bad interactions, they built upon tools not only from the paracontrolled calculus, but
also from random matrix theory, and introduced the random averaging operators, that encapsulate
the bad interactions. Subsequently, in other remarkable works, the random averaging operators
method has been successfully implemented and refined to obtain strong solutions on the support
of the Gibbs measure. For instance, [ST21] considered fractional Schrodinger equations posed on
T, with weak dispersion. Specifically, the linear operator is (—A)% with % < a < 1 sufficiently
close to % They used random averaging operators in the physical space in place of the frequency
space where [DNY19; DNY22] employed counting estimates. We also mention important results for
wave-type equations. In [Bri20a; Bri20b], Bringmann proved invariance of the Gibbs measure for
NLW with a Hartree nonlinearity. Recently, [Bri422] proved the invariance of the Gibbs measure for
the cubic wave equation in T3. An important conjecture is the counterpart of this result for the
Schrédinger equation.

We now give a very informal statement of the type of result one can hope to obtain from
paracontrolled calculus, and we refer to the detailed introductions of [DNY19; ST21; Bri20a; Bri20b]
for in-depth discussion on these technics.

Theorem 0.1.6 (Refined probabilistic ansatz (informal version)). There exists a full measure set
¥ C H?® such that for all w € X, the sequence of smooth local solutions (un)n>0 to

iOun + Luy, = N(up), N =2",
un(0) = P<yuj

converges to a unique limit inw € C([-T,T], H®), for some T = T (w) > 0, which solves the equation
with the full initial data. Moreover, u, admits the decomposition

u, = el Penug + Pr(ug) + wy, .

e The sequence of smooth remainders (wy,) converges in a subcritical space H?.
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e The random averaging operator P isolates the singular part, and inherits the randomness
structure from the initial data, captured by certain matrix norms. It roughly corresponds to a
superposition of paracontrolled terms of type C' written in the informal refined ansatz (0.1.8),
which solve a linear equation with a low-frequency potential independent of the high frequency
initial data.

In Part III, we present two situations in which a refined probabilistic ansatz is required. First,
in Chapter 4, we prove probabilistic well-posedness for the Schrédinger-half wave equation, which
is a weakly dispersive with rich long-time dynamics but for which the Cauchy theory is yet to be
understood. Then, we evidence in Chapter 5 some bad interactions for NLS posed on the sphere S?
that compromise the regularization of the second Picard’s iteration, and indicate therefore the need
to use random averaging operators.

Recent progress and perspectives To end this historical journey in the study of dispersive
equations with random initial data, let us mention the spectacular breakthroughs made recently in
related problems. We mention the results of Collot and Germain [CG19; CG20] and of Deng and
Hani [DH21b; DH21a] in the study of wave turbulence, concerning the propagation of statistical
quantities (also called propagation of chaos) by wave kinetic equations. Another lines of research
concern the study of geometric equations with Brownian paths [BLS21], or the statistical study
of the formation of rogue waves, related with the derivation of large deviation principles for cubic
Schrodinger equations with random initial data [Gar+21]. Very recently, [Bri+22] proved in an
outstanding work the invariance of the Gibbs measure under the dynamics of the three-dimensional
cubic wave equation, by introducing a new caloric decomposition of the initial data, and by combining
the analytic framework of random tensors with the combinatorial molecule estimates developed
in [DH21b; DH21a], respectively.

To conclude, we can say that modern techniques such as paracontrolled calculus and random
tensors play an important role in these advances, and that they will continue to be explored and
developed in order to solve other problems that were considered out of reach for a long time (such
as the invariance of the Gibbs measure for the three-dimensional cubic Schrédinger equation). But
these new and exciting stories go far beyond the scope of this manuscript. . .

0.1.3 Globalization of probabilistic flows and generic dynamics.

One of the main question addressed in this dissertation can be formulated as follows. Given a
random initial data of the form

w(0) =uo+ f5, w € H, ff € H*, withs<s.<o, (0.1.9)

and the associated probabilistic local flow u“, can one prove that u“ extends globally in time, and say
something on its long-time dynamics? In this paragraph, we give a non-exhaustive presentation of
the existing technics and results in this direction to provide a context for the contributions collected
in this dissertation.

Qualitative properties on the support of a Gibbs measure The purpose of this
paragraph is to briefly discuss how Gibbs measures can replace conserved energies to obtain global
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well-posedness. We also give an insight into the qualitative properties of Hamiltonian dynamical
systems in the presence of invariant measures, such as the Poincaré recurrence property. As explained
in the next paragraph, these dynamics are in sharp contrast with scattering mechanisms that arise
in the Euclidean space.

In order to fix the ideas, we consider the one-dimensional periodic Schrodinger equation, with a
defocusing cubic nonlinearity:

(i0; + A)u(t, ) = |u*u(t,z), (t,z) e RxT. (NLS)

This is the historical model studied by Bourgain in [Bou94]. Besides, the method we outline here is
referred to as the Bourgain globalization argument. We recall that the Gibbs measure associated with
the one-dimensional (NLS) is supported in H*(T) for all s < 3. Hence, (NLS) is locally well-posed on
the support of the Gibbs measure, which is above the deterministic threshold s = 0 given by Galilean
invariance. Therefore, to construct local solutions, there is no need for the probabilistic Cauchy
theory initiated a little later by Bourgain in order to address the two-dimensional case [Bou96]. To
understand the long-time dynamics, however, Bourgain used the formal invariance of the Gibbs
measure as a substitute for the conservation of the energy, for the (finite dimensional) Galerkin
approximated system

(NLSn)

(i&t + A)uN = HN(|HNU,N’2HN'LLN) ,
U(O) = HNUOa

where, for x € T, t € R and N, we write
Oyuo(z) = Y (ug | ™)™, uy(t,z)= > up(t)e™ .
[n|<N [n|<N

We briefly present the construction of the Gibbs measure associated with the Hamiltonian structure
of NLS on T, and the probabilistic globalization argument of Bourgain.

e NLS as a Hamiltonian system. Equation (NLSy) can be seen as a finite-dimensional Hamilto-
nian system. Setting

pn = Re(un) ) QTL = Im(un) 9
it holds

with Hamiltonian

1
Hy(p,q) = B Z nz(p,% + qi) + nonlinear terms.
In|<N

The Liouville theorem states that the volume measure dpdq := ]_[|n| <y dpn dgy is invariant
under the flow of (NLSy). As a consequence of the conservation of the Hamiltonian under
the flow, the (finite-dimensional) approximate Gibbs measure

dun(p,q) = Zy"' exp(—BHn(p, q)) dpdg
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is also invariant under the flow. Namely, denoting the flow by ®y(¢) and writing (p(t), ¢(t)) =
O N (t)(po,q0), we have

i (@ (1)1 (4)) = /

A

exp (-3 0(6).0(0) ) dp(t) da(t)
= /AGXP<—5HN(I?0,QO)> dpodgo = pn(A).

Additionally, we observe from the Cauchy-Lipschitz theorem for ODE’s and from the mass
conservation that the solutions to (NLSy) are global. This being said, the objective is now
to remove the truncation and to construct the dynamics on the support of the (formal)
infinite-dimensional Gibbs measure® associated with (NLS)

“du(u) = Z Vexp(—H(u) — M (u)) du”. (0.1.10)

The Bourgain’s globalization argument achieves these objectives. Since this method is now stan-
dard, we only sketch the contours of the argument, and we refer to the original article [Bou94]
for further details.

e Construction of the Gibbs measure. Given a probability space (2,P, A) and a sequence of
independent normalized Gaussian variables, we consider the Gaussian free field p induced by
the map

weﬂ%zweim. (0.1.11)

(n)

Exploiting the independence of the Gaussian variables g,,, we see that the above series makes

sense in L?(€2; H*(T)) as the limit of a Cauchy sequence, for any s < % From the Sobolev

embedding, we see that |lul|z4 is finite almost-surely with respect to the Gaussian measure.

Then, the Gibbs measure (0.1.10) associated with (NLS) is the density measure with respect

to dp

ne”L

) = exp(=V() dofu) . V() =5 [ Jula)|*da.

Furthermore, the sequence of finite-dimensional Gibbs measure (uy) associated with the
truncated system weakly converges to du. For every open set U C H*(T), with s < %, we
have

w(U) = ]\}gnoouN(U NEy), with Ey =span{e™ ||n| < N}.

This essentially follows from the almost-sure convergence of the series (0.1.11), and from the
integrability of the density.

e Global well-posedness on the support of the Gibbs measure. We recall that (NLS) is locally

well-posed on the support of u, since it is well-posed on H 3¢ (T). Next, to establish global
well-posedness Bourgain combined local well-posedness for (NLSy) together with the invariance

®We removed the mass M(u) = Y, |u,|?, which is a conserved quantity, in order to avoid the problem
with zero Fourier mode, and to replace |n| by (n) in the expression of the Gaussian measure dp.
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of py under the flow ® 5. This leads to uniform bounds on ®y(t) on full-measure sets and on
long-time intervals. The argument is as follows. Set

QK ={ue Ey||ulu: <K},
for fixed s < % and 1 < K. We have the large-deviation estimate, for some constant
c=c(s)>0:
MN(CQS,K) < ech2 )

Subsequently, we see from the local Cauchy theory for the approximated equation (NLSy)
that there exists 7 ~ K%, for some 6 > 0, such that

luollirs < K = sup || ®n(t)uollgs < 2K .
te[—7,7]

Next, given T' > 1, we set
[

00K = () o(—7j) (F).
j=0

By construction, for all u§ € Q% we have

sup || PN (t)uol| s < 2K.
jt|<T

Moreover, it follows from the sub-additivity of un and its invariance under the flow ¢ and
the large-deviation estimate that

MN(CQS,K) < TK@ e—cK2 )

As a consequence, for every € > 0 and T > 1, there exists a set Q such that for all ug in this
set,

N|=

T ~
sup | @ n (H)uol|gs < Clog(=)2, pn(“Q%F) <e.
[t|<T €

To establish the long-time existence on the support of x and the invariance of u, it remains to
combine the above uniform bounds with the weak convergence of the measures py, together
with a deterministic approximation lemma that yields the strong convergence of ®x () to ®(¢)
in H?®, uniformly in time. The proof of this lemma consists in computing the difference between
®(t)ug and @y (t)IIyug by exploiting local well-posedness in X *b-spaces, and iterating on a
finite number of small spacetime slabs.

Long-time dynamics on the support of the Gibbs measure.

As a byproduct of the existence and invariance of the Gibbs measure, the classical theory
of dynamical systems yields asymptotic information about the flow, such as the Poincaré
recurrence property. Specifically, by obtaining strong local solutions on the support of a Gibbs
measure, and by proving its invariance under the flow-map, we are in a very good position to
prove the following statement:
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There exists a full u-measure set ¥ in H?, such that for any ug € 3 the Cauchy problem with
initial data ug has a strong global solution in C'(R; H®). Moreover, the flow map ® satisfies
the flow property

O(t)(X) =%, P(t1 +t2) = P(t1) 0o D(t2),

and the Poincaré recurrence property: for all t € R there is a subsequence of integers (nk)
going to 400, such that

lim ||®(tng)uo — uollgs =0.

k—o0

We refer, for instance, to Theorem 6 and Corollary 1.2 in [ST20b] for a precise formulation.

The Bourgain globalization argument also works in the context of probabilistic Cauchy theory
(below the deterministic threshold) provided that we can prove local well-posedness for solutions
with random initial data according to the support of the Gibbs measure. An illustrative example is
the subsequent series of works of Bourgain and Bulut [BB14c; BB14a; BB14b] who proved global
existence for NLS and NLW on the ball with Dirichlet boundary conditions. Note, however, that their
method does not provide the flow property and the invariance of the Gibbs measure. Furthermore,
Bourgain’s globalization argument adapts when probabilistic local well-posedness follows from the
paracontrolled ansatz discussed in Section 0.1.2 (e.g. [DNY19; DNY22; ST21; Bri20a; Bri20b]).
Finally, we mention that one can also systematically construct weak solutions from the existence of
a Gibbs measure, by using Prokhorov compactness theorem and Skorokhod convergence theorem.
We refer to [BTT18] for results in this direction, applied to a number of weakly dispersive models.
We also refer to [Tzv10; Denl5] for some important contributions to the invariance of the Gibbs
measure for the Benjamin Ono equation.

Before turning to other dynamical behavior of dispersive nonlinear equations in the presence of
randomness, let us point out that the dynamics on the support of a Gibbs measure is not compatible
with scattering mechanisms. We propose a proof of this statement, by showing that if a solution of
a globally well-posed equation satisfies a certain time decay, materialized by uniform space-time
bounds in Lebesgue spaces L{(R; L%(R%)), with ¢ < oo, then the only invariant measure is the Dirac
mass at zero.

Proposition 0.1.7 (Invariant measure and scattering are not compatible). Let u be a probability
measure on H®, invariant under a flow {@(t)} globally defined on a full p-measure set 3. Namely,
for every Borelian set A € H®, and t,7 € R,

n(®@)(A) = n(4), e@)(E) =%, @E+71)=2(t)o (7).
If for some 2 < p,q < 00, we have that for all K > 0, there is a C(K) > K such that for all ug € X,
luollzs < K = ”(I)(')UO||L§°(R;Hs)mLf(R;Lg) < C(K),
then p = g s the Dirac mass at zero.

Proof. For A > 0, we set
A)\ = {UQ IS ||U0HLg > )\},

and we prove that p(Ay) = 0 for almost every A. First, we observe from the global well-posedness
assumption that for all K > 0,

Bk :={u€Z : |luollgs <K} C {upex: sngH(I)(t)uOHHs <C(K)} = By .
te
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Then, given 7 € R, we use the invariance of u and the flow property to deduce that
W0 Bi) < fuo €3 5 sup [@(0)uolle < CU), Tl > A )
te

= N({UO € X s sup ||®(7) 0 D(t)uolles < K, [|®(7)uolrg > )\}>
teR
= 1(Br N ®(=7) (A1)

Since the left-hand side is independent of time, integrating over \»~'d), and then over 7 on an
arbitrary long-time interval [0,7"), we obtain

1 T oo ~
T/M&mmwww</ / p({uo € B+ ®(m)ug € A\})N"HdAdr
0 0 0

+o0 T
5/ / /~ Lo(—r)(ay) (o) dpa(ug) dAdT .
0 o JBxk

We denote the Lebesgue measure on the line by £, and we deduce from the Fubini Tonelli’s formula
that

+oo T +00 T
[ [ tecom)dutuayardr = [ 77 [ 1o o () drdrdauo
0 0 Bk Bg J0 0

+oo
— [ [ Lon(r  12)uslzy > A2 drduuo)
B J0
1 » 1 »
=5 /5 12 )uollzp g dnluo) < - CLK).
K
Finally, we proved that for all T' > 0,

1
1
T/jmhmv4wgaKw
0 p
By letting T" go to +00, we obtain that p(Agx x) = 0 for almost every 0 < A < 1. Since K is arbitrary
and X has full y-measure, this proves that p = do. O

Note however that scattering is not incompatible with the existence of quasi-invariant measures.
Moreover, for the defocusing Schrédinger equation on the line with initial data supported just below
L?(R), Burq and Thomann proved in [BT20] global existence when the nonlinearity p > 1, and
scattering when p > 3. This result is a consequence of uniform space-time bounds on the density
obtained from quasi-invariant measures, which are constructed through a compactifying procedure
called the Lens Transform.

Quasi-invariant measures We briefly mention the use of quasi-invariant measures to obtain
globalization of probabilistic flows, in the absence of invariant measures and conserved energies. This
is a promising strategy, though beyond the scope of this dissertation. Given a Gaussian measure p
and a Hamiltonian flow {®,};, we say that p is quasi-invariant under the flow if for every ¢,

(Pe)pp < pt,
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where (®;)4 denotes the push-forward of the measure by the flow. In such a case, by the Radon-
Nikodym theorem, there exists a density f; € L'(du) such that

(@) ppt = fip

Then, one can deduce global well-posedness for the flow (®;) from LP(du)-bounds on the density,
combined with the Bourgain globalization argument. This strategy, initiated by Tzvetkov in [Tzv15]
generalizes the use of invariant Gibbs measure, which are also absolutely continuous measures with
respect to a Gaussian measure. Yet, the use of quasi-invariant measure is much more flexible. We
refer to [BT20; FT22; GLT21; OTT19] who have successfully implemented and developed this
method, and to the references therein.

Deterministic methods In this section, we present some globalization methods that do not
rely on the use of an invariant or quasi-invariant measure. In light of the previous discussion,
these methods can be developed to study scattering mechanisms, and are employable at regularities
not too far from the regularity required to access a conserved coercive quantity. They consist in
obtaining a uniform a priori bound on the nonlinear remainder v = v — u%, and in iterating the local
existence result through the uniform bounds. They are called deterministic methods, as opposed to
the probabilistic Bourgain globalization argument we described in the previous paragraph.

e The high-low method. This method, introduced by Bourgain in [Bou98a|, consists in decom-
posing the solution into a low frequency part, and a high frequency part. The low frequency
part being smooth, we can use the (almost) conservation of energy to control it. On the other
hand, the high frequency part turns out to be well approximated by the linear flow, thanks to
a certain nonlinear smoothing effect. Thus, each part of the solution is under control, and
we obtain a priori bounds for the solution. In [CO12], Colliander and Oh implemented the
high-low method in a probabilistic setting to prove the almost-sure global existence for the
renormalized NLS on T, at negative regularities. Note that in such regimes, conservation of
mass, almost-surely defined for the nonlinear remainder v = v — u%, has been exploited. We
also mention the later work [PRT14], which applied the high-low method in a probabilistic
framework to prove the almost-sure global existence and scattering for NLS in R%, d > 3, in a
small data regime.

o The use of modified energies When the remainder v = v — uf is in H' one can try to obtain a
priori bounds on v through a modified non-conserved energy, of type

EP](t) = ;/ (Vo(t,2))? de + ;/ (Bt ) de + 1/ Ut 7) e

M M p+1Jm
In [BT14], Burq and Tzvetkov proved almost-sure global existence for the cubic defocusing
NLW in T3, by the energy method for v together with a Cauchy-Schwarz estimate and a
Gronwall argument. A refinement, proposed in [LM16], consists in putting the linear evolution
in the potential energy in order to cancel certain terms. See also the works [OP16; OP17;
LM14b; SX16] and the references therein, who proved almost-sure global well-posedness for
NLW in different contexts, but in the same spirit.

However, in the case of NLS, the method is less favorable since the energy does not control
Oyv. Instead, one has to replace it using the equation, and losing therefore Av. We mention
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the work of [OOP19] that develop from ideas used to treat NLW, but in higher dimensions
d > 5. We also mention the conditional global well-posedness result [BOP15a].

Almost-sure scattering When a state evolves under nonlinear Schrédinger flow, with a
defocusing self-interacting nonlinearity, its dynamics in long-time are well approximated by a free
linear evolution. This scattering phenomenon is well understood in the energy space, when the
equation is energy-subcritical, in or energy-critical as in [RV07; Vis12], for the four-dimensional
case, [Col+-08] for the three-dimensional, and [Dod16] for the mass-critical case, respectively. The
defocusing cubic Schrodinger equation in R? gives an illustrative example of scattering in energy
space, and we sketch the proof as a prerequisite to presenting the general strategy leading to
probabilistic scattering type of results. The cubic NLS is energy-subcritical, and hence it is locally
well-posed in the energy space H'(R?). We see from the coercive conserved energy that the solution
is global. Moreover, we deduce from Strichartz’s estimates that a given solution scatters provided
that we have a priori bound on the space-time norm

3
// lu(t,z)[Pdedt < oo, for some — < p < 10.
RxR3 10

Such an a priori decay estimate follows from the so-called interaction Morawetz inequality,

// lu(t, z)|* dt dz < C'sup ||u(t)||%g||u(t) (0.1.12)
IxR3 tel

I 5 -
H?2
combined with some conservation laws. Now that we have scattering in the energy space, a natural
extension would be to prove that for any % < s < 1, the local solution in H*(R?) is global and
scatters. Unfortunately, this simple question turns out to be a very challenging open problem that is
still far from being solved in all generality. Partial results were obtained by employing the celebrated
I-method [Col+04] and refinements based on long-time Strichartz estimates [Dod13; Dod19b]. We
refer to paragraph 0.2.2 and to the introduction of Chapter 2 for a detailed discussion on this
problem, as well as detailed presentation of the I-method and of the Morawetz estimate. Despite the
difficulty of the scattering problem in the subcritical and critical regimes % < s < 1, it is interesting
to achieve a probabilistic result. Besides, there exists a local-probabilistic flow even in supercritical

regimes. The following question arises:

e Does a general supercritical initial data of type (0.1.9) scatter at infinity?

In recent years, the stability of the scattering mechanism under random perturbations have been
extensively studied. In the small data regime, global well-posedness and scattering can be obtained
as a by-product of almost-sure local well-posedness. See, for example, [Poil2; BOP15a]. Outside the
small data regime, however, the problem is much more complicated and the first class of problems
to consider are energy-critical problems, when the deterministic theory in the critical energy space
is well understood. In such a context, the probabilistic flows are in H® for s close to 1, but the
nonlinear remainder is in H!. Therefore, the probabilistic ansatz (0.1.5) should allow analyzing the
long-time behavior of the nonlinear term v in the energy space, solution to a nonlinear Schrédinger
equation with stochastic forcing terms.

(NLSy)

(10 + A =|v+ugPHo+us), (tz)eR xR,
v(0) =0,
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where uf = eitA ug is the linear evolution of the random initial data. The first step is to use the
stability theory of the deterministic equation in H! to obtain a conditional scattering result. By
doing so, we reduce the problem to obtaining a uniform control on the H'-norm of v. Next, in a
second step, the strategy is to find appropriate modified energies and modified Morawetz inequalities
for v, and to perform a double bootstrap argument on these two quantities.

For this strategy to work, another ingredient is often necessary to absorb the weights that come
from the Lin Strauss and Morawetz type inequalities. It consists in concealing a radial symmetry
assumption in the randomization procedure, by assuming that ug is radially symmetric in (0.1.7).
Note that a Wiener randomization of a radially symmetric function need not be radially symmetric.
Nevertheless, the solution retains some of the decay properties that radially symmetric functions
have from the radial Sobolev embedding theorem. This strategy was first implemented by Dodson,
Lithrmann and Mendeslon [DLM19] to prove almost-sure scattering for the energy critical wave
equation in R, Then, Kilipp, Murphy and Visan obtained a similar almost-sure scattering result for
the energy critical Schrodinger equation in R* [KMV19], which was improved in [DLM19]. In the
interest of considering the largest possible class of initial data, Bringmann implemented in [Bril§]
tools from harmonic analysis, such as Bourgain bushes, and solved the scattering problem for the
energy-critical wave equation, without any radial assumptions. This approach is less suitable for
Schrodinger-type equations, since the wave packet propagates faster. Nevertheless, the transposition
of this type of argument to the Schrodinger case is an interesting problem.

In the energy-subcritical framework (e.g., cubic NLS in R3), however, there was no such
almost-sure scattering result outside the small data regime. We refer to 0.2.2 and Chapter 2 for
the presentation of an almost-sure scattering result in this framework, with radially-symmetric
randomized initial data.

Stability of coherent states under random perturbations The probabilistic Cauchy
theory is mainly concerned with the perturbation of dispersive solutions, in the defocusing regime, or
for small initial data. However, in the focusing regime where dispersive equations generally exhibit
rich dynamical behaviors, much less is known about the effect of random perturbations. Nevertheless,
stability results for special coherent solutions of dispersive partial differential equations under rough
and random perturbations have been obtained recently. The first long-time result in this direction
is due to Kenig and Mendelson, for an energy-critical model. In [KM19], they proved that when
5> %, one can construct a global solution of the focusing quintic wave equation in R* that scatters
to a modulated soliton, for almost every initial data in H* x H*~!. The considered solitons form
a one-parameter family (¢4)q>0 of stationary radially symmetric solutions to NLW satisfying the
elliptic equation

A¢a + ¢2 =0.
They have regularity H*, for any s > %, and are extremizers of the Sobolev embedding H'(R?3) —
L5(R3) given by the explicit formula
(30)7
L
(1 + alz|?)2

ba(x) =

The result states as follows.
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Theorem 0.1.8 (Almost-sure asymptotic stability for energy critical NLW, [KM19]). Let s > %,
and (f§, fv) a suitably randomized initial data. There exists a set full-measure set ¥ C H® such that
for all f$ € X, there exist e > 0, h: ¥ — R with |h| < &2 and a unique solution u to

{_(815215 — A= —u’, (NLW)

u(0) = +efy +h(efy,eff)Y, 0w(0) =cfy 4+ h(efy,efi)rY ,

such that
u(t) = o) + v,

with @ € L N L} is small, and v is a small radiation term in the sense that
lollzs, Se.

The function h ensures an orthogonality condition for the pure point spectrum of the linearized
operator around the ground state. Besides, the random perturbations are projected onto a Lipschitz
manifold because of an unstable direction, and we refer to the article [KM19] for further details
on the exact randomization procedure. To establish this type of result, the main challenge was to
deal with a linear source term stemming from the soliton. To overcome this difficulty, the authors
decided to adapt the randomization procedure to the linearized operator around the soliton. Instead
of using standard Fourier multipliers in the randomization procedure (0.1.7), they used a distorted
Fourier transform that diagonalizes the linearized operator around the ground state:

H,=—-A—5¢).

Unfortunately, this operator has a resonance at zero, which obliges to use weighted spaces, and to
derive technical kernel estimates. Note that a weighted Sobolev condition is also required on the
initial data. The only existing counterpart of this almost-sure asymptotic stability result for the
Schrodinger equation is the matter of Chapter 3. As for the Schrodinger case, we stress out that the
Duhamel integral does not gain a derivative, so that a dyadic decomposition and bilinear estimates
must be performed to establish the probabilistic local well-posedness. However, this becomes quite
difficult in the presence of a potential, since the distorted Fourier transform does not share the
multiplicative properties of the Fourier transform. We refer to paragraph 0.2 and to Chapter 3 for a
detailed presentation of an almost-sure asymptotic stability result for NLS.

Inspired by the work of Kenig and Mendelson on the focusing energy-critical radial wave equation,
Bringmann proved in the [Bri20c] the almost-sure stability of blow-up profile for the same wave
equation below the energy space. The ODE blow-up profile is

[N

u Mt z) = K(T—t)2, T>0.
Thanks to finite propagation speed, it can be localized in the interior of the light cone
Cr:={(t,z) €[0,T]xR®, |2| <T —t}.

The almost-sure stability result states as follows.
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Theorem 0.1.9 (Stability of the blow-up profile under random perturbations, [Bri20c|). For 0 <
0 < 8o small enough, there exist a set X5 such that for all w in this set, there is a T'(w) € [1 —0,1+4 4]
and a solution u : Cr — R to (NLW) with suitably randomized initial data (f§, fy), satisfying

_3
(T )74 (u—ur)ll 214 (e SO
Moreover, there is C,c > 0 and 6 > 0 such that for all 0 < § < dg,
P(Q\ Z5) < Cexp(—ed?).

The proof revisits deterministic methods in the probabilistic setting, such as the Strichartz
estimates for one-parameter semigroup S(¢) associated to the linearized operator around the blow-up
profile in similarity coordinates. The challenge was to obtain probabilistic estimates for the difference
operator S(t) — Sy(t), where Sy(t) is the free wave propagator. To achieve such a goal, Bringmann
proved fine oscillatory integrals estimates. In a subsequent work [FM20], Fan and Mendelson proved
the almost-sure stability of the log-log blow-up profile for the mass critical Schrodinger equation
in R%2. However, the randomized data have a particular structure, since their Fourier transform is
piecewise constant, with some decaying assumption.

To our knowledge, these aforementioned results are the only ones to date to prove the stability
of coherent states under supercritical random perturbations.

0.2 Presentation of the results in this manuscript

In this section, we present the main contributions of the thesis put in perspective with the research
themes discussed in the previous Sections 0.1.1, 0.1.2 and 0.1.3. We focus on the manifestations of
the general questions raised at the end of Section 0.1.1. However, we merely state and motivate the
theorems, and discuss the main ingredients of the proofs, avoiding technicalities. Thus, we defer the
precise description of the arguments and the detailed list of references until the introduction of the
individual chapters.

0.2.1 On the Cauchy theory in scaling-supercritical regimes

At scaling-supercritical regularities, the heuristics predict that instabilities will occur, thus under-
mining the possibility of establishing a general Cauchy theory. The matter of this section is to clarify
the genericity of such instabilities, in the context of the random data Cauchy theory. Before going
further, let us recall some terminology and basic facts about the local well-posedness for a general
dispersive equation, which reads

iwu(t,x) — L(u)(t,z) = N(u)(t,z), (t,z) eRx M, wu(0)e H*(M).

Here, (M, g) is a Riemannian manifold, L is a self adjoint operator on H*(M), for some k large
enough, and N denotes the nonlinearity, possibly depending on a finite number of space-derivatives
of u.

Definition 0.2.1 (Local well-posedness, see Definition 1.1.1). We say that the above Cauchy
problem is well-posed in H*(M) if for every bounded set B C H*(M ), there exist ' = T(B) > 0 and
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a Banach space Xp continuously embedded in C([ty,T], H*(M)) such that for any ug € B, there is
a solution u € Xp satisfying the Duhamel integral representation formula

t
) = e g i [ N () (0:2.1)

to

Moreover, the following holds.

1. (Uniqueness) Let ui,up € Xp satisfying (0.2.1). If, for some tg <t < T, ui(t) = ua(t), then
uy = ug on [ty, T].

2. (Continuity) The flow map ug € B — u € X is continuous.
3. (Persistence of regularity) If ug € H°(M) with o > s, then u € C([to,T], H°(M)).

When the flow-map is uniformly continuous, we say that the Cauchy problem is semi-linearly
well-posed. This certifies the absence of instability for the high frequencies of the solution. Usually,
we prove uniform well-posedness by performing a Picard’s iteration argument, so that the flow-map
is actually Lipschitz continuous. Furthermore, the flow-map is analytic when the nonlinearity is
polynomial.

In the particular case of nonlinear Schrodinger and wave equations with power-type nonlinearity
in the Euclidean space, or in the periodic case, the scaling invariance actually dictates the critical
threshold for the uniform local well-posedness theory, at least when s. > 0. Indeed, according
to [CCTO03b], we have local well-posedness in H*(R?) as soon as s > max(0, s.), and norm-inflation
occurs when s < max(0,s.). For the Schrodinger equation on compact manifolds, however, the
picture is less clear, since the behavior of the solution depends strongly on the geometry of the
manifold, even in short time, as a consequence of the infinite speed of propagation for the solutions of
NLS. For instance, the cubic NLS is not uniformly well-posed on the Euclidean sphere S? when s < %,
whereas local well-posedness holds up to the scaling threshold 0 < s on the torus T2, respectively
(see Subsection 0.2.3).

We briefly discuss the instability mechanism. The aforementioned work of Christ, Colliander
and Tao [CCT03a] does not only prove that the flow map is not continuous at scaling-supercritical
regularity 0 < s < s., but it also provides explicit sequences of initial data that indicate the
mechanism involved. Specifically, they constructed a sequence of concentrating blow-up profiles
converging to zero in H®, but for which the H*-norm of the corresponding smooth local solution
inflates, in arbitrarily small-time. Namely, by writing ®(¢) the local-in-time solution map at time ¢
on H?, for o large-enough, there is a sequence (ug ) in the Schwarz class and a sequence of times
(tn) going to zero, such that

T [fug e =0, but T [[9(60)(u00)]| e = +00.

Such a mnorm-inflation mechanism indicates the existence of low-to-high frequency cascades in
arbitrarily short-time, as mentioned in the general introduction 0.1.1. This is consistent with the
scaling heuristic that when s < s., studying short-time existence for small data amounts to study
large data. We refer to the pioneering work of [Leb01], and many other references cited in the
introduction of Chapter 1, where we discuss norm-inflation in more details.

In contrast, the probabilistic Cauchy theory, as stated in Theorem 0.1.1, provides a full-measure
set of initial data for which a strong solution exists, at least up to a certain time. Furthermore,
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probabilistic solutions are natural in the sense that they are the limit of the regularized solutions
by convolution. Notice, however, that by choosing a bad regularization procedure one can show
norm-inflation for any data, as the result of [Xia21] indicates. Specifically, for any ug € H?, the
author proved that there exist (ug,) in Schwartz-class, and (¢,) going to zero, such that

lim Huo,n — uOHHs = 0, but lim H@(tn)uo’n ‘HS = +4+00.
n—o00 n—o00

In light of this informal discussion, there are bad regularization procedure that lead to norm-
inflation for any initial data, and good initial data for which the natural regularization by convolution
converges to a strong solution. The natural question raised by Sun and Tzvetkov is about the
genericity of bad initial data leading to norm-inflation even when regularized by convolution. Such
bad initial data form a pathological set, defined as

P = {uo € H? : limsup || ®(t)(pe * uo)||gs = +oo} .
e,t—0

Here, (pc) is a fixed approximate identity.

Pathological set of initial data for scaling-supercritical NLS joint work with L. Gassot [CG22].
In the case of the wave equation, Sun and Tzvetkov proved in [ST20a] that the pathological set
contains a G5 dense set. Hence, two different types of genericity coexist:

e The Baire category genericity, in a complete metric space. It is a topological notion of
genericity.

e The probabilistic genericity.

An important subsequent remark is that the full-measure set of data leading to local well-posedness
cannot contain a dense G set, since G sets are stable under intersections.

In Chapter 1, we generalized the result of [ST20a] for Schrédinger-type equations, hence precising
the Cauchy theory at scaling supercritical regularities for NLS, whose study is the subject of Part II,
and also for the Schrédinger half-wave equation, less studied, which is the matter of Chapter 4. The
result can be formulated as follows.

Theorem 0.2.2 (Pathological set of scaling-supercritical data for NLS, [CG22]). Let 0 < s < s.
The pathological set P contains a dense Gs set S C H*(R3): for every ug € S, there is a sequence
en — 0, and a sequence of times t, — 0, such that the local smooth solution usr = ®(t)(ug * pe,) of
NLS exists in H*(R3) up to the time t,, but the family experiences norm-inflation

Timuz (tn) | e ray = o0

The result of [ST20a] does not only provide a dense Gy set, but it also gives an explicit construc-
tion, which we reformulate here in the Schrodinger case.

- The individual inflating bubbles. The elementary building blocks are the inflating bubbles,
widely used to prove norm-inflation in a variety of contexts, and introduced in [CCT03a]. Given a
fixed, smooth, and radially-symmetric profile ¢ € C°(R3), we define the bubble concentrating at
scale n~! by

v (0, 2) = log(n)angfsgo(nx) , v5(0) := pe x v, (0),
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for some v > 0. The bubble is convoluted by an approximate identity in order to state the result in
the context of probabilistic Cauchy theory (see Theorem 0.1.1). Then, the ODE profile is

Ve (t,x) := v (0, 2)V (#vE (0, 2)[P7Y), V() =€ .

It solves the nonlinear ODE corresponding to NLS but without the Laplace operator (which is the
dispersive term, that can be replaced by any other reasonable operator here)

i0vE, + o|vs [Pt =0,
v5(0) = pe x v (0) .

Uniformly in €, we have the lower bound
o5, ()| s > clog(n) ™ (n*~2t)°.. (0.2.2)

As a consequence, after a time ¢, ~ log(n)ﬁn*(?’*%) with 8 > v, the H*-norm of the profile starts
to inflate, as n goes to infinity so that the initial data concentrate.

- The small dispersion analysis. The proof of [ST20a] consists in adapting the small dispersion
analysis due to [CCT03b], in the presence of the convolution and with an infinite number of inflating
bubbles, sufficiently distant from each other. First, let us outline the standard small dispersion
analysis for one bubble. It consists in proving that in small-time, the nonlinear profile v, dominates
the effect of the dispersion, so that the solution to the dispersive equation NLS with data v, (0) stays
close to the bubble v, (t). This is a small-time analysis. Still, one needs to give the inflating bubble
time to burst (that is ¢ > ¢,,). The control of the difference from the solutions and the bubble follows
from energy considerations.

- The “tanghuru” construction. As in the preparation of tanghurus, candied fruit lollipops very
popular in some Asian countries, the construction of the dense pathological set consists in putting
side by side an infinity of bubbles, concentrated at arbitrarily small scales, and sufficiently distant
from each other. In addition, the construction is made around an arbitrary function in C°(R?) in
order to generate a dense set in H*(R?) that is, for some kg > 1,

> 1
S:{uo—l—Zvnk(O,x—xk), nk:eek, xk:E, uOECé’O(]R:g)}.

k=ko

Then, the proof consists of two steps. In a first step, Sun and Tzvetkov isolate the n-Th bubble
at time t, and scale €,, and they perform the standard small-dispersion analysis for u solution to
NLS with initial data v, (0), which is just a piece of the initial data in S. Subsequently, they use the
finite propagation of speed to ensure that the remaining part of the solution does not interfere with
the inflating bubble v, and prove that the full solution u" stays close to u*™ up to the time t,,
which is known from the first step to be close to the inflating profile v5». At the end of the day, the
difference from u®" to vi» in H? is controlled up to time t,, and the inflation of v,, described by the
lower bound (0.2.2) leads to the inflation of u®".

The second step of the proof strongly relies on the finite speed of propagation, which is a specific
feature of wave-type equations. For this reason, it was not clear how to obtain an analogous result
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in the case of Schrodinger-type equations, or for any other dispersive equation that does not satisfy
finite speed of propagation. Our main observation is the following. Given a fixed regularization scale
€ > 0, the convolution by the profile p. has for side effect to collapse the bubbles that concentrate
at scale <« e. Therefore, at some appropriate time t,, the bubble concentrated at scale ~ &, is the
only one to inflate. Consequently, when isolating the bubble that inflates at time ¢,,, there is no
need to use finite speed propagation to make sure that the evolution of the other bubbles, more
concentrated, does not interfere, and rules out the inflation. Let us now give some comments and
consequences of this observation that is the key of our proof.

e In [CG22] we actually proved the result for any power-type nonlinearity |u|?~'u, with p > 3
an odd integer, as stated in Chapter 4. This assumption is technical, and guarantees that the
inflating bubbles are smooth. It should be possible to remove it.

e When p > 7, in the energy supercritical case, we only proved that P contains a dense set. In
order to get a dense Gg-set, however, we need to uniformly control the time of existence of the
smooth solution, say in H?2, and the supercritical nature of the energy prevents us from doing
so by basic energy considerations. Still, being able to treat the energy-supercritical case is an
improvement of the method in [ST20a] that requires global existence of smooth solutions.

e A similar comment is about the focusing or defocusing nature of the nonlinearity. We prove
that there is a G5 dense subset when we have access to a conserved coercive energy, and at
least a dense set of inflating data in the focusing case, which is also a novelty. Note however
that ill-posedness results in the focusing case are of different nature, since there are special
stationary solutions that may be used to evidence instabilities.

e Another consequence of not exploiting finite propagation speed is the freedom in the choice
of the position of the bubbles in the construction. Indeed, the absence of interaction among
them does not depend on their spacial localization. Hence, we can take bubbles centered at
zero and obtain a pathological set that is radially symmetric.

We refer to the introduction of Chapter 1 for further remarks, detailed explanations and references.
Let us just mention that a possible perspective would be to use the construction to describe a loss
of regularity mechanism, as evidenced by [Leb01; AC09; CR09] for the energy-supercritical wave
equation, and for Schrédinger equations, by the mean of nonlinear geometric optics.

0.2.2 Long-time dynamics under stochastic perturbations

In this part, we investigate the long-time behavior of the local probabilistic flow solution to the
cubic Schrodinger equation in R3, presented in Section 0.1.2. First, we address in Chapter 2 the
scattering issue for the defocusing equation, outside the small data regime. In order to do so, we
propose a way to revisit in a probabilistic setting the I-method with a Morawetz bootstrap. Then,
we consider in Chapter 3 the stability of small ground states that emerge from the presence of an
external short-range potential. By performing a “critical-weighted” strategy, we prove that these
ground states are asymptotically stable even if the perturbations have infinite energy.
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Almost-sure scattering for energy-subcritical Schrodinger equation We refer to the above
Paragraph in Section 0.1.2 called “almost-sure scattering”, and to the introduction of the Chapter 2
for more detailed background and motivations. The model is the cubic Schrodinger equation with a
defocusing nonlinearity, in the Euclidean space of dimension 3.

{i&tu(t,x) + Ault,z) = ut,z)[?ut,z), (t,z) € R x RS, (NLS)

u(0, ) = uo(),

This equation is energy subcritical in the sense that the critical scaling, which is s, = %, lies between
two conserved quantities, the L?-mass and the energy, at the level of H'. Hence, we have local
solutions in H*(R3) for any 1 < s. As explained in 0.2.2, the repulsive nature of the nonlinearity
induces a linear behavior of the solution, and scattering is expected to occur. We do know that
scattering holds in the energy space and above since the work of Ginibre and Velo [GV85]. However,
at the level of H® when % < s < 1 we have no conserved coercive quantity, and we cannot say for
sure that every solution in the scaling-subcritical regime extend globally in time, and scatter at
infinity.

Conjecture 0.2.3. Let % < s < 1. Local solutions to NLS initiated from initial data in H*(R3)extend
globally in time, and scatter at infinity: for all ug € H*(R3), there exist ux € H*(R?) such that

; _itA _
tilglooﬂu(t) " ugllgs =0.

This conjecture has attracted a lot of attention over the last two decades. For now on, the
conjecture is proved up to % < s. The optimal result is due to [Sul2], pursuing an important
series of fruitful works. By important, we mean that these works have induced a number of major
developments that are now essential in the study of dispersive differential equations. Let us briefly

discuss some existing results below the energy space.

e The first global well-posedness and scattering results below the energy space is due to
Bourgain [Bou98b] who developed by the way the high-low method in order to capture
smoothing of the nonlinear term. Namely, Bourgain proved that u(t) —e™® ug € C(R; H'(R?))®
for s > % In addition, Bourgain proved scattering in the radial case when s > % by employing
Lin Strauss Morawetz estimate and radial Sobolev embedding.

e Then, the I-team [Col+02; Col+04] developed the I-method, which is roughly speaking a
smooth version of the high-low method that exploits as wall the conservation of the energy.
More importantly, they obtained scattering for any data when s > % by combining the
I-method with a new Morawetz-type estimate, called the interaction Morawetz estimate, which
yields a priori space-time L;{I-bounds.

e Subsequently, Dodson improved in [Dod13] the scattering result for any data when s > %,
refining the I-method with a double layer decomposition (which we discuss below), and a
linear-nonlinear decomposition.

6This reminds the probabilistic nonlinear smoothing. .. It is also a manifestation of the semi-linearity of
the equation. For oscillating data, this means that the nonlinear solution is, in some sense, well-approximated
by the linear evolution of the same initial data (in contrast with scattering results where the final state is
different). We refer, e.g., to [BGT10] for a precise discussion on this aspect of semi-linear problems.
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e The best result at this day is due to Su [Sul2], proving scattering for s > % The proof uses
long-time iteration (meaning that the size of the interval increases at each set of the iteration),
made possible by the use of second generation I-method (consisting in adding a correction to
the energy function).

e Combining the long-time Strichartz estimates with local-smoothing and radial Sobolev em-
bedding, Dodson [Dod19b] proved the conjecture in the radial case all the way down to

1

s > 5-

e In the critical case, Kenig and Merle [KM10] used a rigidity argument, based on the
concentration- compactness method, to show that if the H3-norm of the solution is uni-
formly bounded then the solution is global, and there is scattering.

e Recently, Dodson [Dod21] proved that there is scattering for initial data in a critical Besov
space, with nice polynomial bounds.

It seems that this story is far from over, and that new techniques are needed to go further in
understanding this problem. More modestly, we can try to show that scattering occurs for almost all
initial data. This is all the more justified since a local probabilistic flow exists in H® for i <s < %,
but its long-time behavior is not understood outside the small-data regime. Indeed, almost-sure
global well-posedness and scattering type of results outside the small-data regime only existed in
the energy-critical case. The result presented in Chapter 2 proves almost sure scattering below the

deterministic scaling. It reads as follows

Theorem 0.2.4 (Almost-sure scattering for energy-subcritical NLS [Cam23] and [SSW21]). Take
fo € H*(R3) for % < s be a radial function. We denote its corresponding Wiener randomization
w i f§, which is not radial. There exists a full-measure set ¥ in H*(R3) such that for all 5 ex,
the corresponding probabilistic local strong solution extends globally in time and scatters at infinity:
there exists vy € H(R?), such that

. A pw . = — _
i [u(t) — A (f 4 vs) e =0, o= 25— |

We give some comments on the result and on the main difficulties.

e The exact same result was proved independently by Shen, Soffer and Wu [SSW21]. The
method is a bit different, and relies on the use of the high-low method. Surprisingly, they
obtained the same lower bound % < s, but we think that there is nothing special with this
threshold. By the way, we think that the method proposed in Chapter 2 is clear and robust,
so that we can implement other deterministic refinements of the I-method and lower the
threshold, hopefully reaching % < s, which corresponds to the best known result % ~ 0 =2s—.

e As usual, we do a linear-nonlinear decomposition u = e*4 f¢ +v. The key observation is
that the nonlinear term is in H?, for ¢ < 1, but still close enough, so that the deterministic
conjecture is known at this regularity. Yet, v solves a perturbed Schrédinger equation, with
stochastic forcing terms. Subsequently, the challenge (but also the motivation) was to combine
the probabilistic method with the I-method and a Morawetz bootstrap. The difficulty is that
the stochastic forcing terms break the gauge-invariant structure of the nonlinearity. Hence, we
have extra terms without frequency-cancellation to deal with. Instead, we can have lots of
derivatives falling onto the rough, stochastic term.
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e For this reason, and as in the energy-critical case, the concealed radial-symmetry assumption,
or any other similar assumption, seems to be required. The idea is to exploit some mild radial
Sobolev embedding in order to implement the local smoothing estimate, and overcome the
loss of derivatives in the energy method. We recall that the randomized data f§, on the other
hand, is not likely to be radially-symmetric. As mentioned in Section 0.2.2 the only work
avoiding such an assumption is due to Bringmann, for the energy-critical wave equation in
R* [Brilg).

e The interaction Morawetz estimate needs at least % derivatives, and we are tempted to only
prove a Morawetz estimate for v. Though, such an estimate strongly relies on monotonicity
formula that are sensitive to the structure of the nonlinearity of NLS. To overcome this
difficulty, we proved a modified version of the interaction Morawetlz estimate, where we
consider Iu in place of w. This is possible since I f; makes sense in H?2.

e As pointed out by N. Tzvetkov, it is remarkable that the convergence of the remainder holds in
a space H? close to H! even if the initial is in H* for some s < % the fact that the scattering
result for the nonlinear remainder holds in H for some o close to H'. This property might
also be true for the deterministic results with % < s < 1, but it is less clear.

Let us now give an outline of the proof.

Blow up criterion. The first part of the analysis follows pre-existing lines. We consider the forced
equation

(NLSy)

(Zat +A)U = |f°-’ +’U|2(fw +U), fw — eitA f((_)u
v(0) =wo, wo€ H(R?),

Thanks to the refined probabilistic Strichartz estimates, we have access to space-time bounds for f*,
almost-surely in the randomization. We proceed pathwise in w, and fix w in a full measure set such
that

FER) = (V) g0 + KV 2l pa, + V) fl parge < 400

In particular, this quantity controls the scaling-critical L;:”x—norm, that requires loosing %—derivatives

30
to access the Strichartz-norm LYL}'. In the argument, we are frequently led to reduce the analysis
to a finite number of space-time slabs where we impose a smallness condition on the forcing term:

Fw(Jj)S‘gOu ]SLa Lg&o,wl'
First, we set up a refined probabilistic Cauchy theory for (NLS¢), with
ve Xz(J)C OJ; H2(RY),

and where X is based on the U? and V? spaces. Since the probabilistic structure of the linear
evolution is preserved under the evolution’, the hope is to iterate the local probabilistic Cauchy

"This in sharp contrast with the problems addressed in Part III, where the structure of the adapted
linear evolution deteriorates as time evolves. Hence, it is not clear how to iterate the refined paracontrolled
probabilistic Cauchy theory, except when there is an invariant measure, for which the globalization argument
of Bourgain adapts. (See section 0.1.3)
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theory, provided we are able to control the H?-norm of v. By doing so, we obtain the blow-up
criterion, stated in Proposition 2.3.5: if v is a maximal lifespan solution to (NLSy) on J*, with
T* = sup J*, then

V|75 (enmsy < 00 => T% =400, and v scatters in H’(R?).
L3 (J*xR3)
The scattering result in H?, for % < 0,, also come with the uniform space-time bound for the solution
lullzs  mxre) < Cllluollme@s))

that we use to develop a stability theory for (NLSy), in the functional space X (.J). Specifically, we
reduce the blow-up criterion to

Sup [v()laro(es) < 00 = [Vllzg, rexme) < 00

A priori bounds. As explained above, Theorem 0.2.4 reduces to obtain the a priori uniform
bound for the maximal lifespan solution to (NLSy) in H(R?), with % < o < 2s:

sup [0(t)l| o 3 < o0
teJ*

Since we have no conservation law at the level of H?(R?), we need to use modified energies. Given a
large integer N, the I-operator I : H°(R3) — H'(IR3) is the Fourier multiplier given by the symbol

17 ’§‘§N7

(F)'7, ol >2N.

my(§) = {

with
F e S Wl S NN f e
It also maps H*(R?) to H%(Rs), with

1
[z S Iy S N2l fllms
where we used that s < 3 and o < 2s. We see from (0.2.2) that it suffices to control ||Iv||g1.
To recall the method, let us consider u the (deterministic) local solution to NLS, in H? for some
% < 0 < 1. Basically, since v has an infinite energy, one can fear that

I o —
ulle = +o0.

On the other hand, E([u) is all the more close to the conserved energy since N is large. Hence, we
expect that the time derivative of truncated energy decays. Basically, [Col+04] proved that when
o is close enough to 1, and if J = [a,b] is a time interval with E(u(a)) S 1, such that we have a
smallness condition on ||ul| L4, (JxR3) then

iE(Iu)

< 1
dt ~ N
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Yet, the overall goal is to prove that the conservation law eventually wins, so that uniformly in NV,

sup E(Ju(t)) <1
1<T*

In our context, where the energy of v solution to (NLSy) is not conserved due to the presence of the
stochastic forcing terms, we need to control the time-increments of the modified energy

1

E£(v)(t) = 2/R3 VIo(t, )| de + i/Rg Tu(t, 2)]" da

Notice that we decided to place u = v+ f“ in the potential energy, in order to preserve the structure
of the cubic Schrodinger equation as much as possible, and to exploit frequency cancellations. It
holds

%5(1;)(15) = Re - O (Iv)(t, x) ([Tult, z)|*Tu(t, ) — I(|Ju(t, z)[*u(t, z))) dz

=H

—Im/ VIt 2)V([Tult, 2)2Tu(t, 2)) dz
R-?)

The first term in the right-hand side contains the commutator H, which displays some frequency
cancellations and induces a gain of N~*, in suitable space-time norms. On the other hand, the
second term is a remainder, coming from the stochastic perturbations. In order to be able to choose
5 < %, we have to gain derivatives. One way to do so is to use local smoothing effect for the linear
evolution of randomized data. This is the place where we use the radial symmetry assumption, and
we discuss the probabilistic estimate:

1-0o
IV N 2 p2nee SN 2 (0.2.3)

in the next paragraph. We stress out that on the right-hand side of the energy estimate of the energy
estimate, we keep track of sub-additive quantities (namely, L?-norm in time), following a nice idea
from [Dod13; Dod19b]. In these two works, Dodson used the refined the energy estimate (under the
same assumption as in [Col+04]):

d ||P>CNUH%Z(J.L6) 1
—E(ITu(r))dr < S +O<) .
J dt N1- N2

The above quantity is controlled on J as soon as F(Iu(t)) <1 for all ¢ € J (this is the long-time
Strichartz estimates). By doing so, we avoid loosing too many powers of N when summing over the
L = L(N) intervals where the L*-norm is small.

To conclude, we perform a double bootstrap on the modified energy £ combined with the modified
interaction Morawetz from Proposition 2.4.6, of type

4 2 2 o 2 2
]l avae S UmR bl + RVTwH) = TP Tu= I(uPa),
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where R is a remainder controlled thanks to the estimates on the commutator H and to the
probabilistic estimates for f«. Then, we bootstrap the following estimates:®

sup £(v)(t) < N7 / / |[Tu(t,)|* dtdz < MN'~7 .

teJ JxR3

Thanks to these a priori bounds, to the energy increment, to the modified interaction Morawetz and

to the probabilistic estimate discussed below, we are able to prove that these bounds holds up to T%.
Key probabilistic estimate. We discuss estimate (0.2.3). This is a consequence of a square function

decay estimate that reads as follows: for all § > 0, and all ug € H® radially-symmetric, there holds

@) (X 1Pl :

kez3

o [lwoll o (ms) -
Lge
This estimate is inspired from the stronger one used by Dodson, Lithrmann and Mendeslon [DLM19;
DLM20] in dimension four, to address the energy-critical case. It drastically improves the radial
Sobolev embedding,

Il fllzge < 1 lle s

which losses one derivative. The strategy consists in study the following oscillatory integral. Up
to changing the coordinates, we assume x = |z|(1,0,0) and we use spherical coordinates for the
frequency variable. It holds

P = [ [ g ([ i s(e(0,0.0) 5000 ) Tl .

~
oscillatory integral

Notice that the oscillatory integral does not depend on Uy, thanks to the radial-symmetry assumption.
Then, we use the frequency localization of the Fourier multiplier P;.;, on the unit-scale cube centered
around k, and we integrate by parts.

Next, as always when we estimate the moments of a random series, we have access to the
square function thanks to probabilistic decoupling (see Section 0.1.2 for the discussion on the
Paley-Zygmund’s theorem): for all 2 < p < oo,

p] % N ﬁ(; fpl;kuo(ﬂc)\z) 2

Then the probabilistic estimate (0.2.3) for the free Schrodinger evolution of Wiener randomization
of radial functions follows from the local smoothing effect and probabilistic decoupling.

w) Py iuo ()

Almost-sure asymptotic stability for small ground states In Chapter 3 we study the asymp-
totic stability of small ground states of the Nonlinear Schrédinger equation, in the presence of a
short range potential
(10 + A)u(t,z) = ( V(z) +  plu(t,o)? ult,x), (tr) e RxRE.
—— N——

external potential  nonlinear pertrubation

8Notice that we have a power of N. Understanding how to use the subcritical-scaling in H?, would enable
us to assume that £ < 1 and certainly lower the threshold for s .
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Under some spectral assumptions on the Schréodinger operator that ensure the existence of linear
bound states, the natural question is to study the persistence of these bound states under small
nonlinear Hamiltonian perturbations. In a concrete situation, the understanding of such a model
would allow to capture the stability of localized waves, emerging from the inhomogeneities of the
medium in which they propagate under the effect of nonlinear repulsive interactions. This model has
been studied by Soffer and Weinstein [SW90], where they described a multichannel nonlinear scatter-
ing mechanism, showing that the asymptotic behavior is given by a linear combination of a localized
standing wave, which is periodic in time, and a dispersive part that is radiative, respectively. At that
time, little was known about the stability of coherent solutions with nonlinear Hamiltonian perturba-
tions, for equations that are not integrable. In this sense, the result was very innovative. In particular,
they performed a rigorous and fruitful analysis of the so-called modulation equations discussed below.

The spectral assumptions on the Schrodinger operator H := —A + V are the following. First,
for simplicity, we assume that V is in the Schwartz class, but the result would persist under mild
decay and regularity assumptions. Then, we assume that —A 4+ V' has a unique simple eigenvalue
—ep < 0, with eigenfunction ¢g, and absolutely continuous spectrum on [0, 400). In addition, we
assume that there is no resonance at zero. This is a technical assumption that holds for a generic
choice of V. Then, the one-complex parameter family of bound state solutions

2 Q(z,z) e HER)
are obtained by a bifurcation argument from the linear ground states z e~ ¢, parametrized by
z € C. At fixed z, the nonlinear ground state () satisfies the elliptic equation

(A —Vi(x)+ \Q(z,x)|2)Q(z,a:) =E()Q(z,z), (z,xz)eCxR3,

where, at the vicinity of z = 0, there are some nonlinear corrections e and ¢ obtained from inversion
function theorem, such that

Q(z) =290 +q(2), E(z) =eo+e(z).

After contributions of Pillet and Wayne [PW97], revisiting the result of [SW90] with center stable
manifold technics from dynamical systems, Gustafson, Nakanishi and Tsai proved in [GNT04] that
asymptotic stability holds for any sufficiently small solution in the energy space H!(R3). Namely,
small solutions uniquely resolve into the sum of a modulated bound state and a radiative term that
scatters at infinity. Meanwhile, the modulation parameter converges to a fixed parameter. However,
since the effect of the external potential is negligible in small-time, local well-posedness holds up to
critical regularity s, = %, but there is no reason for the bound state to remain stable under rough
perturbations in H*® for % < s < 1. Similarly, what happens to the probabilistic flow, locally defined
in H® for some scaling-supercritical % <s < % ? The concern of Chapter 3 is to address these two
questions. Specifically, we consider random perturbations injected in the initial data, which are of
type
w0) =g+ f¢, wo€ H2, f¢e H*NRanP.(H),

where P.(H) denotes the projection onto the continuous spectral subspace. The initial data are

randomized according to the Wiener procedure (see Subsection 0.1.2), but they are adapted to the

linear inhomogeneous evolution e in the sense that the Fourier multipliers are replaced by distorted
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Fourier multipliers. Under these perturbations, we prove asymptotic stability for these random
perturbations, almost-surely with respect to the probability measure induced by the randomization.
As a consequence, we also answer the first question by taking fo = 0. We give here an informal
statement of the main theorem, and we refer to Chapter 3 for a more precise statement.

Theorem 0.2.5. Let % <s< % There exist 09 > 0 and a full-measure set ¥ in H*(R¥) such that

for all ug € H2 with norm less than do, and for all f§ € X, there exist € = ¢(w) > 0, for which the
Cauchy problem

{@at + A)Y(t,x) = pl(t, o) Pt e) + V()(t,z), (tz) € R xRS,
»(0) = ef$ +vo

admits a local solution under the form
Y(t,z) =ee ™M f8 Lo(t,x), wve C’(R,H%(Rg’)) .

Moreover, this solution extends globally in time, and resolves into the sum of a modulated ground
state and a radiative term:

¢(t7 l‘) = Q(Z(t)) + n(tv ZL‘) :
As time goes to infinity we have asymptotic stability in the sense that there exist z+ € C and final
states N+ € H3 such that

lim (1) exp(—i/o E(:(r)dr) = 25, lim [In(t) — e (ef& £ nu)l| 4 = 0.

1
t—+oo t—+oo H2

e As mentioned above, when fo = 0, Theorem 0.2.5 extends the deterministic result of [GNT04]
up to the critical regularity s = %

e This work was inspired by the contribution of Kenig and Mendelson presented in Section 0.1.2
for the energy critical wave equation, contributing to the understanding of the persistence of
coherent states under rough perturbations. As explained in Section 0.1.2, in the case of the
Schrodinger equation, some challenging difficulties appear. The most serious difficulty is that
the Duhamel integral term does not display any smoothing, and the linearized operator around
the ground states is not self-adjoint. Hence, considering small ground states is a reasonable
first step towards the goal of adapting the result of Kenig and Mendelson for Schrodinger
equations.

e The main novelty is the critical-weighted strategy, used for the first time in the context of
probabilistic well-posedness. We outline this strategy below.

Here are some of the key arguments in the proof.

Distorted Fourier transform and Wiener randomization. If one naively performs the standard
Da Prato-Debussche’s trick, and write ¢ = 4 f¢ + v, the nonlinear remainder solves

(10 + Ayv(t,z) = V(z)u(t,z) +|(t, )Yt ).

no better than f§’
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Instead, we pass the linear potential on the left-hand side of the equation, and we consider the
recentered solution around the inhomogeneous linear evolution of the randomized initial data

u=e "t fo 1y,
The Wiener randomization, however, does not commute with e?¥ compromising therefore the
probabilistic improvement of the Strichartz estimates. To overcome this issue, we follow [KM19]
and we adapt the randomization procedure to the inhomogeneous case by employing the distorted
Fourier transform in place of the free Fourier transform in order to define the unit-scale frequency
localization that is at the basis of the procedure. This transformation is a partial isometry from L2
onto the continuous spectral subspace Ran(P.), and it formally writes

Frf(€) ~ / @O f(x) de.

R?)

The generalized plane waves e(z, £) formally solve the Helmholtz equation
(A +V)e(&,) = [¢e(&, ),
with the Sommerfeld radiation condition
e(¢,2) — e =O0(lz| 1) .

Their construction is based upon the limiting absorption principle, and the study of such generalized
plane waves and of the associated distorted Fourier date back to the early works of [Ike60; Agm75].
We refer to the introduction of Chapter 3 for detailed exposition and references. Roughly speaking,
at the level of this present introduction, we should keep in mind that the linear theory of the Fourier
transform adapts without any major modification to the distorted Fourier transform, at least when
we assume no resonance at the bottom of the continuous spectrum. In our context, it is crucial to
ensure that the Fourier multiplier theorem holds true:

1_1
1FH (mFv) flee Sp B2 P lIfllz. p>2, suppm C E.

This is a key ingredient in the proof of the probabilistic Strichartz estimates from Proposition 0.1.5.
In addition, we mention that we use the LP-bound of the wave operator obtained by Yajima in a
seminal paper [Yaj95]

IWllLr—rr Sp 1.

We stress out that the use of the distorted Fourier transform in the randomization procedure is crucial
when we study the modulation equations and perform the critical weighted argument. Basically, the
adapted randomization procedure preserves the continuous spectral subspace and allows us to trace
the structure of the different terms during the evolution. However, the distorted plane waves do not

satisfy the group property
olé1w ibow _ ei(f1+§2)x _

For this reason, the nonlinear theory is more involved in the inhomogeneous case. For instance, the
bilinear Bourgain estimates should not be taken for granted in this case. Nevertheless, in contrast
to the study of the energy-critical wave equation addressed in [KM19], we do require such bilinear
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estimates to overcome the lack of smoothing of the Schrédinger evolution, and to obtain the desired
nonlinear probabilistic nonlinear smoothing effect.

Bilinear estimates for Schrodinger operators with a smooth potential. The subtle study of the
quadratic interactions of distorted plane waves has attracted a lot of interest recently. Basically,
the use of the deformed Fourier transform at the nonlinear level requires a fine analysis of certain
bilinear operators with singular kernels. We refer to [PS20] and the references therein for important
progresses in this direction. In Section 3.3.2 of Chapter 3, however, we consider the case when the
potential is, say, in the Schwarz class. In this case, we propose a proof of the bilinear estimate that
merely uses the LP-bounds on the wave operators, proving that

o o L _
(e AY) Peyug) (7A=Y Prr)vollnz, mxes) S NM 72 [|Psyuoll 2 o) | Parvoll 2 msy . (0-2.4)

where ]5K stands for the Littlewood-Paley multiplier associated with the functional calculus on
H. The overall strategy consists in reducing the inhomogeneous case, to the homogeneous case by
proceeding in two steps. First, we intertwine the Littlewood-Paley projectors with the distorted
ones. Specifically, we deduce from some semi-classical functional calculus that for all K, L with
K =2FL=2"|k—1 >3, and all every a > 0,

||PKP~L||L§—>L§C Semax{K,L} .

Thus, roughly speaking, we can replace the inhomogeneous projector Py by the flat Littlewood-Paley
projector Py in (0.2.4). Then, in order to reduce the matter to the flat Bourgain’s bilinear estimate
(0.1.3), we need to replace the inhomogeneous linear evolution e~ by the free one e To do so,
we put back the potential term in its place of a source term, at the right-hand-side of the equation.
Namely, given a dyadic number K, we write

t
P eAV) g = 2 Preug — Z/ =2 Py (v A=Y ug) dr .
0

—F(1)

Similarly,

t
P A7) gy = 2 Pryug — Z/ 8 Py (V e#A-V) UO) dr .
0

=G(t)

Then, after developing the product (PK et(A=V) uo) (PM et(A=V) vo), we are led to study the inter-
action of terms e™? Prug and F(t), with the terms e”® Prvg and G(t). Hence, we are reduced in
some sense to apply the bilinear estimate of Bourgain (0.1.3). This is enough to handle the free
linear evolutions e g, e® vy. However, to control the source terms F(t) and G(t) we also need
to use the local smoothing effect (0.1.4), and to exploit the localization of the external potential
V. Overall the analysis is a bit technical, but in essence it combines the bilinear with the local

smoothing effect in a suitable way.

Modulation equation. We adapt the framework developed in [GNT04] to settle the asymptotic
stability for small data in the energy space. Their key idea is to use a time-dependent orthogonality
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decomposition of the phase space, in order to cancel the terms of order one in the modulation
equation. Basically, they decouple the local solution into

U(t,x) = Qz(t), ) +1(2(t),x),  1(2) € He(2),

where the space H.(z) associated with the modulation parameter z encodes the time-dependent
orthogonality condition

He(z)={ne L? /Rg@n(x),ale(z,x)) dz = /Rs(in(x),@QQ(z,x»dx =0}.

Thanks to this time-dependent orthogonality condition, they are able to control the projection
onto the continuous spectrum of the nonlinear radiative interactions, by merely using the endpoint
Strichartz estimate LZL5. As a consequence, they removed the weights assumptions made in [SW90;
PW97].

In our setting, on the other hand, we have to use the local smoothing estimate since we cannot
obtain nonlinear probabilistic smoothing for the linear term Q%v. The ansatz is as follows. From the
continuous spectral comparison stated in Lemma 3.5.4 it suffices to control the continuous spectral
component of the solution. To achieve such a goal, we decompose the local solution into

Y(t,x) = Q(2(t), ) + n(t,x) = Q(2(t),z) + R(2(t)) (v + e "7 f5),
where R(z) is the isometry from RanP. to H.(z), and
v(t,x) = Po(H)n(t,x) —e " f& ¢ RanP.(H).

By doing so, we expect nonlinear probabilistic smoothing effect, so that v is in H 3. Tt satisfies the
dispersive equation

o+ A~V =puin( - D.Qi o+ QiR)
— N————
:=f, nonlinear, decay in time :=g, localized

v(0) =0.

The main difficulty is to simultaneously control in critical spaces the higher order stochastic terms,
collected in f, and the lower order localized terms, collected in g. To achieve this, we proposed a
critical-weighted approach, inspired from the work of [KM12] for KAV equation which is, to the
best of our knowledge, the only work in the spirit of Chapter 3 addressing asymptotic stability by
employing critical spaces based upon U? and V2.

The critical weighted strategy. In order to encapsulate the probabilistic nonlinear smoothing effect
and the linear local smoothing effect under the same norm, we do a continuity argument in the
intersection of the two relevant spaces: given a time-interval J, possibly unbounded, we set

X(J) = VA(J; H2(R*) n L3(J; HY 3 (RY)).

The space VI% is the space of bounded 2-variation, and is close to the critical space used in [BOP19a]
to prove almost-sure global existence and scattering for scaling- supercritical NLS with small initial
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data. We refer to Section 4 in Chapter 3 for some discussions on U? and V? spaces.” Second, the
weighed space captures the local-smoothing estimate. Given & > 0 arbitrarily small, the norm writes

1
2
el o g5y = A TPV u(t @) Pat )
Lt(JH ) J RvS
’ X

By suitably combining the transference principle in U? with the local smoothing estimate and the
duality between U? and V2, we end up with the key estimate
1 —
+ vl lvoll 3 + Sup/N'2 1Z(t, Pn f)l| prrz, + IIQIILQ(J
t

1 .
2,§+5

<
1
L3 (HY T2 Ly 27

Here, 7 denotes the Duhamel integral term. The rest of the proof consists in proving uniform a
priori estimates on each term in the modulation equation, and to perform a continuity argument.

Over the long term, it would be of great interest to obtain a similar result outside the small data
regime. In such a situation, the large ground states are not perturbations anymore. Instead, one
would have to absorb them to the linear operator and revisit the analysis with some matrix-operators.

A perspective: almost-sure modified scattering Let us now consider the general defocus-
ing Schrodinger equation, for some power p > 1

u(0,x) = up(x), (NLS,)

{i@tu(t,x) + Au(t,z) = |ult, )P lu(t, z), (t,z) € R x Re,
If p is larger than a certain threshold p*, depending on the dimension d, the nonlinear interaction is
short range and there is scattering. However, when p = p*, the solution keeps exhibiting long range
effects, and we expect scattering but with a logarithmic-in-time phase correction. Such a modified
scattering result holds in the small data regime, for solutions with decaying assumptions. It is a
great challenge to widen our understanding of this phenomenon outside the small and decaying
data regime. In this perspective, it would be meaningful to establish modified scattering on generic
sets of large initial data. A good model for this is the nonlinear Schrédinger equation on the line,
where p* = 3. Indeed, for the cubic Schrodinger equation on the line, Burq and Thomann [BT20)]
recently evidenced the quasi-invariance of the nonlinear flow solution of (NLS,) for any p > 1, with
respect to some measures supported on a dense subset of H ¢(R), where ¢ > 0 is arbitrarily small.
Moreover, they proved almost-sure scattering for short-range interactions, i.e. when p > 3. In the
cubic case, when p = p* = 3, the interaction is long-range, and NLS displays modified scattering
for any small and decaying initial data in the energy space H'(R) [KP11; HN9S8]. In a future work
with N. Burq we would like to extend this result almost-surely to the probabilistic flow constructed
in [BT20]. The main difficulty is the presence of stochastic forcing terms that do not decay in time,
and that rule out the strategy of [KP11; HN98|. Instead, one would have to absorb these terms in
the effective dynamics, and to proceed as in [Han+13].

9In this argument, we use V2 instead of U? for subtle technical reasons. From Proposition 3.4.12, the
weighted space continuously embeds into U2, and therefore, by duality, it is the V2-norm of the Duhamel
term that captures the local smoothing effect. However, it is not clear that doing things the other way around
would work.
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0.2.3 Probabilistic Cauchy theory for weakly dispersive equations

There has been a rich activity on the qualitative behavior of solutions to nonlinear evolution
equations with weak dispersion. Examples are the half-wave equation [Pocl1; Gér+18a], the Szegd
equation [GG10; GGI12b], the Schrodinger equation on compact manifold [BGT05a] or on the
Heisenberg group [Gér06; Gas21a], where there is a lack of dispersion in one direction, the fractional
Schrodinger equation [FL13; GPH15; ST20c¢|, Kadomtsev-Petviashvili equations [HHK09] and many
other models. In general, it is very challenging to solve the Cauchy problem for these equations at
low regularity. The reason being that in such contexts, the lack of dispersion is materialized by some
loss of derivatives in the Strichartz estimates (0.1.2). In some special cases where the Hamiltonian
equation is completely integrable, which means that it has a Lax Pair structure providing infinite
conservation laws, methods from integrable systems are substituted for the analytical perturbative
approach to study Cauchy theory and long-time dynamics. Although beyond the scope of this thesis,
let us mention the recent result of Bahouri and Perelman [BP20], proving the global well-posedness of
the one-dimensional derivative NLS by combining analytical techniques, such as profile decomposition,
with techniques from integrable systems. Recently [Har+22] proved global well-posedness in L2,
where the flow-map is not uniformly continuous.

When the weakly dispersive equation is neither completely integrable nor semilinearly well-posed,
it is relevant to develop a random data Cauchy theory inspired from quasilinear resolution schemes.
Indeed, to run the probabilistic semilinear resolution scheme & la Bourgain one needs to combine the
Paley-Zygmund observation from Theorem (0.1.2) with dispersive effects as in (0.1.3), (0.1.4), in
order to exhibit probabilistic nonlinear smoothing that may not be sufficient in quasilinear regimes.'®
The two articles presented in this section illustrate this point.

Refined probabilistic well-posedness for NLS half-wave equation joint work with L. Gassot
and S. Ibrahim [CGI22]. In the perspective of studying weakly dispersive equations, we consider the
Schrédinger half-wave equation with a power-type nonlinearity: for 4 € R, and (t,z,y) € R*2,

{mtu + (000 = IDyl)u = plufPu,  with [Dy[u(,n) = Infa(, ). (NLS-HW)

Ut=0 = UQ ,

In this anisotropic model'!, we have a Schrédinger equation in the a-direction, and a half-wave
equation in the y-direction, respectively. Hence, in certain regimes with low frequency in the z-
direction, and high frequencies in the y-direction, the transport dominates and there is no dispersion.
As discussed at the end of this section, the long-time dynamics of smooth solutions to (NLS-HW) is
quite rich (see [Xul7; BIK20; BIK21]), despite the fact that the Cauchy theory for this equation is
poorly understood. To investigate the Cauchy theory for (NLS-HW) we measure the regularity in
the scale of the anisotropic Sobolev spaces:

H*(R?) = LZH;(R*) N HZ*LZ(R?).

10 Another strategy, used by [GL21] for the Grushin Laplacian, would be to cook up a randomization
procedure that penalizes some problematic features of the equation, and to remove therefore the singular
interactions.

"1 The study of such a model is rather driven by the mathematical analysis of weakly dispersive equations
with anisotropy. Let us note however that (NLS-HW) can be seen as a special case of the fractional
Ginzburg-Laudau equation in media with fractal properties [Tar06].
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The natural choice of these space is dictated by the Hamiltonian structure of the equation and by
the invariance of the equation under the scaling symmetry

u = up(t,z,y) = M (N2t da, A2y) .

In particular, the critical exponent associated with the natural scaling symmetry of the equation is
Se = %. The conserved energy is
1 v

1
H(U)=/ | Dou(z, y)|* + || Dy[2ulz, y)I* + / Ju(z,y)|* de dy,
2 R2 4 R2

Local well-posedness holds at regularities s > % This was proved in [BIK20] from a fixed-point
argument and Strichartz estimates with derivative loss. However, to the best of our knowledge, a
satisfactory Cauchy theory in the energy space and below has not been established yet. The energy
space corresponds to the endpoint s = %, and there are severe obstructions to settle a Cauchy theory
in this space. These obstructions are raised in the introduction of Chapter 4, where we suggest
adopting a rather sophisticated functional framework, used to tackle similar critical problems as
in [BH16] for instance.

At scaling-supercritical regularities 0 < s < %, equation (NLS-HW) is ill-posed. More specifically,
we have norm-inflation (see [Kat21]), in a very strong sense. Indeed, the pathological set construction
from Chapter 1, which is quite flexible, can be easily adapted here. Furthermore, we prove in
Chapter 4 that the solution map is not of regularity C> when % <s< % As a consequence, the
equation is semi-linearly ill-posed, and we have no hope to solve the Cauchy problem by performing
a fixed point argument. We have to search for other types of solutions, obtained by a quasilinear
scheme, a probabilistic method or in a Fourier-Lebesgue space (see [Griill] for instance).

We prove almost-sure local well-posedness for (NLS-HW) by adapting the refined probabilistic
ansatz of [Bri2l], in the spirit of the informal Theorem 0.1.6. In doing so, we indicate that such
a probabilistic method can overcome the lack of dispersion, and that it could be adapted to other
weakly dispersive models in order to generate a statistical ensemble of initial data leading to strong
solutions, when semi-linear well-posedness does not hold. For instance, [Oh11b] evidenced singular
interactions for models such as Szegd or KdV, that we are very confident to overcome by the
paracontrolled approach used in the present paper.

In addition, the results from Chapter 4 precise the Cauchy theory for (NLS-HW), summarized
in figure 0.2.3.

- Weak dispersion and lack of nonlinear smoothing. Due to the absence of dispersion in the
Half-wave direction, the linear evolution does not gain integrability, and we need to trade regularity
against integrability. This is materialized by the Strichartz estimates with derivative loss, used
in [BIK20] to prove local well-posedness strictly above the energy space. The proof follows from
applying the Bernstein estimate in the y-direction, and the one-dimensional Strichartz estimate in
the z-direction.

Proposition 0.2.6 (Strichartz estimate for Schrodinger half-wave equation). Let (p,q) be a
Schrédinger admissible pair in one dimension. For all fo € Li,y(R2), if there exists a set E
with finite Lebesgue measure such that

supp fy—me g Ea
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N,
Nl

L H H y H
Norm-inflation [Kat21] BGTO05al Local well-posedness [BIK20)]

Figure 3: Cauchy theory for equation (NLS-HW) in the scale of Sobolev spaces.

then o -
Hezt(azz_lDyD fOHLng,y < !E!T;HfOHLg,y- (0.2.5)

In particular, we deduce from a Littlewood Paley decomposition that

. 2 1
| 0D follpapee S 1Dy 15 oz,

The probabilistic method can overcome this loss of derivative in the Strichartz estimates. Indeed,
if we consider the Wiener randomization in the y-direction (see figure 4.2), which basically consists
in superimposing unit-scale frequency localized initial data, decoupled by normalized independent
Gaussian variables, one can easily show that the Strichartz estimates for the one-dimensional
NLS hold almost-surely, without any derivative loss. Note, however, that we have no dispersive
regularization effect, such as local smoothing or bilinear estimates in the spirit of (0.1.3) or (0.1.4),
respectively. As a consequence, the second Picard’s iteration has the same regularity as the initial
data. To see this, we observe that the Duhamel integral of high-low-low type frequency interactions
of a function localized at frequencies < 1 in the x-direction, is essentially the transport of the high
frequency component in the y-direction. See (4.1) for a more precise statement. This phenomenon
must be compared with Bringmann’s observation for the derivative wave equation in [Bri21], discussed
in Section 0.1.2. As a consequence, we follow [Bri21] and we use a refined probabilistic ansatz to
prove almost-sure local well-posedness below the deterministic semi-linear threshold, for some s < %
The statement of our main theorem is as follows. Given a function fy € L?(R?), we associate a
random function obtained by the Wiener randomization

fo = ng(w)fo(k‘) , folk) = P fo= (}—y»n)_l(#’(ﬁ — k)Fyn(fo)) (0.2.6)
keZ

where (gy) is a sequence of independent mean zero complex standard Gaussian variables, Pj.j is

defined from a partition of unity ¢ € C°(R, [0, 1]) supported in [—3, 3] as in Figure 4.2. Given n >0

and N = 2", we define the projection Qx f§’ onto the frequencies localized around N as

Pify = go@)Rof(0), Pnfy= Y aelw)fo(k), P<nf*= Y Quff.

S<|kl<N M<N

Theorem 0.2.7 (Probabilistic local well-posedness). Let s € (13/28,1/2], and fo € H®. There exist
Ty > 0 and a sequence (up)n>1 € C([=To, To]; H*)N converging in expectation to a limiting object
denoted u
: 2
nlg]goE [t =l T o0 o134 | = O (0.2.7)

i such a way that, almost-surely in w € €2, there exists T% > 0 such that for alln € N, u, and u
exist in C([—T,T*]; H®) and solve (NLS-HW) with initial data P<, f§ and f§, respectively.
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A common feature of the derivative wave equation studied by Bringmann in [Bri21] shared by
the Cauchy problem addressed here and many other weakly dispersive problems is that the second
Picard’s iteration of a randomized data does not data does not become smoother.!? Let us comment
Theorem 0.2.7.

In [Bri21], the presence of a derivative in the nonlinearity rules out the possibility of merely
employing the recentering method of Bourgain v = S(t) f§’ + v to prove probabilistic well-
posedness. Indeed, the derivative counteracts the gain of one derivative in the Duhamel
formula for the linear wave equation. In the absence of bilinear estimates, this gain of one
derivative is a key ingredient to show that v is smoother than f§', and to prove probabilistic
well-posedness for wave-type equations. For equation (NLS-HW), however, the derivative loss
comes from the lack of dispersion in the linear part of the equation. We are convinced that
the refined probabilistic ansatz should be adapted to many weakly dispersive equations that
are semi-linearly ill-posed, such as the Szeg6 equation [Oh11b].

For wave-type equations (see for instance [DLM20; Bri21; Spi22]), the probabilistic Strichartz
estimate for Wiener randomized initial data are refinements of the Klainerman-Tataru disper-
sive estimate from A.66 in [KT99]. For Schrédinger type equations, however, we just combine
unit-scale Bernstein estimates with the Strichartz estimates.

In contrast with the usual probabilistic Cauchy theory, the convergence does not hold pathwise
in w € Q, but in L?(Q). The reason being that we need to perform multiple contraction
mapping arguments (one at each step n in the iteration scheme). Instead, we use the truncation
method of De Bouard and Debussche discussed in the next paragraph.

In the iteration scheme, we need to ensure frequency localization of the terms involved. This
requires to make slight modifications in the framework of [Bri21]. Namely, in the absence
of a convenient conserved energy, we use the conservation of the mass (which is not true
for wave-type equations) to prove the almost frequency localization of the adapted linear at
frequencies ~ N. Moreover, we replace the Gronwall arguments by using the TT™ Strichartz
estimates.

Since the standard Strichartz estimates for the one-dimensional free Schrédinger evolution
provide control of the L3°(R), we only need to consider randomized initial data in the
y-direction, as in Figure 4.2. Hence, our result actually holds in L%H;

Unfortunately, our result does not cover the whole range % <5< %, where the equation
is quasi-linear. This would require to remove other bad frequency interactions from the
second Picard’s iteration, such as FY P nvuy—1up—1, but this would deteriorate the frequency
structure of F¥, ruling out the probabilistic Strichartz estimates. One possibility to lower the

regularity threshold can be to adapt the random-tensors approach, developed in [DNY22].

In Theorem 0.2.7, we give a different formulation of the result obtained from the paracontrolled
approach by Bringmann in [Bri21]. Indeed, we emphasize that the solution is defined as the

2By randomized initial data we suggest that the associated measure in H® is not degenerate. Indeed, there
exist randomization procedures that allow one to gain derivatives in LP-spaces, and this is not what we want

here.
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limit of the smooth solutions with frequency-truncated data 3. This is to put in perspective
with the informal Theorem 0.1.1, and with the situation described in Chapter 1. Besides,
we explain how to easily adapt to (NLS-HW) the result of Chapter 1 on the existence of a
pathological set of inflating data for NLS.

- The iteration scheme and the paracontrolled approach.1 Take n > 1, and set N = 2". We
know from [BIK20] that (NLS-HW) is locally well-posed in H2*. In particular, the smooth solution
initiated from the truncated initial data

(10 + B2z — [Dy|)un = prluin[*un ,
un(0) = Q<n f§

exists and is unique in C([-T, T},’l—[%+), given a certain time 7' > 0 depending on w and on n. Our
goal is to prove the convergence of (uy) in C([—Tp, Tp), H®), for sy < s < 3 and a uniform time Tp.
To achieve this goal, we consider the increment v, = u, — u,_1, solution of

(iat + 81’90 - |Dy|)vn = M|vn + un—l‘Q(U’rL + Un—l) - H|Un—1|2un—l s
Un(o) - QNfS}a

As explained above, the standard probabilistic method fails due to high-low-low-type interactions.
Instead of merely employing the recentering method from Bourgain around the linear evolution, we
introduce the adapted linear evolution F’. Dropping the complex conjugate from the notation, it
solves

{ (04 + 02, — D) Fyi = pFy: (Penun—)?, 0258)

F(0) = Qnfg -

Here, 0 < v < 1is a parameter to be adjusted to minimize the regularity s, and P<y~ is the frequency
cutoff in the y-direction. The adapted linear evolution F;’ encapsulates the bad interactions, and
solves a linear equation with the high frequency initial data, multiplied by the low frequency
components of the solution constructed at the previous steps of the iteration. Note that the potential
(P< N+Un_1)? is measurable in the sigma algebra generated by { gk k| < %N } As a consequence,
they are independent of the sigma algebra generated by { 9k | %N < |kl <N } Then, we use the
linearity of (0.2.8) together with the random structure (0.2.6) of the initial data, to decompose

Fy= > gu(w)Fog,
S <lkl<N

where F, i, solves (0.2.8) with initial data Pi.; fo. Using the frequency localization of the potential
in (0.2.8) and the Strichartz estimate (0.2.5), we obtain a probabilistic Strichartz estimate for each
F, 1, losing N 3 derivatives in y to control the Lf}L;"’y instead of Nz. Next, we use the aforementioned
probabilistic independence between the high-frequency initial data and the low-frequency potential

138till, we only prove this convergence for dyadic truncation, and it is not easy to generalize this convergence
for any truncation. Sun and Tzvetkov did it in [ST21].
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in order to transfer the probabilistic Strichartz estimate from the individual F}, j, to the adapted
linear evolution F¥. This is in the spirit of the proof of the Paley Zygmund theorem, but with a
conditioning on the sigma algebra F,,_1). With these probabilistic Strichartz estimates at hand, we
decompose

vp = EFY 4wy,

where w,, satisfies

(mt + 8%9& - ’Dy’)wn = p|Fy +wy, + UTL—1|2(F;Lu + wp + Uup-1)

— pilun—1[Pun—1 — pFy (P<nvun-1)?,

with zero initial condition. Since the worst nonlinear interactions are removed from the above
equation, we expect some nonlinear smoothing to occur for w,. Specifically, we run a contraction
mapping argument on w,, at regularity #" smoother than the deterministic threshold (v > %) There
are two main ingredients.

First, we need to use the truncation method from De Bouard and Debussche [BD99]. The
reason being that, in contrast with the standard probabilistic Cauchy theory, we need to do the
contraction mapping argument at each step n, so that the time of existence might not be in uniform
in n. Instead, we do the contraction-mapping argument for wy, in a LI LYL% -type space, on a
fixed time-interval, not depending on n. However, since there is no smoothing in L], one needs to
truncate the nonlinearity. The truncation is subsequently removed, by implementing some a priori
estimates for the relevant norms of (wy,), on a uniform time-interval. We refer to Section 3 in [Bri21],
to [BD99] and to Chapter 4 for a precise description of the truncation method.

Second, we prove some paracontrolled trilinear estimates on the nonlinear remainder w,, in
suitable functional spaces that encode the frequency localizations. Specifically, Fi¥ and w,, have to
be localized at high frequencies of size ~ N. Roughly speaking, the general strategy consists in
putting the stochastic terms F¥ in L® in order to benefit from the refined probabilistic Strichartz
estimates. Surprisingly, one must also proceed in this way in some cases when £ has the highest
frequency. The reason being that the rough linear evolution F}¥ has more derivatives in L*° than
wy,. This is a consequence of the nice probabilistic structure of F}¥, and of the frequency localization
of the unit blocks F, ;. As explained below, however, this only holds in small-time, and it makes
it even more difficult to iterate the local well-posedness result to extend the solutions globally in time.

- Comments on the globalization of this refined probabilistic flow. Unfortunately, we are not able
to extend the solutions globally in time, say in the defocusing case (1 > 0). Understanding the
long-time behavior of the probabilistic solutions to (NLS-HW) obtained in Theorem 0.2.7, would be
significant progress. In the presence of an invariant Gibbs measure, Deng, Nahmod and Yue [DNY19],
and Sun and Tzvetkov [ST21] used the so-called Bourgain globalization argument to extend the
local solution obtained by the paracontrolled strategy globally in time. Without any invariant, or
quasi-invariant measure, however, we are not able yet to iterate the local well-posedness result.
This is in sharp contrast with the standard linear-nonlinear probabilistic ansatz, as a discussion
from paragraph 0.1.3 attests. Let us briefly discuss the main obstructions to iterate the local
well-posedness result. First, at each step n of the recurrence, the adapted linear evolution F¥ has
better L properties than the nonlinear term w;,, (in the y-variable, the adapted linear evolution is
in Wo(R,), whereas wy, is in W?®(R,) for some ¢ < o', respectively). In [ST20b], the authors
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faced a similar issue where the nonlinear remainder is not in the same space as the rough linear
evolution that is controlled in some Fourier-Lebesgue spaces. They used summed spaces to overcome
this difficulty. In our case, however, the linear rough evolution has more derivatives in L than the
nonlinear remainder term has, even if the latter is smoother in the scale of Sobolev spaces. More
importantly, as time progresses, the frequency components intermingle so that the key frequency
localization of the unit blocks F}, ; and the random structure of F}Y have no reason to persist in
long-time. Finally, let us point out that the deterministic Cauchy theory for (NLS-HW) is poorly
understood, especially in long-time. For instance, we do not know yet if the smooth solutions extend
globally in time.

- Perspectives: long-time dynamics. It is also of interest to study the long-time dynamics
of (NLS-HW), at least for smooth solutions. In the defocusing case, we expect modified scattering
as in [Xul7], but with different asymptotic effective dynamics. Meanwhile, for (NLS-HW) on the
waveguide R, x T, with a focusing nonlinearity, there exists a family of ground state traveling waves.
In [BIK21], the authors characterized the ground states u = e Q,, at low frequency w, and proved
that the traveling waves only depend on the z-variable, and correspond to the NLS line solitons.
Then, they establish orbital stability properties, and prove transversal instability at high frequencies.
Changing the geometry and considering the wave-guide T, x R, we expect to obtain similar results,
but using the relevant family of half-wave traveling waves, that are characterized in [Gér+18b].
Specifically, at high frequencies we expect transverse instability, together with a possible bifurcation
at the stability threshold.

Almost-sure well-posedness for NLS on S? (joint work with N.Burq, M. Latocca, C. Sun and
N. Tzvetkov)

In an effort to understand the effect of the background geometry on the dynamics of nonlinear
Schrodinger equations, Burq Gérard and Tzvetkov proved in a series of works [BGT02; BGT04;
BGT05b; BGT05a; BGT10] that the Cauchy problem for the cubic Schrédinger equation on the
two-dimensional sphere S? is semi-linearly well-posed in H*(S?) if an only if s > % (see also [Ban04]).
As a consequence, the gap to bridge between the deterministic threshold and the space where
the corresponding Gibbs measure lives, which is H°~(S?), is significant. It is therefore extremely
challenging to obtain the counterpart on the sphere S? to the celebrated result of Bourgain [Bou96]
on the two-dimensional torus T?. Still, setting up a probabilistic Cauchy theory just below the
deterministic threshold s = i is yet to be done. Let us briefly discuss the difficulties. The
most important one is the degeneracy of the spherical harmonics. Namely, given the energy level
A2 = n(n+1), the multiplicity of the corresponding eigenspace, generated by the spherical harmonics
of degree n, is of dimension 2n 4+ 1. Moreover, some spherical harmonics exhibit concentration
around the geodesics of the sphere, which is not the case for the plane waves e/ on the torus. Last
but not least, and in sharp contrast with the case of the torus, high-low-type frequency interactions
can generate low frequencies.

To initiate the study of NLS on S?, we obtained a preliminary result by isolating the worst
singular interaction, and proving that the Wick-ordering cubic Schrodinger equation posed on S?
with random data is still quasilinear. Namely, the first nontrivial Picard’s iteration has no better
regularity than the randomized initial data.

Before diving into the probabilistic problem, let us mention the result of [BGT10]. It describes
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the nonlinear character of NLS on S? by considering H*(S?)-normalized sequences (uy,,) in H'(S?)
that are oscillatory in the sense that

_1-s
lim [lugl[z2 =0, [[Vuplle < C”Un||L2 °.

n—oo
The oscillations are all the more important when n is large. When s < %, and in the asymptotic
regime n — oo, [BGT10] proved that the nonlinear evolution of strongly oscillating data (u,) is not
well approximated by their linear evolution:

Jim " (6) = e - = 0,

if and only if s > i. For the two-dimensional torus, however, the above convergence holds up to
s > 0. This result indicates that the high oscillations are not linearly propagated, and it strongly
suggests that a semilinear scheme is not appropriate. To exhibit the instabilities, Burq Gérard and
Tzvetkov considered stationary solutions that are nonlinear versions of the spherical harmonics with
the highest weight that concentrate on a great circle. In Chapter 5, we also use these spherical
harmonics to prove that a probabilistic semilinear approach fails.

We need to introduce some notations and basic properties of the spherical harmonics, and we
refer to the book [SW71] for interesting results and discussions on spherical harmonics through the
perspective of harmonic analysis. We write (Y, x)1<p k|<n the canonical orthonormal basis of L?(S?)
made of spherical harmonics, defined in spherical coordinates by

Yok (0, 9) = e Ly, i (cos(6)),
where L,, j, is the associated Legendre function of degree n and order k. They satisfy
—Ag2Y,p=n(n+1)Y, .
For n > 1, we write

M =n(n+1), then'™ energy level, of multilplicity [n] := 2n + 1.

n

We keep in mind that for large n, we have A\, ~ [n] ~ n up to an insignificant multiplicative constant.
The space of spherical harmonics of degree n writes

E,, = span {Yn,k k| < n} , and m, := ker(—Asz — )\% Id) )
It is important to observe that F,, is invariant under the isometries of R3. As a result,

> Yar(@)P =[n], forallzes?, (0.2.9)
|k|<n

up to a normalization constant that does not depend on n. To see this, we observe that the integral
kernel of the operator 7, is
Kn(z,y) = Z Yn,k’(x)yn,k(y)-

|k|<n
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Since E, is invariant under the isometries, we have that for all R € O3, and for all z,y € S?,
Kn(z,R™'y) = Ku(z,y) -

Since the rotations act transitively on S?, we see that the quantity K,(x,z) is constant on SZ2.
Then (0.2.9) follows by integrating over S2. To finish with the notations, and to give some meaning
to the mass of an initial data on the support of the Gibbs measure, which is below L?(S?), we need
to introduce a truncation at a large frequency N, and we set

Iy =Y, Py =Ty —1Tly .
n<N

Let us now set up the probabilistic framework. We fix o € [% , %), and a sequence of independent

normalized Gaussian variables with complex values (gn,k)lgn,|k|§n. We set,

=3 S ey In (0 #(z). (0.2.10)
AQ ]

1<n "M |k|<n

The above series converges in L?(Q; H 0‘717(82)), so that ¢% lives in HY~ (SQ)) almost-surely.
When a = 1 , the initial data is distributed according to the Gibbs measure associated with the
Hamlltoman equatlon NLS, as in the case of the torus (see Section 0.1.3 for discussion on Gibbs

measures). However, the deterministic threshold is H T (S?). The Wick-ordering Schrédinger equation
with a cubic nonlinearity reads

{z@tu + Au = (]u\z — QHUHLz 52) ) (t,r) € R x s?. (NLSw)

(0) =¢*,
Passing from (NLS) to (NLSy) amounts to do the gauge transformation
o(t) = Q2itlu®)l7 2 u(t),
and to use the mass conservation. Our result states as follows.

Theorem 0.2.8 (Lack of regularization of the second Picard’s iteration, [Bur+22]). Let a > %, and

RS Ha7%7(82) be the randomized initial data as in (0.3.2). There exist n > 0, Ng > 0 such that
for every N > Ny and t,

< i(t—T)A ITA W 2
o) < E[| [ D8 muN ity e ) arl?,

where N denotes the nonlinear term of the Wick-ordering cubic (NLSyy).
Let us briefly comment this statement.

e As N goes to infinity, we see that the quadratic moment of the H C“_%(SQ)—norm of the
second Picard’s iteration of ¢* has a log(/N) divergence. Since the induced measure lives in

H ‘F%*(S%, this shows that there is no probabilistic regularizing effect.
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e For technical reasons, we could not prove that the divergence occurs almost-surely in w.
It is not clear whether there exists an elementary proof of this fact that does not rely on
sophisticated tools from stochastic analysis.

e In sharp contrast, the second Picard’s iteration on T? gains % derivatives. This is also true in
the case of irrational tori, and we give a self-contain proof of this result, which was previously
proved in the analysis of [Fan+21].

We now outline the proof of Theorem 0.3.3, and see how to exhibit one singular interaction that
causes the obstruction. For convenience, we do as if [n] = A\, = n.

- Exploiting some properties of the Gaussian spherical harmonics. We shall essentially use two
important properties of (e%),>1. The first one is that

E[le2(z)]?] =1 forallx e S%.

This follows from (0.2.9):

E[|le()]?] =E | - o) G (@)Y (2) Vo ()
[TL] k,k'=—n
1
= LS ya@P =1,
] =

where we used that (gn7k)|k|§n are independent normalized Gaussian variables. Besides, as a
consequence of the orthogonality of the spherical harmonics (Y}, x)|xj<n, We have that

E [lles 3z | = 1-

Subsequently, the expectation of the renormalized potential in the nonlinearity (NLSy) applied to
the term ey vanishes pointwise in z:

E [[eﬁ(x)P - He‘ﬁ”%g(sg)} =0 forallzeS?. (0.2.11)

In sharp contrast with the case of the torus, however, the above estimate does not hold pointwise in
w.'* By the way, we point out that a key feature is that the law induced by e¥ is invariant under the
action of the rotations that act transitively on S?. Then, in the spirit of Paley-Zygmund’s theorem,
Gaussian spherical harmonics have better integrability properties than expected by the Sobolev
embedding. For 2 < ¢ < 400 arbitrarily large, there exists C; > 0 such that for all n,

lenllzas2y < Cq  as..

Once again, this follows from (0.2.9). We refer to [BL14] for general study of such a probabilistic gain
of integrability on the sphere. To put this in perspective, we note that a given spherical harmonic

14This is a major obstruction in the probabilistic Cauchy theory, and we need to better understand the
random structure of the colored terms in order to go all the way down to the support of the Gibbs measure.
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can have its L°-norm of size ~ n. To give a simple example, we can think of the zonal spherical
harmonic (see e.g. [Ste70; BGT02]).

- Dissociating the different regimes. Let us now isolate a singular interaction. We formally
decompose the nonlinearity NV (u) := (Ju|? — 2||ul|?,)u into three different regimes:

Ni(u) = Z Ty UTt g Ul U

n1,n2,n3
na#ny ,n3

No(u) =2 3 (Imngul? = Iyl 22gay) mr

ni,n2
na#ny

N3(u) = Z ‘ﬂ—nlu’zﬂmu - QZ H7rn1u”%27rmu'
ni ni
Given a time ¢ > 0 and a function F' € C([0,t], L?(S?) , we denote the Duhamel integral term as
t
I(t,F)= / et=mA2 p(r)dr,
0

so that given a large N, the truncated first nontrivial Picard’s iteration is

uly (1) == ™ 6% + T, TN (2 ¢%)) .

where
N o
tA W _ WA W —itn? ©n
" PN (t) =My e s ¥ = E e vy
n=1

is the truncated free Schrodinger evolution of ¢“. With these notations at hand, we write
I:= I(t,HN./\/‘l((Z)(X/)) , II:= I(t,HNNQ(gﬁUj\]/)) , I := I(t,HNNg(gﬁfV)) .

The singular interaction we study in Chapter 5 is II. Note, however, that the term I contains a
singular interaction as well. Nevertheless, we prove from probabilistic independence of the Gaussian
variable (g, ) that

E[(I[1)g] = E[(I | I)g] =0,

so that the two singular interactions cannot cancel each other, and

B[ |a(se) | — E [I 10 a(ea) | < B [IZCE VA (95072

As for the third interaction III, we easily prove that it gains one derivative. As a consequence, the
contribution of this term is uniformly bounded with respect to N, so that it suffices to obtain a
logarithmic divergence for the contribution of the singular interaction II.

- Estimating from below the contribution of the singular interaction. From probabilistic indepen-
dence and (0.2.11), combined with the orthogonality of the spherical harmonics of different degrees,
we obtain the lower bound

2]

B[] 2t Y B

2<n<N
[kl <n

(G = e ) a0 oo
SQ




52 CHAPTER 0. INTRODUCTION

Thus, we are reduced to prove that there is 7 > 0 such that for every n sufficiently large

2
1 et @I = e aen) W@ do(a) ] > m. (0.2.12)

First, we observe that up to a normalization constant,

ef (x) = g1,1(w)B(w1 +ix2) + g11(w) Y10+ 9-1,1(w)Y 11,

where 8 > 1 is a normalization constant. By taking w in the set of positive measure
Sea={w e : |ga)] >4, |goW)l<e, lg-11(W) <e},

for some suitable choice of ¢ < 1 and A > 0, we obtain

e ()7 = [l 172 g2) = lg1,1(w)[*(B(1 — 23) — 1) + O(e) ,
Next, we observe that in (0.2.12), the summands are all the larger as the spherical harmonics Y, ;, are
concentrated on the equator. Indeed, the function 3%(1 — a:%) — 1 concentrates its mass in the region
|zs| < 1. Subsequently, our key ingredient is a quantitative estimate that measures the number of
spherical harmonics concentrated on the equator, in the semiclassical regime. Roughly speaking, we
prove that o< n spherical harmonics with the highest weight |k| concentrate on the equator. This
yields the lower bound (0.2.12), which is sufficient to evidence the logarithmic divergence.

- Obtaining quantitative concentration estimates for a number of spherical harmonics. Take
0 < d < 1, and n large enough. The key quantitative estimate reads

1 I
Hl\zg\>25Yn,kHL2(S2) 55 — for all k with 1—0%n < |/€’ <n.
n

We sketch the proof, written in Section 5.3. Recall that in spherical coordinates the spherical
harmonics write

Yn,k(ea (p) = elk@ Un,k(a) :
Notice, however, that the spherical coordinates are singular at the poles. To overcome this issue,
and to be able to use semiclassical functional calculus, we apply a pseudo-conformal transformation
in order to send the singularities at infinity. Specifically, the map

y = arctanh(cos(f)) .

is a C°°-diffeomorphism from (0,7) to R. We do the change of variable, and write vy, 1 (y) = vy 1(0).
It turns out that
Pu(y, hDy,a)onk(y) =0, y€R,

where h ~ n~! is the semiclassical parameter and a = |k|h. The differential operator has a symbol
of order 2

ph(y7 57 Oé) = pO(y7 57 04) + hpl(y7 5) + h'2 ) pO(y7§7 Oé) = 52 + a2 - COSh(y)_Z :

When an < |k|, this operator is elliptic near in the region |z3| < d, in the sense that

Char Pyo = {(1,€) : po(y,&, ) =0} C {(y,€) : tanh(y) <4},

The quantitative estimate follows. To prove this standard result, we performed self-contained basic
computations in the spirit of semiclassical analysis, in order to track the dependence on the parameter
.
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Paracontrolled approach for NLS on the sphere Our result also come with some positive
observations, and does not preclude any local well-posedness statement. Indeed, we have not only
identified the obstruction for performing the Bourgain strategy, but we have also proved that other
interactions display a smoothing effect.

In a long-term program N. Burqg, C. Sun and N. Tzvetkov we develop a probabilistic Cauchy theory,
employing paracontrolled calculus and the random averaging operators introduced in Section 0.1.2.
Specifically, we overcome the lack of nonlinear smoothing by refining the probabilistic ansatz and
exploiting the independence of high-frequency initial data and low-frequency remainders, employing
the random averaging operators mentioned in Section 0.1.2. Our use of the random averaging
operators is inspired by the works of Bringmann [Bri21], Deng, Nahmod, Yue [DNY19], and Sun,
Tzvetkov [ST21], but it will come with novelties. The most important one is that we exploit the
propagation by the flow map of the invariance of the Gaussian measures under the action of the
isometries. This key feature allows us to significantly break the deterministic regularity threshold
s = %, but it is not enough to go all the way down to the Gibbs measure. To achieve such a goal,
we shall have a better understanding of the properties of the colored Gaussian, and their random
structure. For now on, we merely use rough L estimates to handle these terms. To address the
deterministic smoother remainders, we use the bilinear estimates form [BGTO05b] and prove their
convergence in H i+(Sz).

A first step towards the goal of reaching the Gibbs measure would be to consider the equation with
a Hartree nonlinearity instead. Indeed, for this equation, we prove deterministic local well-posedness
in H9*(S?). Hence, the situation looks similar to the case of the two-dimensional torus, where we
merely have to gain 2e-derivatives to reach the support of a Gibbs measure. Nevertheless, it seems
that singular high-high-to-low-type frequency interactions are ruling out the regularizing effect of
the Hartree nonlinearity, and makes it hard to gain these 2¢ derivatives. ..

0.3 Synthese en Francais

Cette these a pour objet 1’étude d’équations de Schrodinger non-linéaires dans des régimes singuliers ot
les solutions sont fortement oscillantes, en présence de perturbations stochastiques. Avant de discuter
de certaines motivations, on souligne que contrairement aux solutions d’équations paraboliques
les solutions des équations dispersives ne bénéficient généralement pas d’effets régularisant. Ainsi,
lorsqu’on travaille a une régularité donnée, il faut isoler les différentes échelles d’oscillations et
exploiter finement les mécanismes dispersifs qui régissent leur propagation. En outre, au niveau
non-linéaire, il est nécessaire de comprendre comment les différentes ondes interagissent entre elles.

Par ailleurs, les équations dispersives non-linéaires présentent des instabilités qui ont lieu dans
certains régimes et qui compromettent la description de I’évolution de toutes les données initiales.
Néanmoins, en dotant I’ensemble des données initiales d’une mesure de probabilité pertinente, on
injecte naturellement un aléa dans ’étude. L’objectif est alors d’exhiber un ensemble statistique de
données initiales qui donnent lieu & des solutions fortes, limites de solutions approchées qui sont
elles régulieres.

En présence d'une dynamique non triviale, bien comprise pour les solutions lisses, il est également
pertienent de considérer des perturbations stochastiques dues par exemple a des fluctuations
microscopiques irrégulieres, et de se poser les questions suivantes :

e Quel est le comportement générique des solutions dans des régimes sur-critiques 7
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e L’approche statistique permet-elle d’aller au dela des instabilités déterministes ?
e Comment 'aléatoire affecte-t-il la dynamique asymptotique de systémes non-linéaires 7

Ce manuscript se propose d’explorer différentes manifestations de ces questions, et d’y répondre
en développant des techniques qui combinent outils déterministes et probabilistes, le tout & basse
régularité. Le principal défi auquel ces travaux se sont confrontés, tant en temps court qu’en
temps long, est le manque d’effet régularisant des systemes dispersifs. Outre le fait que nous
travaillons a des régularités sur-critiques ou des instabilités se produisent, ’on ne dispose pas de
lois de conservations qui nécessitent des solutions une certaines régularité. Hélas, I'utilisation de
ces lois de conservation est indispensable si I’on veut comprendre la dynamique a long terme des
solutions. Ainsi, la question sous-jacente aux travaux qui composent ce manuscrit, et qui va au-dela
des considérations probabilistes, peut étre énoncée comme suit :

e Comment exploiter les effets dispersifs lorsque les solutions sont tres irrégulieres 7

Le manuscript de thése comporte trois parties, dont les enjeux et les conclusions sont résumés
dans les paragraphes qui suivent.

Les régimes sur-critiques: entre instabilités et ensemble statistique
de données initiales

Dans I’étude de la théorie de Cauchy pour les équations dispersives, on rencontre généralement un
seuil de régularité critique qui détermine si le probleme de Cauchy est bien posé ou non. Etant
donné un instant 7' > 0, rappelons qu’une courbe continue u : t € [-T,T] +— u(t) € H® est une
solution forte au probleme de Cauchy avec la condition initiale u(0) = ug € H®

{i@tu + Au=plul?u, (t,z)ERX M.

u‘t:O = Uup -

lorsqu’elle satisfait la formule de représentation intégrale de Duhamel
t
u(t) = ¢tD g — i / =D |y (1) Ru(r)dr (0.3.1)
0

Dans le contexte des équations aux dérivées partielles dispersives, la définition d’un probleme de
Cauchy bien posé est rappelée dans la Définition 1.1.1. Lorsque I'on sait montrer que le probléme de
Cauchy est bien posé pour des données initiales tres régulieres, disons dans H? pour un certain o
suffisamment grand, il est alors possible de définir un flot dans H? via ’application

uy € H° — v € C([-T,T); H?) .

Pour montrer le caractere mal posé du probléme de Cauchy dans un espace de faible régularité H?,
pour s < o, il suffit alors de montrer que le flot, définit sur H?, ne s’étend pas a H®. Cette stratégie
est motivée par la persistance de la régularité du flot, qui permet de voir les solutions dans H?, si
elles existent, comme une limite de solutions régularisées, vivant dans ’espace H?.

Dans le cas des équations du type Schrodinger ou des ondes non-linéaires, la discontinuité
du flot a des régularités sur-critiques se déduit de l'existence d’une suite de données initiales
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régulieres qui convergent vers 0 pour la norme H?®, mais telles que les normes H?® des solutions
locales correspondantes, définies dans H?, vont a l'infini en des temps arbitrairement courts. Un
tel mécanisme d’inflation des normes a été mis en évidence par [Leb01; Leb05; Lin93] pour des
équation d’ondes nonlinéaires, puis étendu a 1’équation de Schrodinger dans [CCT03a]. La stratégie
générale est d’effectuer une analyse de petite dispersion. On géneére dans un premier temps des
données initiales lisses (1), & partir d’'une fonction test ré-échelonée, qui convergent vers zéro dans
H? tout en se concentrant spatialement. Ensuite, on considere la solution lisse u,, dans H? associée
a la donnée initiale v, et on étudie ’évolution du profil v,, solution I’équation différentielle sans
dispersion

Le profil v,, encode les oscillations de u,, et commence a croitre dans H?® apres un certain temps t,,,
qui tend vers zéro dans le régime ou n est grand. Dans un second temps, on utilise des estimations
d’énergie a priori jusqu’au temps t,, pour prouver que u, reste proche de v, dans I’espace H®, au
moins jusqu’au temps t, :

{iat'vn = |Un‘pilvn7

sup [|un(t) = vn(t)[|gs S 1.

[tI<tn
En d’autres termes, les oscillations dominent la dispersion de sorte que I'instabilité a lieu pour w,,.
Ce phénomene de croissance de la norme H® témoigne d’une cascade d’energie des basses fréquences
vers les hautes fréquences. Par ailleurs, Xia Bo a étbli dans [Xia21] I’existence d’un tel mécanisme
au voisinage de n’importe quelle donnée initiale dans H® : pour tout ug € H?, il existe une suite v,
telle que

ol u,, est la solution lisse associée a 1,. Mais que se passe-t-il lorsque la procédure de régularization
est choisie judicieusement ? En outre, la théorie de Cauchy probabiliste étudiée dans cette these
permet d’établir 'existence d’un ensemble statistique qui fournit des données initiales donnant lieu
a des solutions fortes. De plus, ces solutions fortes sont les limites des solutions lisses associées
a la suite des données initiales régularisées par convolution avec une approximation de l’identité.
Ainsi, pour cette procédure de régularization, on dispose d'un ensemble de mesure pleine de données
initiales pour lesquelles il n’y a pas d’inflation des normes.

A la lumiere de cette discussion, il est pertinent de s’ intéresser a ’ensemble pathologique des
données initiales qui, lorsque régularisées par convolution, donnent quand méme lieu a des solutions
lisses approchées pour lesquelles 'inflation de la norme se produit. En d’autres termes, cet ensemble
est contenu dans le complémentaire de ’ensemble statistique qui est dense et de mesure pleine.
Néanmoins, Sun et Tzvetkov ont prouvé dans [ST20a] que pour les équations d’ondes non-linéaires
I’ensemble pathologique est également générique (au sens de la topologie) puisqu’il contient un
ensemble Gs-dense. L’énoncé précis est écrit dans le Théoreme 1.1.4.

Solutions fortes dans R? issues d’un ensemble statistique de données initiales A la suite
des contributions pionniéres de Bourgain [Bou94; Bou96] pour ’équation de Schriodinger sur le
tore et des travaux de Burq, Tzvetkov [BT08a; BT08b] pour I’équations des ondes sur des variétés
compactes sans bords, de nombreux auteurs ont adopté une approche statistique pour étudier le
probleme de Cauchy en régularité sur-critique. Plus précisément, étant donné un espace de Sobolev
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H? sur lequel le flot n’est pas prolongeable par continuité, il est possible de trouver un sous-ensemble
statistique de H® qui est de mesure pleine, pour une la mesure image d’une série de modes propres du
Laplacien (dans le cas ou il existe une résolution spectrale) découplés par des varaibles gaussiennes
indépendentes. Les fonctions qui constituent ’ensemble statistique donnent lieu & des solutions
fortes, . De plus, ’ensemble statistique est dense et la régularité qui n’est pas meilleure que H*. Une
telle approche est motivée paar I’étude des mesures de Gibbs [Bou96], et a été largement développée
dans d’autres contextes depuis. On renvoie a [BOP19a; BT08a] pour une introduction a la théorie
de Cauchy dite probabiliste.

Dans ’espace euclidien ou il n’y a pas de résolution spectrale pour 'opérateur de Laplace,
il n’existe pas de procédure de randomisation canonique. Une fagon de faire est d’utiliser une
décomposition de I'espace des fréquences en des cubes unitaires (dits de Wiener). La randomisation
qui en découle a été introduite par [LM14b] et [OP16] indépendamment (voir la figure 0.1.2). Cette
procédure a pour effet de relaxer la condition d’admissibilité dans les estimations de Strichartz
(voir Figure 0.1.2). En effet, pour une fonction dont le support en fréquence est unitaire, nous
pouvons utiliser I'inégalité de Bernstein pour passer de L9 & L? sans perdre de dérivée. Ensuite, les
estimations individuelles obtenues sur les blocs unitaires sont rassemblées au moyen d’un découplage
probabiliste, dans ’esprit du théoreme de Paley-Zygmund.

A Taide d’inégalités de Strichartz probabilistes, Bényi, Oh et Pocovnicu [BOP15b] ont démontré
I’existence d’un ensemble statistique > de données initiales a régularité sur-critique qui donnent lieu
a des solutions locales fortes. Avec Louise Gassot, nous précisons ce résultat dans le Chapitre 1 en
montrant qu’étant donnée une approximation de l'identité (p.)c>o définie par

pe(x) :==e""p (g) , pECIRY),

si ug € ¥ alors la solution probabiliste issue de wug est la limite dans C([—T,T]; H®) des solutions
approchées u., associées aux données initiales régularisées ug,. 1= ug * pe.

Ensembles de données initiales pathologiques pour NLS. Le résultat principal du Chapitre 1
est la description de I’ensemble pathologique pour les équations de type Schrodinger. Pour cela, on
utilise la méme construction que [ST20a] qui consiste a mettre cote a cote une infinité de profils
concentrés a des échelles arbitrairement petites. La preuve proposée dans [ST20a] revisite I’analyse
de petite dispersion de [CCT03a] en régularisant les profils par convolution avec p.. Les auteurs
utilisent ensuite le principe de propagation a vitesse finie de I’équation des ondes pour s’assurer que
les différents profils n’interagissent pas avant le temps nécessaire a 'inflation des normes. Dans le
cas des équations de type Schrodinger, on ne dispose pas d’un tel principe de propagation a vitesse
finie. Pour remédier a cela, on exploite plutot ’effet de la convolution sur les profils trop concentrés.
Plus précisément, on observe qu’a une échelle de régularisation donnée € > 0, la convolution par p.
casse les profils qui se concentrent & 1’échelle A~! < e. Cette observation indique que le phénoeme ne
repose pas sur le principe de propagation a vitesse finie. Par conséquent, la méme approche s’étend
trés certainement a de nombreuses autres équations non-linéaires dispersives.
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Dynamiques en temps long pour des données initiales dans I’ensemble
statistique

L’une des principales questions abordées dans cette these peut étre formulée comme suit. Etant
donné une donnée initiale typique (i.e. dans ’ensemble statistique) de la forme

u(0)=uo+ f5, wo€ H?, f5e€H’, avecs<s.<o,

et la solution au probléeme de Cauchy qui lui est associée, que dire de son existence globale et de sa
dynamique ?

Lorsque la mesure de probabilité est invariante ou quasi-invariante par le flot non-linéaire,
Pargument de globalization de Bourgain (présenté dans le paragraphe 0.1.3) permet de déduire
I’existence globale des solutions probabilistes ainsi que des propriétés dynamiques en temps long
(propriété de récurrence de Poincaré par exemple). En effet, la présence d’une mesure invariante ou
quasi-invariante permet de transporter une information de nature probabiliste par le flot non-linéaire,
nécessaire a la résolution du probleme de Cauchy local. Au dela de cet argument de globalization
tres général, et en 'absence de mesures invariantes, il s’agit de combiner des outils déterministes
avec la théorie de Cauchy probabiliste afin de comprendre la stabilité de mécanisme dynamiques
(scattering non-linéaire, stabilité asymptotique, croissance des normes de Sobolev,...) sous effet de
perturbations aléatoires, tres irrégulieres. Les résultats qui constituent la partie II de ce manuscript
illustrent cette démarche.

Scattering Lorsqu’une donnée initiale évolue par une équation de Schrodinger non-linéaire dont
la non-linéarité est défocalisante (c’est a dire répulsive), sa dynamique en temps long est parfois
approchée par I’évolution linéaire d’une autre donnée initiale. Ce phénomene de scattering non-
linéaire est bien compris dans 'espace d’énergie, lorsque ’équation est énergie sous-critique, ou
énergie critique (voir par exemple [RV07; Vis12] en dimension 4, [Col+08] en dimension 3 et [Dod16]
pour le cas masse-critique pour NLS cubique en dimension 2).

On considere dans le Chapitre 2 ’équation NLS avec une non-linéarité cubique défocalisante. Ce
modele est énergie sous-critique ce qui fait que le probleme de Cauchy est bien posé dans I’espace
d’énergie H'(R3). 1l découle de la coercivité de 'énergie conservée que la solution est globale. De
plus, on déduit des estimations de Strichartz qu’il suffit d’obtenir une estimation a priori du type

3
// lu(t,z)|P dedt < oo, pour certains — < p < 10
RxR3 10

pour prouver qu’il y a scattering dans H'(R?). Une telle estimation a priori de la décroissance
découle d’inégalités de flux de type Morawetz

J[ ot atas < csw fu@lE; ),
IxR3 tel z Hz2

combinée a certaines lois de conservation. Une fois le scattering établi dans I’espace d’énergie, il s’agit
de montrer que toutes les solutions locales (définies dans H® avec % < s < 1) existent elles aussi
globalement, et qu’il y a scattering. Malheureusement, cette question simple s’avere étre un probléme
ouvert tres difficile, qui est encore loin d’étre résolu en toute généralité. Des résultats partiels ont

été obtenus via la célebre I-method [Col+04] et des raffinements basés sur long-time Strichartz
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estimates [Dod13; Sul2; Dod19b]. On réfere au paragraphe 0.2.2 et a l'introduction du Chapitre 2
pour une discussion a propos de cette conjecture. Compte tenu de sa difficulté, il est intéressant
d’aborder ce probleme avec une approche statistique. En outre, il existe des ensembles statistiques de
données initiales méme dans les régimes sur-critiques, mais leur comportement en temps long n’est
compris que sous des hypotheses de petitesse. En effet, les résultats de type scattering presque-sur
en dehors du régime des petites données n’existaient que dans le cas d’équations énergie critique.
Dans ce chapitre, on démontre qu’il y a scattering presque sturement dans H® pour certains
s < 1/2 en procédant comme suit. A partir de la décomposition de Da Prato et Debussche (0.1.5)

u=e"f¥ tu,

on analyse le comportement & long terme du terme non-linéaire v dans I’espace d’énergie H' qui est
solution d’une équation de Schrodinger non-linéaire avec des termes de forgage stochastiques :

{(i@t +A)o = o+ fePl (v + e f5),  (tz) eRxRY, (NLS;)

v(0) =0,

La premieére étape consiste a utiliser la théorie de la stabilité de I’équation déterministe dans H*
pour obtenir un résultat de scattering conditionnel. Ce faisant, on réduit le probleme a 1’obtention
d’un controle uniforme sur la norme de H' de v. Ensuite, dans une deuxieme étape, la stratégie
consiste a trouver des énergies modifiées appropriées et des inégalités de Morawetz modifiées pour v
puis a effectuer un double-argument de bootstrap a partir de ces deux quantités.

Le résultat présenté dans le Chapitre 2 prouve le scattering presque-sir en pour des régularités
sous le seuil critique.

Theorem 0.3.1 (Scattering presque-siir pour NLS dans R? [Cam23] et [SSW21]). Pour 2 < s on
fize fo € H*(R3) une fonction radiale et nous notons w v+ f§ la randomisation de Wiener qui lui
est associée. Il existe un ensemble statistique de de mesure pleine ¥ dans H*(R3) tel que pour tout
¢ € X, la solution probabiliste correspondante existe globalement en temps, et il y a scattering : il
existe vy € H(R3), tel que

. LA pw - — _
im [u(t) — A (f 4 vl =0, o= 25— |

Voici quelques commentaires sur le résultat et sur les principales difficultés.

e On effectue une décomposition linéaire-non-linéaire u = €4 f¢ +v. L’observation clé est
que le terme non-linéaire est dans H?, pour ¢ < 1, mais suffisamment proche de 1 pour
que la conjecture déterministe soit connue a cette régularité (a savoir 2/3 < s). Le défi
(mais aussi la motivation) est de combiner la méthode probabiliste avec la I-method pour
analyser le comportement asymptotique de v. La difficulté réside dans le fait que les termes
de forgage stochastiques brisent la structure de la non-linéarité. Par conséquent, des termes
supplémentaires apparaissent, pour lesquels il n’y a pas d’annulation de fréquence. Au lieu de
cela, beaucoup de dérivés peuvent tomber sur le terme stochastique irrégulier.

e Pour cette raison, et comme dans le cas habituellement étudié des équations énergie critique,
une hypothése de symétrie radiale cachée, ou toute autre hypothese similaire, semble étre
nécessaire. L’idée est d’exploiter une injection de Sobolev radiale afin de tirer profit de la
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décroissance locale de 1’énergie (0.1.4) et de surmonter la perte de dérivées inhérente aux
méthodes d’énergie. On rappelle que les données aléatoires f§ ne sont en général pas radiales.
Comme mentionné dans la section 0.2.2, le seul travail évitant une telle hypothese est du a
Bringmann, pour 1’équation d’onde énergie critique dans R* [Bril§].

Stabilité asymptotique de petits états fondamentaux La théorie probabiliste de Cauchy
s’intéresse principalement a la perturbation des solutions dispersives, dans le régime défocalisant ou
pour de petites données initiales. Cependant, dans le régime focalisant ol les équations dispersives
présentent des dynamiques tres riches, l'effet de perturbations aléatoires est bien moins compris. Le
premier résultat dans cette direction est di a Kenig et Mendelson, pour I’équation d’ondes énergie
critique. Dans [KM19], les autheurs ont prouvé que l'on peut construire une solution globale de
’équation d’onde quintique focalisante dans R* qui se décompose comme un soliton modulé et un
terme dispersif, pour un ensemble statistique de données initiales dans H® x H*~! lorsque s > % Au
lieu d’utiliser des multiplicateurs de Fourier classique, ils ont utilisé une transformée de Fourier dite
distordue dans la procédure de randomisation (0.1.7), qui diagonalise I'opérateur linéarisé autour du
soliton —A + V.

Le seul équivalent existant de ce résultat de stabilité asymptotique presque sur pour I’équation
de Schrodinger fait 'objet du Chapitre 3. Dans le cas des équations de type Schrodinger, soulignons
que l'intégrale de Duhamel ne gagne pas de dérivée de sorte qu’'une décomposition dyadique et des
estimations bilinéaires doivent étre effectuées pour établir un schéma de point fixe. Cependant, cela
devient assez difficile en présence d’un potentiel, puisque la transformée de Fourier déformée ne
partage pas les propriétés multiplicatives de la transformée de Fourier classique.

Dans le Chapitre 3, on étudie la stabilité asymptotique des petits états fondamentaux de
I’équation de Schrédinger non-linéaire, en présence d’un potentiel de courte portée V € S(R?)

(i0 + A)u(t, z) = ( @ + plu(t, z)|? Jut,z), (t,z) e RxR?,

potentiel externe  pertrubation non-linéaire

ol ’on suppose que l'opérateur de Schrodinger —A+V a une valeur propre simple négative. Ce modele
a d’abord été étudié par Soffer et Weinstein [SW90], qui montrent que le comportement asymptotique
des petites solutions, sous des hypotheses de décroissance, est donné par la superposition d’une
onde stationnaire localisée, qui est périodique dans le temps, et d’'une partie dispersive. Gustafson,
Nakanishi et Tsai ont ensuite prouvé dans [GNTO04] que la stabilité asymptotique a lieu pour toute
solution suffisamment petite dans I'espace d’énergie H'(R?), sans aucune hypothése de décroissance.

Qu’advient-il des états fondamentaux sous 'effet de perturbations plus irrégulieres, qui ont une
énergie infinie 7 Plus précisément, étant donnée une petite donné initiale ug dans ’espace critique
H?2, on considere dans le Chapitre 3 des perturbations aléatoires de la forme

w(0) =uo+ f¥, woe H2, f¥ € H°NRanP,(H),

ou P.(H) désigne la projection sur le sous-espace spectral continu. Les données initiales sont
randomisées selon la procédure de Wiener (voir la sous-section 0.1.2), mais elles sont adaptées a
’évolution linéaire inhomogene e dans le sens ot1 les multiplicateurs de Fourier sont remplacés
par des multiplicateurs de Fourier distordus. On démontre la stabilité asymptotique des états
fondamentaux sous l'effet de ces perturbations.
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Theorem 0.3.2. Soit % <s< % Il existe 69 > 0 et un ensemble de mesure pleine ¥ dans H*(R¥)

tel que pour tout ug dans H? dont la norme inférieure a 0p, et pour tout f§ dans X, il existe
e = e(w) > 0 pour lequel le probléme de Cauchy

{(i&: + A)(t x) = ply(t, 2) Pt 2) + V@)t z),  (tz) ERX R, ¢(0) = eff + vo,
admet une solution locale sous la forme
Y(t,x) =ce M f v, we C(R,H%(Rg)).

De plus, cette solution s’étend globalement dans le temps, et se décompose en la somme d’un état
fondamental modulé et d’un terme radiatif :

P(t,x) = Q2(1)) +n(t, ).

En temps long, les états fondamerlltaux sont asymptotiquement stables, dans le sens ou il existe
z+ € C et des états finaur nye € H2 tels que

t
lim z(t) exp(—z’/o E(z(T))dT) =z4, lim ||n(t) — e_itH(ef(‘;J + 1)l =0.

1
t—+o0 t—+o0 H?2
e On réfere au Chapitre 3 pour un énoncé plus précis.

e Comme mentionné ci-dessus, lorsque fo = 0, le théoréme 0.2.5 étend le résultat déterministe
de [GNTO04] jusqu’a la régularité critique s = % en prenant fo = 0.

e Ce travail a été inspiré par la contribution de Kenig et Mendelson présentée dans la section 0.1.2
pour I’équation d’onde énergie critique. Comme expliqué dans la Section 0.1.2, dans le cas
de I’équation de Schrodinger, certaines difficultés apparaissent. La difficulté la plus sérieuse
est que le terme intégral de Duhamel ne présente aucun gain de dérivée, et que 'opérateur
linéarisé autour des états fondamentaux n’est pas auto-adjoint. Par conséquent, la prise en
compte de petits états fondamentaux est un premier pas raisonnable vers I'objectif d’adapter
le résultat de Kenig et Mendelson aux équations de Schrodinger.

e La principale nouveauté est le fait d’avoir combiné 'utilisation d’espace fonctionnels critiques
avec le principe de décroissance locale de I’énergie, pour la premiere fois dans le contexte de la
théorie de Cauchy probabiliste.

Equations faiblement dispersives : vers une théorie de Cauchy
probabiliste quasilinéaire

Dans certains cas ou la dispersion est trop faible ou lorsque les interactions non-linéaires sont
prépondérantes, des interactions singuliéres peuvent apparaitre et limiter le gain possible de régularité
des itérations de Picard. Dans le pire des cas, les mauvaises interactions peuvent méme exclure tout
gain de régularité. Dans de tels cas, on ne peut pas utiliser le schéma de résolution probabiliste
semi-linéaire de Bourgain. Bringmann dans [Bri21] a étudié une équation d’onde quasi-linéaire, et a
proposé le premier schéma de résolution probabiliste quasi-lin€aire . 1l s’agit d’un schéma itératif sur
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la taille des fréquences de la donnée initiale, qui s’inspire du calcul para-controlé, dans un contexte
dispersif. L’idée clé est d’utiliser 'indépendance probabiliste entre les hautes fréquences de la donnée
initiale et la solution approchée, qui est construite a partir des basses fréquences de la donnée initiale.

Ce schéma itératif quasi-linéaire a ensuite été développé de maniere spectaculaire par Deng,
Nahmod et Yue pour prouver 'invariance de la mesure de Gibbs associée a I’équation de Schréodinger
semi-linéaire (avec une renormalisation de Wick) sur T2,

(i0; + A)u =: |u|?Pu: (t,r) € R x T?,
u(0) = o,

ou la puissance p > 2 de la non linéarité est arbitraire. Il s’agit d’une percée importante, dans
laquelle les auteurs ont introduits des opérateurs de moyennisation aléatoires dont 1'utilisation s’est
avérée extrémement puissante et prometteuse, dans la perspective de résoudre d’autres problemes
difficiles ouverts depuis de nombreuses années. On renvoie a 'introduction du Chapitre 4 et au
paragraphe 0.2.3 pour une discussion plus détaillée a propos du schéma de résolution quasi-linéaire.

Théorie de Cauchy probabiliste raffinée pour des équations faiblement dispersives Dans
Pesprit de [Bri2l], on utilise dans le Chapitre 4 un schéma itératif quasi-linéaire similaire pour
résoudre le probleme de Cauchy local associé a une équation faiblement dispersive qui est par ailleurs
anisotrope.

Le comportement qualitatif des solutions aux équations d’évolution non-linéaires a faible dis-
persion fait I'objet d’une activité intense. Des exemples éloquents sont I’équation de demi-ondes
(HW) [Pocll; Gér+18al, I’équation de Szegé [GG10; GG12b] (Sz), I'équation de Schrodinger sur
une variété compacte [BGT05a] ou sur le groupe de Heisenberg [Gér06; Gas21a, les équations de
Schrodinger fractionnaire [FL13; GPH15; ST20c] (FNLS), les équations de Kadomtsev-Petviashvili
[HHKO09] (KPI et KPII) ainsi que de nombreux autres modeles. En général, il est tres difficile de
résoudre le probleme de Cauchy pour ces équations a faible régularité, la raison étant que dans de
tels contextes le manque de dispersion se traduit par une perte de dérivées dans les estimations
de Strichartz (0.1.2). Lorsque I’équation faiblement dispersive n’est ni complétement intégrable
ni semi-linéairement bien posée, il est pertinent de développer une théorie de Cauchy a données
aléatoires inspirée des schémas de résolution quasi-linéaires. En effet, pour faire fonctionner le schéma
de résolution probabiliste semi-linéaire de Bourgain, il faut combiner I’observation de Paley-Zygmund
du théoreme (0.1.2) avec des effets dispersifs comme dans (0.1.3), (0.1.4).

Dans la perspective d’étudier les équations faiblement dispersives a faible régularité, on considére
dans le Chapitre 4 1’équation de Schrodinger demi-onde (NLS-HW) avec une non-linéarité de type
puissance : pour p € R, et (¢,z,y) € R1*2, cette équation s’écrit

i0yu + (axm - |Dy|)u = M‘UPU, ou |Dy|u(§,n) = |77|17(fa77) :
Ut=0 = Uo ,

Il s’agit 1a d’un modele anisotrope, ot on a une équation de Schrédinger dans la direction x et une
équation de demi-onde dans la direction y, respectivement. Par conséquent, dans les régimes a basse
fréquence dans la direction x et a haute fréquence dans la direction y, le transport domine et il n’y a
pas de dispersion. Comme discuté a la fin de cette section, la dynamique asymptotique des solutions
lisses de cette équations est tres riche (voir [Xul7; BIK20; BIK21]), malgré le fait que la théorie de
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Cauchy pour cette équation est mal comprise. Pour étudier la théorie de Cauchy pour (NLS-HW)
on mesure la régularité dans ’échelle des espaces de Sobolev anisotropes :

H*(R*) = LZH;(R*) N HZ*LZ(R?).

Le choix naturel de ces espaces est dicté par la structure hamiltonienne de I’équation et par I'invariance
de I’équation par changement d’échelle :

U= U)\(t, x, y) = )‘¢()‘2t7 )\.’E, )‘2y) .
En particulier, 'exposant critique associé cette symétrie est s, = %. L’énergie conservée s’écrit

H(u) = 1/ |Dpuf? + ||Dy|2uf? dz dy + “/ |ul* dz dy .
2 Jgre 4 Jgre

Le probleme de Cauchy est bien posé lorsque s > % Ceci a été prouvé dans [BIK20] a partir d’un
point fixe et d’estimations de Strichartz avec perte de dérivée. Cependant une théorie de Cauchy
satisfaisante dans I’espace d’énergie et en dessous n’a pas encore été établie. L’espace d’énergie
correspond au point limite s = %, et il existe de séveres obstructions pour établir une théorie de
Cauchy dans cet espace. Ces obstructions sont soulevées dans l'introduction du Chapitre 4.

On démontre que le probleme de Cauchy est presque-stirement bien posé dans H® pour des
1/4 < s < 1/2 en adaptant le schéma itératif de [Bri21]. On montre & cette occasion qu’une telle
méthode probabiliste peut surmonter le manque de dispersion, et qu’elle pourrait étre adaptée a
d’autres modeles faiblement dispersifs afin de générer des grands ensembles de données initiales
qui donnent lieu & des solutions fortes. Par exemple, [Ohllb] a mis en évidence des interactions
singulieres pour des modeles tels que Szegd ou KdV, qui seront surmontées par ’approche para-
controlée utilisée dans le présent article. On précise par ailleurs dans le Chapitre 4 la théorie de
Cauchy pour (NLS-HW), résumée dans la figure 0.2.3.

Invariance de la mesure de Gibbs pour NLS sur la sphére S? ? Afin de comprendre 1’effet
de la géométrie ambiante sur la dynamique des équations de Schrodinger non-linéaires, Burq, Gérard
et Tzvetkov ont prouvé dans une série de travaux [BGT02; BGT04; BGT05b; BGT05a; BGT10] que
le probleme de Cauchy pour 1’équation de Schrédinger cubique sur la sphere S? est semi-linéairement
bien posé dans H*(S?) si et seulement si s > i. Il y a par conséquent un écart tres important a
combler entre le seuil déterministe et 1'espace ou vit la mesure de Gibbs qui est H°~(S?). 1l est donc
extrémement difficile d’obtenir ’analogue sur la sphere S? du célebre résultat de Bourgain [Bou96]
sur le tore T2. En outre, la théorie de Cauchy probabiliste juste en dessous du seuil déterministe
s = % reste a établir. Discutons brievement des difficultés. La plus importante est la dégénérescence
des harmoniques sphériques. En effet, étant donné le niveau d’énergie A2 = n(n + 1), la multiplicité
de ’espace propre correspondant, généré par les harmoniques sphériques de degré n, est de dimension
2n + 1. De plus, certaines harmoniques sphériques se concentrent autour des géodésiques de la
sphere (ce qui n’est pas le cas pour les ondes planes e sur le tore), et cela engendre des instabilités
non-linéaires.

Pour amorcer ’étude probabiliste de ’équation NLS sur la sphere, nous avons obtenu un résultat
préliminaire ou1 'on isole une interaction singuliere dans la premiere itération de Picard, et on
démontre que 1’équation de Schrédinger cubique posée sur S? avec des données aléatoires est quasi-
linéaire (malgré la renormalization de Wick et le découplage probabiliste). En particulier, la seconde
itération de Picard n’est pas plus réguliere (en espérance) que les données initiales aléatoires.
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Avant de discuter du résultat principal et de ses conséquences, présentons le cadre probabiliste.

On fixe a € [% , %) ainsi qu’'une suite de variables gaussiennes normalisées indépendantes a valeurs

complexes (gn k)1<n |k|<n- On définit ensuite

) Yi(@) . (0.3.2)

1
2

en In.k

=Y =y
1<p "M |k|<n [n]

1_

La série ci-dessus converge dans L?(2; HO‘*%*(SQ)), de sorte que ¢“ vit dans H*"27(S?)) presque

surement. Lorsque o = %, les données initiales sont distribuées selon la mesure de Gibbs associée a

NLS vu comme un systéme hamiltonien (on renvoie a la section 0.1.3 pour une discussion sur les

mesures de Gibbs). Cependant, le seuil déterministe pour que 1’équation soit bien posée est H i(SQ).
Le résultat est le suivant.

Theorem 0.3.3 (Absence de régularisation de la deuxiéme itération de Picard, [Bur+22]). Soit

a>1 etove Ho‘féf(SQ) les données initiales randomisées comme dans (0.3.2). Il existe n > 0,
No > 0 tels que pour chaque N > Ny et t,

t
i(t—7)A ITA W 2
ttoe() < B[ [0 muaviiny 72 gyarl,

ot N désigne le terme non-linéaire de I’équation cubique renormalisée (NLSyy).
Commentons brievement ce résultat.

e Lorsque N tend vers U'infini, le moment quadratique de la norme H O‘_%(SQ) de la seconde
itération de Picard de ¢“ a une divergence logarithmique. Puisque la mesure induite vit dans
H a_%_(S2), cela montre qu’il n’y a pas d’effet de régularisation probabiliste.

e Pour des raisons techniques, nous n’avons pas pu prouver que la divergence se produit presque-
surement en w. Il n’est pas clair s’il existe une preuve élémentaire de ceci, qui ne repose pas
sur des outils sophistiqués d’analyse stochastique. On montre simplement une divergence
logarithmique en espérance.

e A l'opposé, la seconde itération de Picard sur T? gagne % dérivées. On démontre que ceci reste
vrai dans le cas des tores irrationnels, et on donne une preuve auto-contenue de ce résultat,
déja évoqué dans l'article [Fan+21].

Le résultat s’accompagne également de quelques observations polsitives7 et n’exclut pas la
résolution du probleme de Cauchy en dessous de l'espace critique H1(S?). En effet, on a non
seulement identifié I'obstacle a I’exécution d’un schéma semi-linéaire, mais on a également prouvé
que d’autres interactions ont un effet régularisant.

Dans un programme a long terme avec N. Burq, C. Sun et N. Tzvetkov, nous développons une
théorie probabiliste de Cauchy a I’aide du schéma itératif quasi-linéaire décrit précédemment, en
employant le calcul paracontrolé. Plus précisément, nous surmontons ’absence d’effet régularisant en
affinant ’ansatz probabiliste et en exploitant I'indépendance des données initiales a haute fréquence
et des solutions approchées construites a partir des basses fréquences, en utilisant les opérateurs
de moyenne aléatoire mentionnés dans la section 0.1.2. L analyse reposera ainsi sur 'utilisation
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des opérateurs de moyenne aléatoire, s’inspirant des travaux de Bringmann [Bri21], Deng, Nahmod,
Yue [DNY19], et Sun, Tzvetkov [ST21], et elle devra comporter des nouveautés importantes. Il nous
faudra en outre exploiter la propagation par le flot de 'invariance des mesures gaussiennes sous
I’action des isométries de la sphere. Cette caractéristique clé nous permet de briser significativement
le seuil de régularité déterministe s = %. Afin de descendre jusqu’a la mesure de Gibbs, il nous
faudra étre capable de traiter un terme complétement résonnant, qui est de nature critique.

Bilan Dans le régime sur-critique, nous avons deux comportements différents pour le flot non-linéaire
approché issu de données initiales régularisées par convolution. D’une part, le théoreme 1.1.4 met
en évidence un ensemble pathologique de données initiales ou se produit I'inflation des normes, qui
contient un sous-ensemble Gs-dense. D’autre part, 'approche statistique initiée par Bourgain puis
Bruq, Tzvetkov fournit un ensemble statistique de données initiales de mesure pleine décrit dans le
théoreme 1.1.3, pour lequel les solutions régularisées convergent vers un objet limite qui est une
solution forte de I’équation. Il y a ainsi deux notions différentes de généricité dans les régimes
sur-critiques. Alors que ’ensemble pathologique décrit dans le Théoreme 1.1.4 est générique pour
la topologie, il est négligeable pour la mesure. De plus, nous déduisons du théoreme de Baire que
I’ensemble statistique donné par le théoreme 1.1.3 ne peut pas contenir d’ensemble Gs-dense.

L’étude du comportement en temps long de ces solutions est illustrée dans la partie II, ou nous
avons obtenus deux résultats de natures différentes. Rappelons que les solutions probabilistes issues
de données initiales dans ’ensemble statistique s’obtiennent a partir de la décomposition de Da
Prato et Debussche

u(t) =2 f¥ 40, (0.3.3)

ou la partie non-linéaire v est suffisamment réguliere pour étre obtenue par un schéma itératif de
Picard. D’une part, nous établissons le scattering presque sir pour ’équation NLS défocalisante dans
un régime ou l’espace d’énergie est sous-critique. D’autre part, on démontre la stabilité asymptotique
de petits états fondamentaux sous 'effet de perturbations irrégulieres. Cela montre qu’il est possible
d’étudier I’évolution non-linéaire en temps long d’une donnée initiale dans I’ensemble statistique, en
adoptant une approche perturbative qui combine des outils probabilistes et des méthodes d’analyse
des équations dispersives non-linéaires. Une perspective est 1’étude de I’évolution de la mesure
elle-méme par le flot non-linéaire, afin de comprendre finement la propagation de I'information
probabiliste des données initiales (invariance, quasi-invariance)...

L’on a ensuite étudié des modeles faiblement non-linéaires, pour lesquels l'effet régularisant des
itérations de Picard n’est pas suffisant pour établir la convergence de ce schéma, bien que ’'on soit
dans un cadre probabiliste. Il n’est alors pas possible d’obtenir une solution de la forme (0.3.3).
Pour obtenir des solutions locales, il faut plutdt utiliser un schéma, itératif quasi-linéaire qui exploite
la structure probabiliste de la solution, dans la continuité des développements récents Bringmann
puis Deng, Nahmod, Yue et Sun, Tzvetkov. Se pose alors la question du comportement en temps
long de ces solutions. Pour espérer y répondre, il faut comprendre comment se propage l'information
probabiliste des données initiales. Ainsi, les techniques perturbatives déterministes développées dans
la partie II ne sont pas suffisantes pour pouvoir itérer en temps le schéma quasi-linéaire. Il faudrait
démontrer une forme d’invariance ou de quasi-invariance de la mesure de probabilité puis adapter
I’argument de globalisation de Bourgain. Comme ’attestent les chapitres qui constituent la partie II1I,
soulignons pour conclure que 1’étude des mesures invariantes (e.g. Gibbs) ou quasi-invariantes dans
de tels régimes non-linéaires et faiblement dispersifs, et a basse régularité, constitue un domaine de



0.3. SYNTHESE EN FRANCAIS 65

recherche difficile et actif, dont les défis nécessiteront le développement de nouvelles approches aussi
bien stochastiques que déterministes.
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Chapter 1

Pathological set of initial data for
scaling-supercritical nonlinear
Schrodinger equations

joint work with Louise Gassot [CG22].

Résumé. Ce travail vise a mettre en évidence un ensemble pathologique de données initiales,
pour lesquelles la norme de Sobolev des solutions régularisées par convolution croit en un temps
arbitrairement court. Le résultat est dans 'esprit de la construction de Sun et Tzvetkov [ST20a],
ou ’ensemble pathologique contient une superposition de profils qui se concentrent en différents
points. Leur argument repose sur le fait que, grace au principe de propagation a vitesse finie de
I’équation d’onde, au plus un profil présente une croissance significative en un temps ¢ suffisamment
petit. Cependant, pour les équations de type Schrodinger, nous ne pouvons pas exclure que les
profils interagissent entre eux. La méthode que nous proposons exploite 1'effet régularisant de
I’approximation de I’identité par laquelle les données initiales sont lissées, qui permet d’éviter la
croissance de la norme des profils qui sont concentrés a des échelles plus petites.

Abstract. The purpose of this work is to evidence a pathological set of initial data for which the
regularized solutions by convolution experience a norm-inflation mechanism, in arbitrarily short
time. The result is in the spirit of the construction from Sun and Tzvetkov [ST20a], where the
pathological set contains superposition of profiles that concentrate at different points. Thanks to
finite propagation speed of the wave equation, and given a certain time, at most one profile exhibits
significant growth. However, for Schrodinger-type equations, we cannot preclude the profiles from
interacting between each other. Instead, we propose a method that exploits the regularizing effect of
the approximate identity which, at a given scale, rules out the norm inflation of the profiles that are
concentrated at smaller scales.
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1.1 Introduction

Our model will be the semi-linear Schrodinger equation on R3
i+ Au+oluPtu=0, (t,z)eRxR3, p>1, (NLS)

where ¢ = 1 in the focusing case and ¢ = —1 in the defocusing case, respectively. Our main
result is the description of a pathological set for equation NLS, based on the approach of Sun and
Tzvetkov [ST20a] for the nonlinear wave equation. We prove that if we regularize the initial data
using a given convolution profile, there exists a dense set of initial data in H*(R?) such that the
regularized solutions exhibit norm inflation. The precise statement can be found in Theorem 1.1.4
below. Such a result aims at precising the probabilistic well-posedness theory, summarized in our
context in Theorem 1.1.3. Let us first recall the motivation for this result. In the study of the
Cauchy theory for dispersive equations, one generally encounters a critical regularity threshold that
dictates whether the equation is well-posed or not, in the Hadamard sense. We recall that a general
dispersive equation on a Riemannian manifold (M, g) can be written under the form

i+ Lu=F(u), u(0)e H* (M), (1.1.1)

where L is a well-defined operator on H*(M) such that the linear propagator {exp(itL)} (R 1S @
group of isometries of H*(M), whereas the nonlinear interaction, denoted F'(u), has to make sense in
H?*(M). Given a time interval I C R containing tg, the curve t € I C R — u(t) € C([to,T], H*(M))
is a strong solution to (1.1.1), with initial condition u(ty) = ug € H*(M), if it satisfies the following
Duhamel integral representation formula, in the distributional sense

t

u(t) = ety — g / =L P(u(r))dr . (1.1.2)
to

For dispersive equations, a suitable notion of well-posedness, that we recall here, can be found

in [Tzv07].

Definition 1.1.1 (Local well-posedness). Given a general dispersive equation as (1.1.1), we say
that the Cauchy problem is well-posed in H*(M) if for every bounded set B C H*(M), there exist
T =T(B) > 0 and a Banach space X7 continuously embedded in C([tg,T], H*(M)) such that for
any ug € H®(M), there exists a solution u € Xp satisfying the Duhamel integral representation
formula (1.1.2). Moreover, the following holds.
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1. (Uniqueness) ! Let ui,us € X satisfying (1.1.2). If, for some tg < ¢t < T, u1(t) = ua(t), then
u]p = ug.

2. (Continuity) The flow map up € B — u € X7 is continuous.
3. (Persistence of regularity) If ug € H?(M) with o > s, then u € C([tg,T]), H°(M)).

In addition, when the flow-map is uniformly continuous, we say that the Cauchy problem is
semi-linearly well-posed.

This definition deserves some comments, especially in the case of critical regimes where the time
of existence does not only depend on the bounded set B but also on the profile of the initial data.
In Definition 1.1.1, we ask for some persistence of regularity in order to see the solutions in H*(M)
as limits of regularized smooth solutions, and this motivates the study of the Cauchy problem at low
regularity. A natural question that arises is whether the flow map is always uniformly continuous,
as soon as it is continuous. In other words, is the critical threshold for the well-posedness equal to
the critical threshold for the semi-linear well-posedness ? In general, the answer is no, especially in
the context of KAV type equations, see [Bou93a; TT04]. We refer to [Tzv07] for discussions on this
question, and for further comments on Definition 1.1.1.

Sometimes, an invariance property of the equation under the action of a group of symmetries
indicates the aforementioned well-posedness threshold. The first example, that we exploit in this
work, is the scaling symmetry. If an equation is invariant under a scaling symmetry

u(t, ) — up(t, z) == Xu(Nt,\z), X>0,

then, in the scale of homogeneous Sobolev spaces, its critical regularity s. corresponds to the Sobolev
norm left invariant under the action of the scaling

[[ux(0, )] grae = 160, )l grsc -

We expect well-posedness at scaling-subcritical regularities s > s., and ill-posedness at scaling-
supercritical regularities s < s.. Note, however, that this heuristic is quite informal and in general,
there might exist other properties of the equation that actually dictate the well-posedness threshold.

For instance, in the case of integrable equations, the scaling, semi-linear and well-posedness
thresholds often differ. A classic example is the KdV equation on T, which is continuously well-posed
in H*(T) if s > —1, but the solution map is locally uniformly continuous only when s > —% (in
which case it is real analytic). Besides, the next equation in the KdV hierarchy is continuously
well-posed for s > —%, but the solution map is nowhere locally uniformly continuous for this
range of exponents [KM18], whereas these equations are invariant under the scaling transformation
with critical Sobolev index s, = —%. Similarly, the Benjamin-Ono equation on T is continuously
well-posed in H*(T) for s > —3 [GKT20], the flow map is locally uniformly continuous only when
s > 0 (in which case it is real analytic) [GKT21],. The next equation in the Benjamin-Ono hierarchy
is continuously well-posed for s > 0 [Gas21b], but an adaptation of [KM18] implies that the flow
map is nowhere uniformly continuous. For all the equations in the Benjamin-Ono hierarchy, the

scaling-critical Sobolev exponent is s, = —%. Geometry also influences the dispersion property of

IThis statement is sometimes referred as conditional uniqueness, whereas unconditional uniqueness in
H#*(M) holds when it is possible to prove uniqueness in C([to, 7], H*) and not just in Xr.
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the equation, for instance the NLS equation on T, with scaling-critical Sobolev exponent s, = —%,
is ill-posed for s < 0 [CCT03c] but continuously well-posed when s > 0 with a smooth solution
map [Bou93b]. In dimension 2, NLS is well-posed on T? for s, = 0 < s, whereas the flow map of
NLS on the sphere S? is not uniformly locally well-posed as soon as s < i, see [Ban04; BGT02]. We
also point out that the flow map for the NLS equation on the Heisenberg group cannot be C? in
H*(H') for s < 2, whereas the scaling-critical exponent is s, = 1, see for instance [GG10].

For the nonlinear Schrédinger equation NLS, as well as for the nonlinear wave equation in R? or
T3, the scaling symmetry

ur— up(t,z) = )\P%lu()?t, Az)

actually dictates the local well-posedness threshold, which is independent of the focusing or defocusing
nature of the equation, see [CCT03a].

Theorem 1.1.2 (Well-posedness [CW90; CCT03a]). Let p > 1. 2

e The Cauchy problem associated to NLS is well-posed in H*(R3) in the sense of Definition 1.1.1
when max (0, s.) < s.

e When 0 < s., the Cauchy problem is well-posed in H®(R?) but the time of existence does
depend on the initial data and not just on its H®-norm.

e When s < s. or when s < 0, the Cauchy problem is ill-posed.

We comment on the ill-posedness result due to [CCT03a] in the next paragraph. Before that, we
recall that the mass and the energy are formally conserved under the flow, we denote them

1

M(u) =3 /R3 u(@)?dz,  H(u) = ;/]Ri'» \Vu(z)|? dv — pi - /R3 ()P .

Note that these conservation laws ensure the existence of smooth global solutions in the energy-

subcritical regime p < 5, when the energy is coercive.

Ill-posedness issues. Assume that the Cauchy problem is known to be well-posed for smooth
initial data in the sense of Definition 1.1.1, say in H? for some ¢ large enough. Then, one can
try to prove ill-posedness in a low-regularity space H® by showing that the flow-map, defined on
H? for some o > s, does not extend continuously to C([0,T], H®), with T being arbitrarily small.
This strategy is motivated by the persistence of regularity of the flow, that enables one to see the
solutions in H?, if they exist, as a limit of smoother solutions in H?.

Before going further, let us point out that it is easier to prove ill-posedness in the presence of
special nonlinear solutions. For instance, for focusing Schrodinger equations where nonlinear solutions
are accessible, we have the following [SS99]. If s, < 0, the Schrodinger equation is mass-subcritical
and there exist blow-up solutions that, combined with scaling arguments and virial identities, lead
to solutions blowing up in arbitrarily short time in H® when s < s.. In the mass-critical case, a
blow-up solution is obtained by applying a pseudo-conformal transformation to the ground state
solution, and for the mass-supercritical case [KPV01] proved that the flow map is not uniformly
continuous, respectively. Meanwhile, in the defocusing case, we do not have explicit nonlinear profiles

2If p is not an odd integer we further assume that [s] +1 < p, so that the nonlinearity makes sense in H*.



1.1. INTRODUCTION 73

generating blow-up solutions, except in the Schrédinger case with p = 3,d = 1 where one can make
use of modified scattering solutions [CCT03d]. The norm inflation instability we describe in the
next paragraph is by no mean the only way to indicate that a dispersive PDE is ill-posed, and we
refer to [KPVO01; Tzv07] for the description of ill-posedness results in a broader context.

Norm inflation In the case of the Schrodinger or wave type equations, the discontinuity of the
flow-map at scaling-supercritical regularities is stronger. Specifically, there exists sequences of smooth
initial data going to zero in H?, such that the H®-norms of the corresponding local solutions go
to infinity, for arbitrarily short times. Such a norm inflation mechanism was evidenced by [Leb01;
Leb05; Lin93] for the wave equation 2, and extended to the Schrédinger equation in [CCT03a].

The general strategy to prove that norm inflation occurs in the scaling-supercritical regime is to
perform a small dispersion analysis. Namely, by rescaling an arbitrary bump function, one generates
a sequence of smooth initial data (¢,), that go to zero in H®, while spatially concentrating around
a point. Then, one considers the smooth solution w, with initial data ),,, and studies the bubble
solution v, to the dispersionless ODE

i0yvn, = o|vn [Py,
v (0) = 1y, .

The ODE profile v,,, that captures the oscillations of u,,, grows in H?® after a time t,, going to zero
as n goes to infinity. Then, when 0 < s, and s < s., one uses a priori energy estimates up to time ¢,
and establishes that uniformly in n,

|tn(tn) — vn(tn)llms S 1.

Therefore, the oscillations dominate the dispersion so that the instability stems from a frequency
cascade from low to high Fourier modes.

We note that such a mechanism is independent of the focusing or defocusing nature of the
equation. Specifically, in the case of Schriodinger equation, the results from [CCTO03a] state as
follows. Norm inflation occurs when s < —g, and also in the mass-supercritical case when 0 < s < s..
Furthermore, by using the frequency modulation method, Christ Colliander and Tao evidenced
in [CCTO03a] the high to low frequency cascade when s < —%, and the low to high frequency cascade
when 0 < s. They also proved that the flow map fails to be uniformly continuous for s < 0 by using
the Galilean symmetries of NLS. Note that a similar small dispersion analysis has been performed
earlier, in [Kuk95]. We refer to [BT08a; BGTO05b] for some subsequent norm inflation results on
compact manifolds, with similar proofs that rely on concentrating profiles in a point. We also
mention the norm inflation results in negative Sobolev spaces initiated in [BT06], then further
developed in [CDS12; CK17], see also [Kis18; Oh21].

Some variations The norm inflation does not only occur around the zero solution, but also around
any solution, as shown in [Xia21] for the wave equation. The proof does not rely on finite propagation
speed, so that it can be adapted to NLS, see also [Xia22| establishing the norm inflation at any point
for the fourth-order Schrodinger equation. The general idea is that if the regularizing sequence is

3In [Lin93], the norm inflation is due to another concentration phenomenon related with the Lorentz
invariance of the wave equation.
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arbitrary, norm inflation is very likely to occur for a dense set of initial data. However, as presented
in the next paragraph, the picture is more intricate when one uses the convolution by an approximate
identity, which is the most natural regularization procedure. It has the property to commute with
the linear flow and to be uniformly bounded on LP when p < oc.

To push this result further, a key construction consists in gluing together blow-up profiles that
concentrate at different points. Such a construction is inspired from the work of Lebeau [Leb01],
and was used in [BT08a; Xia21] for wave equations to generate initial data from which any solution
u satisfying the finite propagation speed inflates instantaneously

lim sup||u(t)||gs = +o00.
t—0t

To give a precise meaning of the above inflating solution associated with such a pathological initial
data, [ST20a] adapted the construction in the presence of a regularizing convolution. As described
in the next paragraph, this is also motivated by the probabilistic Cauchy theory at supercritical
regularities.

Let us conclude this paragraph by mentioning the result of [Leb01], that evidenced a loss of
regularity mechanism for the energy-supercritical wave equation by using some nonlinear geometric
optics. For Schrodinger equation we refer to [AC09; CR09], that indicate as well loss of regularity.

Pathological set in the context of probabilistic well-posedness After the pioneering contri-
butions from Bourgain [Bou94; Bou96] for the cubic Schrodinger equation on T2, followed by the
works from Burq and Tzvetkov for the nonlinear wave equation on compact Riemannian manifolds
without boundary [BT08a; BT08b], many authors have investigated the well-posedness issue at
scaling-supercritical regularities by using a statistical approach. Specifically, given a Sobolev space
H#(M) where the equation is known to be ill-posed, or semi-linearly ill-posed, one can search for
a non-degenerate probability measure supported on a dense subset of H*(M), and prove that the
equation is well-posed for initial data on the support of this measure. Such an approach stems from
the study of Gibbs measures [Bou96; BTT18], and has been extensively developed in other contexts
since then. We refer to [BOP19a] for a comprehensive survey on the so-called probabilistic Cauchy
theory. Concerning the cubic Schrédinger equation in the Euclidean space RY, with d > 3, Bényi, Oh,
and Pocovnicu [BOP15b] proved generic well-posedness by using a Wiener randomization procedure,
based on a unit-scale decomposition of the frequency space that leads to refined Strichartz estimates.
To state the result in the context of the present work, we fix an approximate identity (pe)e>o defined
as

pole) = 0 (). (1.1.3)

where p € C2°(R?) is valued in [0, 1] and satisfies [53 p(z) dz = 1. Let us consider the cubic NLS
equation, with p = 3, at a scaling-supercritical regularity s < s, = %

Theorem 1.1.3 (Local well-posedness on a full-measure set for cubic NLS). Let % <s< % There
exist a probability measure ju supported on H*(R3) and a dense set > C H*(R3) with full u-measure,
such that the following holds. For all fy in X, the smooth local solutions (u®) to the cubic NLS with
initial data (fo * pe) are well-defined up to a time T = T(fo) > 0, and they converge to a limiting
object u

L lu® = wll oo o1y my) = 0. w e C([0,T7; H*(R%)). (1.1.4)
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Moreover, u solves NLS in the distributional sense (1.1.2) on [0,T], with initial data fy.

The local well-posedness result is due to [BOP15b] in dimension 4, and [BOP15a] in dimension
d > 3 for cubic NLS, written in the functional framework of UP, VP spaces in order to prove
scattering for small data. However, the convergence of the approximate solutions (1.1.4) is not
written in [BOP15a], and we prove it in Section 1.3 by adapting the analysis performed in [BOP15b;
BOP15a]. Note that the regularization by convolution is essential since, as pointed out in [Xia21] for
the wave equation, norm inflation occurs over a dense set of initial data when the regularization
procedure is arbitrary. The convergence of the regularized solutions is in the spirit of Theorems 2.6
and 2.7 from [Tzv17] for the wave equation. Let us mention that the large-time behavior of
the probabilistic solution has been investigated by many authors, by combining the probabilistic
local well-posedness result of Theorem 1.1.3 with deterministic methods. Concerning the cubic
Schrodinger equation in R3, [BOP15a; PRT14] established almost-sure scattering for small data,
and [Cam22] proved almost-sure asymptotic stability for small ground states. Outside the small
data regime, [KMV19; DLM20; Spi21] proved almost-sure scattering for the cubic NLS in R*, and
[Cam23; SSW21] extended the scattering result in R3, where the cubic NLS is energy-subcritical.

Outside this full-measure set where the statistical approach provides a strong notion of well-
posedness, there exist initial data that concentrate in a point so that a low to high frequency cascade
occurs. From the result of [Xia21], we know that if the regularization procedure is arbitrary, such
an instability phenomenon may appear in the vicinity of any initial data. In addition, Sun and
Tzvetkov proved in [ST20a] that for nonlinear wave equations, when the initial data are regularized
by convolution, norm inflation occurs on a pathological set containing a dense G set, even when a
probabilistic well-posedness result in the spirit of Theorem 1.1.3 holds.

Main result Following the approach of Sun and Tzvetkov [ST20a] for the nonlinear wave equation,
we describe the pathological set for equation NLS, which is the counterpart of the probabilistic
well-posedness theory presented in Theorem 1.1.3. We show that even if we naturally regularize
the initial by convolution, there still exist inflating solutions arising from a dense set of initial data
in H®.

Theorem 1.1.4 (Pathological set of scaling-supercritical data for NLS). Let p > 3 be an odd
integer * and 0 < s < s, = % — %. There exists a dense set S C H*(R3) such that for every fo € S,
the family of local solutions (u®) of NLS with initial data (fo* ps) does not converge because of norm
inflation. More precisely, there exist ¢, — 0 and t,, — 0 such that u®" exists in C([0,t,], H*(R3)),
and

7}1—>H;o [u () || s 3y = 0. (1.1.5)
Moreover, in the defocusing energy-subcritical and critical cases p € {3, 5}, where NLS is known to

be globally ® well-posed in H', the pathological set P contains a dense Gy set.

To exhibit the pathological set, we use in part 1.2.2 the same construction as in [ST20a] that
consists in putting side by side an infinity of inflating bubbles concentrated at arbitrarily small scales.

4This assumption is technical, and might be removed. It guarantees that the bubbles constructed in
paragraph 1.2.1 are C*°.

5We refer to [Col+08] for the proof of global well-posedness and scattering in the energy space of the
quintic (p = 5) defocusing Schrédinger equation.
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As discussed above, this construction is contained in [BT08a; CCT03a], and was inspired from [Leb01].
The proof proposed in [ST20a] revisits the small dispersion analysis from [CCT03a] with an additional
convolution. Indeed, since their motivation is to make precise the probabilistic well-posedness result,
the smooth initial data need to be obtained by convolution with an approximate identity. Then,
they use finite propagation speed to indicate that the different bubbles do not interact in short time.
Moreover, in order to generate a dense set in H*(R?) and not only around zero, [ST20a] implement
the idea from [Xia21] that consists in performing the standard small dispersion analysis around an
arbitrary function in C*°(R3) with compact support.

In the case of Schrodinger type equations, we do not have such a finite propagation speed
principle. To overcome this, we play with the regularizing convolutions. The observation is that
given a fixed scale of regularization € > 0, the convolution by p. breaks the bubbles that concentrate
at scale \™! <« e. Hence, at a certain suitable time t. < 1, the bubble concentrated at scale
A~1 ~ ¢ is the only one to inflate. This observation indicates that there is no need to use the finite
propagation speed in the proof of Theorem 1.1.4, even in the case of the nonlinear wave equation
analyzed in [ST20a]. Therefore, the same approach probably extends to any equation of Schrédinger
type, provided there exists a reasonable Cauchy theory for smooth initial data. Indeed, we do not
directly use the particular dispersion of NLS in the analysis. Let us mention some features of the
approach developed in this work.

Finite propagation speed and localization of bubbles Since we do not use any finite propagation
speed, we have access to Schrodinger type equations. Another consequence is that we can superpose
the bubbles in the construction. Indeed, we do not exploit the absence of interaction between the
different bubbles, that was crucial in the short time analysis from [ST20a] about the wave equation.
Hence, we can take the center of the bubbles to be x = 0, so that the pathological set is left invariant
under the action of the rotations and the construction persists in the radial case. Note, however,
that we are not able to prove that the solution inflates along the whole sequence as € goes to zero,
but only along the subsequence ¢,, (see remark 1.1 in [ST20a], and remark 1.2.5 below).

Focusing and defocusing equations and range of nonlinearities We show that the a priori control
on the growth of Sobolev norms is sufficient to establish a lower bound on the time of existence
for the smooth solutions obtained by convolution. Hence, we can bypass the use of the coercive
energy, and we treat the focusing and defocusing case without distinction. Also, we have access
to the energy-supercritical case p > 5. In such a case, we point out that the norm inflation of the
H'(R3)-norm does not contradict the conservation of the energy, since when p > 5 the potential
energy of an initial data in H'(R3) is infinite. However, to prove that P contains a dense G4 set
we need to assume that the smooth solutions are global, say in H%"'(RS), see Proposition 1.2.10.
Hence, the reason for the technical constraint on p € {3, 5} in the statement of the second part of
Theorem 1.1.4.

Lower bound on s Sun and Tzvetkov observed in [ST20a; ST20c] that a lower bound on s might be
required. However, in the statement of Theorem 1.1.4, we do not need such a lower bound, and we
propose an explanation of this difference in remark 1.2.9. Yet, we do not know if the limitation in the
case of the wave equation is whether technical or not. Note also that we do not have s = 0 because
of mass conservation. When s < 0 other mechanisms operate, and the possible norm inflation is due



1.2. PATHOLOGICAL SET OF DATA WHERE NORM INFLATION OCCURS 77

to a high to low frequency cascade.

Other geometries and dimensions Since the construction of the pathological set is local, up to
working in local coordinates, our proof works as well in the periodic case, or in the case of a compact
Riemannian manifold. Nevertheless, we decided to state the result in the Fuclidean case, since there
is no general probabilistic Cauchy theory in the spirit of [BT08a] for NLS on a compact manifold of
dimension 3. Our proof can also be adapted to higher dimension, but we write it in the context
of [ST20a] for simplicity, in the sense that we only need to compute two derivatives to control the
L>®-norm of a function in R3. In higher dimensions, we would have to use a semiclassical energy
with higher order derivatives.

Conclusion In the scaling-supercritical regime, and at least in the cubic case, we have two different
behaviors for the smooth solutions to NLS initiated from regularized initial data obtained by
convolution with an approximate identity. On the one hand, Theorem 1.1.4 states that the pathological
set of initial data where norm inflation occurs contains a dense Gg set. On the other hand, the
statistical approach from Theorem 1.1.3 provides of dense full-measure set of initial data for which
the regularized solutions converge to a limiting object that is a strong solution to NLS. This is the
counterpart for Schrédinger-type equations to the result from Sun and Tzvetkov [ST20a] for wave
equations, and the same comments apply. Namely, there are two different notions of genericity.
While the norm inflation set from Theorem 1.1.4 is generic for the topology, it is negligible for the
measure. Meanwhile, we know from the Baire category Theorem that the well-posedness set from
Theorem 1.1.3, which has full measure, cannot be a dense Gy set.

Outline of the paper We first establish the generic ill-posedness Theorem 1.1.4 in section 1.2. To
achieve such a goal, we set up in part 1.2.1 the fundamental bubbles v,, that encode the oscillations,
and we construct the pathological set in part 1.2.2 by superposing these bubbles. In paragraph 1.2.3
we fix a given scale &, its corresponding inflation time t,, and we compare in H*(R3) the solution
to NLS initiated from an initial data in the pathological set, with the bubble concentrated at scale
€n, supposed to inflate after the time ¢,. In a second section 1.3, we prove the generic well-posedness
result. After introducing preliminaries for the probabilistic method in part 4.2 and reviewing relevant
probabilistic Cauchy theory results in part 1.3.2, we prove in part 1.3.3 the convergence in H*(R?)
of the regularized solution by convolution to the solution generated from a randomized initial data.
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1.2 Pathological set of data where norm inflation occurs

The purpose of this section is to prove Theorem 1.1.4. First, we follow the strategy from [ST20a]
and we study the unstable profile, or the bubble, regularized by an approximate identity. Our
key observation can be stated as follows. When convoluted with an approximated identity (p.), a



78 CHAPTER 1. PATHOLOGICAL SET OF INITIAL DATA FOR NLS

blow-up profile concentrated at scale n~!, and supposed to inflate at time ¢, actually gets smoother
and remains bounded at time t,,, as soon as n~! < . We draw the attention to Lemmas 1.2.1
and 1.2.4 that indicate such a mechanism. Owing to this observation, we show in Section 1.2.3 how
to generalize the small-dispersion analysis from [ST20a] without using finite propagation speed.

1.2.1 Unstable profile

We construct unstable profiles by following the approach in [BGT05b]. The construction of the
bubbles, that have growing H*-norm, is based on the solution V (t) = €?* to the dispersionless ODE

iV +o|lVPTlV =0
V(0)=1.

Note that V' is a bounded periodic function. Set a smooth and radial profile ¢ € C°({||z| < 1}),
such that 0 < ¢ < 1, from which we define a bubble concentrated at scale n

2

vn(0,2) == A5 o(nz) = /{nn%_sgo(rm) .
Given v > 0 to be determined later in the analysis, the parameters of the above bubble are

p—1

K = (log(n))™7, Ay = kp? n(G=9"7

We recall that we have fixed an approximate identity defined in (1.1.3), and consider the bubble
after convolution by the approximate identity

vs (0) 1= pe x vy (0).
Given a time t, we consider the profile
vh (8 ) = 05 (0, 2)V (¢or, (0, 2) [P
solution to the dispersionless ODE
i0s, + o|vs [P~ = 0.
{UZ(O) = pe * vn(0),
We now fix the parameters,

1

_ — Bp—1),,(s—2)(p—1) _ y—2 (B=)(p—1)
100 t, :=log(n) n'®"2 A, < log(n) ) (1.2.1)

En

for suitable 0 < v < 8 < 1 adjusted in the analysis, and we follow [ST20a] to adapt the bounds
from [BGTO5b] in the presence of the convolution parameter.

Lemma 1.2.1 (Growth of the profile). Let 0 < s < 3.6

6Note that when s = 0 the lower bound goes to zero as n goes to infinity. This is in agreement with the
mass conservation.
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1. There exists ¢ > 0 independent of n such that for all € < e,, we have the lower bound
05 (n) | 22s > ern(Notn)®.

2. For all m € N, there exists C > 0 such that for alln € N, t € R and € > 0,

1\""2
V176502 < O™ =*(1-+ 02 min (1. 2)

In addition,

m—&—%

1
IV ™05 (6) [0 < Crinn™ 375 (1 + (1A2)™) min <1, En)

3
The factor min (1, 2 )m+2 obtained on top of Lemma 2.1 in [ST20a] comes from the fact that

Y en
we get better estimates when estimating the derivatives and the L2° norm of p. instead of those of
vy, when ¢ is large compared to %

Proof. We first establish the upper bounds.

Upper bounds Let T,,(f) := f(n-) be the scaling operator. We have

3 1 x!
vs (0,z) = nnn2_s/go(n(ac - :U’))E—3p <€> da’
5
= ang (T * Tép)(o, x),

so that when o = (a1, a2, a3) € N3, denoting m = |a| = a1 + as + as,

1 /
0%y (0,z) = mnng_snm/Tn(aago)(:v - x')6—3p <Z) da’
3 s
KnT2 m le}

The Young’s convolution inequality implies

2
3_ —1
10%v5(0)][ Lo S knn2 ™ *n™ | T(0%@) | Lol pell L S AR 0™,

3_ _
10%v5(0)[| L2 S Fnnz ™0™ | T (0%@) |2 [l pell 1 S K™

But one can also derivate the p part

o130.0) = mant (1) [T S0 (F25) s

™

9

_ S <1>m (T(p) * T1(9°p)(0, ),
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so that there also holds

0705 )l < et (1) T SIT @ le 52T (1)
" ~ £ S ~ e) (en)¥

s_g (1\™ 1
o502 S = (1) Tl ST %)

3
3 1\N"2 1
< kpnz % -
~ <€> (en)?

1

(6n)m+% .

= Kk,n"

Note that when m < 1, we can still improve this estimate using that

. ™ 1 _
107450 S = (£) I T s S o™

These two observations sum up as

_2 m—+3
HW@@mwsmﬂwme,) ,
En

3
1\ 2
W%WWHS%W”mm07> .
EN

Next, we deduce the estimates at time ¢. Using V' being bounded by 1, we have

= LY’
050 £ A7 min (1, )

1 2
o ©ll2 S o~ (1,2

Finally, we compute
Vor, (8)] < t]o5, (0) [P~ Vor (0) V! (tog, (0) [P~ + [Vo5,(0)V (v, (0) 7)), (1.2.2)
and
| Awy, (8)] St [0y, (0) P2 (W05, (0)) 2V (¢]vy, (0) 7))
+ 2[5, (0)[P~2 Vo (0) PV (t]o5, (0) "))
+ tJu5, (0) [P~ Avg (0)V' (¢ oy, (0) P~ )]
+[Avg (0)V (tor, (0)[P7H)].

[terating, we obtain a similar formula when o € N™ is arbitrary, the leading term being the one
where all the derivatives fall on the ODE profile V'

100 (1)] < 05.0) Dm0 (0) o ()™ V0 (1o () )
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Since |V| and its derivatives are bounded by 1, we deduce that

_2 143
15 (0) = S AT (1 + tA2) min (1, ) ,

En

2 243
1AV ()|l e < A" n?(1 4 tA2 4 (tA2)?) min <1, m) .

On the L?-based spaces, we also get

1 1+
IV05 ()]l S s (1 + £A2) min <1, ) |

3
1\2%*z
[AVE ()| 2 S Kpn® (1 + (¢A2)?) min (1, > -
EN

The other estimates follow similarly.

Lower bound We now establish the lower bound [|vE (t,)||gs > ckn(t,A2) for every e < &, where
we recall that tn)\% > 1whenn> 1. Fix ¢ <e&,. When 0 < s < 1, we have from interpolation that

[EA0]rmassl CAGI A A G] g

Using the upper bound
[0 (Dl 2 S mun® (14 (EA3)?),

it is enough to establish the lower bound

5, (ta) |1 2 Fon(En A7)0
Since the second term on the right-hand side in (1.2.2) has the upper bound

V05OV (talvr ()P~ 12 S Knn' >,
it is sufficient to establish the lower bound for the leading term
[t o5 ()P~ V07, (0) V' (ta vy, (O) P~ )] 2
Since V' is of modulus one,
[t o5, ()P~ V05 (0) V! (tav, (O) Pl 2 = talllvy, (0) P~ V05 (0)]| 2
= 1 [ T() P (T(V0) % 02) 12

2427
= tnAn P

_3 _
n'"2 [l * prelP ! (Vo * pne) || 125

the latter equality coming from the change of variable

T f * pe(x) = Tn(f * pne)-
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Thanks to the choice of € such that ne < ne, = ﬁ, the L? norm of ¢ * p,. admits a lower bound

that does not depend on n. Moreover, it is bounded from below by ¢y > 0 since ¢ * ppe and its
derivative tends to ¢ and its derivative in the LP spaces when ne goes to 0. To conclude, it only

remains to observe that

3

245 - -
tadn P TE = Rk (E A2

When 1 < s < %, the idea is the same except that we need to interpolate between higher order
Sobolev spaces

lor 115" < lvn )z o7 (O 77 -
The leading term in the expression for ||vE ()| g2 is
£ 105 (0) PP =2 105 (0) PV (¢l 05, (0) Pl 22 = £ 1|07, (0) P2 (Vo5 (0))? ] 2
2(2p—1)

= ti/\n o HQH T (¢p) * pa‘2p_3 (Th(Vp) * Pe>2 | 2

_ AT a3 2p—3 2
=t,An n"72 ||| * pnel (Vo pne) 2,

45 . .
where 12 )\, ? 272 =k, (tn22)?n%=5. To conclude, it only remains to use the upper bound

o7, (tn) s S > (8 A7)° - O
1.2.2 Pathological set
The pathological set is defined as
P.={fec HR? | lirris%p |®(t)(pe * )| s — 00} . (1.2.3)
e,t—

In this part, we prove that the pathological contains a dense Gy set, that stems from the “tanghuru”
construction [ST20a] consisting in the superposition of inflating bubbles. We fix a > 1. For arbitrary
k€N, z, € R3, we set ny := eak, and define the k-th bubble centered at z; € R3, and concentrated
at scale n,;l Vo K, Writes

2_s
V0, () := U, (0,2 — ) = log(ng) "n; “p(ni(x — xp)).

Remark 1.2.2 (Position of the bubbles). In the construction from [ST20a], the k-th bubble concentrates
in the point x; = %, so that the distance between two consecutive bubbles is much larger than the

scale of the bubble. Namely, |z — zx_1| ~ k% > e, Hence, the different bubbles are far enough
and do not interact in short time, thanks to the finite propagation speed. Since we do not make use
of this, we take arbitrary x; in the construction. Note that when x; = 0 for all k, the construction
is radial and provides a pathological set even in the radial case.

Definition 1.2.3 (Dense subset of the pathological set). We denote by S the set of initial data fy
that can be decomposed under the form

o0
f0:U0+ZU0,k7 ko>1, wup€CPRY).
k—Fo
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Our aim is to show that the pathological set contains S, which is dense in H*(R3), and a G
subset as soon as every smooth solution to NLS is global. For this, we first establish upper bounds
for the series in the definition of 5, after regularization by convolution. Recall that we have set up
the parameters in (1.2.1), and, given k£ € N, we may denote for simplicity

k
a
n=np=e , € ==Ep,, k=1In,,

with @ > 1 to be chosen later in the analysis. At time ¢, and at scale e, we expect the k-th bubble
to be responsible for the norm inflation, while the other bubbles concentrated at the larger scales
I71 > k=1 and at smaller scales [~ < £~ do not inflate.

Lemma 1.2.4 (H™-bounds for initial data in the pathological set). Let m € N, 1 < ky < k, and
denote ), = (100n) Y, with ny, = ed” . If m < s, there holds

k—1
Z ey, * UOJHH’"(R?’) NEE (1.2.4)
l=ko
> lpa *nullmgesy S 2 () (1.2.5)
I=k+1 Mk+1

Moreover, for every m > s, we have

k—1
Z e * voull g (msy S 17 (1.2.6)
l=kg
— k
> e < oulmes S 2y () (1.2.7)
I=k+1 Mke+1

Remark 1.2.5. Note that the estimate for the sum of the profiles concentrated at scale smaller than
ny is only valid when € > €. As a consequence, we cannot evidence the norm inflation along the
whole sequence of regularized initial data (p. * fo)e>0, but only along the subsequence (pe, * fo)k>k,
with &;, = (100n;)~!. For this reason, we only prove (1.1.5) instead of

Al e o, ristre ey = 00 (1.2.8)
The norm inflation mechanism was also exhibited along a subsequence in [BT08a; BGT05b;
Xia21]. However, thanks to the finite propagation speed, [ST20a] proved that the norm inflation
for energy-subcritical nonlinear wave equations occurs along the whole sequence of regularized
data. Nevertheless, defining the pathological set with the convergence type (1.1.5) is enough for our
purpose. Indeed, in the context of probabilistic well-posedness, the convergence of the regularized
strong solutions to the local solution from a randomized initial data holds for any sequence € — 0.
Therefore, the pathological set and the good set of randomized initial data are disjoint.

Proof. When m < s, the large bubbles (i.e. with small index [ compared to k) contribute the most
to the mass of the initial data.

k—1 k—1
D e, xvogllam <m0 Snpte,
l=ko l=ko
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whereas
< o - e \ 2
_ k — k
E ||p5k *UO,lHHm S E , ’inzn;n ° < ) S nzz_fs < ) .
= _ n Nk+1
I=k+1 I=k+1

This proves (1.2.4) and (1.2.5), respectively. Next, we assume that m > s and we establish (1.2.6)
and (1.2.7). It follows from Lemma 1.2.1 that

k—1 k—1 1 m+%
< Z m—s _ . < ,,m—5
Z | pe). * vo,llEm S KMy, Min (1, 5k;nl> Sng

I=ko I=ko
Similarly,
0o m+3 1 m. o0
3 —s (W \3
> sanmin (1,200 ) TS (1) 0 mani e Sty ()
et kT k7 1okt FH

1.2.3 Perturbative analysis

In this part, we fix fo € S and consider the solution u** to NLS with initial data fo * p.,. We prove
that in the scaling-supercritical regime s < s, and up to the time t,,, the nonlinear part of u®*
dominates the dispersion. Specifically, we prove that u** behaves like the ODE profile vz’“, which is
at scale ny. Therefore, u* experiences a norm inflation at time ¢,, as well. To do so, we perform a
perturbative analysis by proving some a priori energy estimates on the difference between the ODE
profile and ug.

As a byproduct of the analysis, we can deduce from the a priori energy estimates combined with
a standard continuity argument that the regularized solution u* exists in C([0,ty,]; H*(R?)).

Proposition 1.2.6 (Perturbative analysis). Let k > 1, n; = e ey = (100ny)~t. When s < s,
the local solution u®* to NLS with initial data fo * p., can be extended in H*(R3) up to time t, .
Moreover, there exists C' > 0 such that for k large enough,

Hufk (tnk) - Ufzk (tnk)HHS(IR{i”) < C. (1.2.9)

Corollary 1.2.7 (Norm inflation). For all 0 < s < s. there exist 0 < ¢ < 1 and a suitable choice of
the parameters 3,7, such that for any k large enough we have

[ (tny )|l s = clog(ng)° .

Corollary 1.2.7, from which we deduce Theorem 1.1.4, follows from a priori estimate (1.2.9) in
the small-dispersion analysis, combined with the lower bound on v¢* from Lemma 1.2.1

[ (b ) irs > Clog(n)S(ﬁfv)(pfl)ﬂ —C.

To prove Proposition 1.2.6, we perform a standard perturbative analysis inspired from [BGTO05b]
and [ST20a], using semi-classical energy estimates. The main difference is the presence of a linear
correction,

k—1
€k . GtA  Ep PitA  En
urp =e " ugt + E e vy -

I=ko
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This correction ensures the smallness of the L?-norm of w(0). The correction is quite harmless up
to time t,, , since ust concentrates at scale at most (nk_l)_l, which is much larger than the scale
(ng)~"! of the inflating bubble provided a is chosen large enough in the construction.

Remark 1.2.8. We remove the linear evolution of the large bubbles in u5*, in order to have an initial
upper bound for the mass of order at most n, * initially. Indeed, as a consequence of Lemma 1.2.4
we may have

k—1
1> vgillee ~ 1.

l=ko
Removing this contribution would deteriorate a bit the estimates on the Sobolev norms H™ of

ui’“, that will be of size nj’ | instead of C'. Nevertheless, since we run the argument up to time
tn, < ny', we shall be able to close the estimates as explained above.

Remark 1.2.9. In the case of the wave equation [ST20a], the norm inflation occurs much later, at
time t,,, (NLW) ~ AL, since it occurs at time ¢y, (NLS) ~ A, 2 for NLS, respectively. Consequently,
a lower bound on s is needed in [ST20a] to control the growth of some source terms (containing u3*)
up to time t,, (NLW) > t,, (NLS). Nevertheless, it should be possible to remove this condition by
using a refined nonlinear correction instead of u3* in the perturbative analysis.

Proof of Proposition 1.2.6. By using the local Cauchy theory for NLS in H? for o > %, we see that a
lower bound on the time of existence of uj, in say H 2 follows from an a priori bound on its H?-norm.
We deduce such an a priori bound from energy estimates. To do so, we write

wi=ut —ufF — k.
Using the definition of the linear correction u3*, we see that initially,

o0
w(0) = Z Vo1 * Pey, - (1.2.10)
I=k+1

We shorten the notation by denoting n := ny, and we consider the following semi-classical energy

2
Bnlt) = (2wl + 1%
From the Gagliardo-Nirenberg inequality and the interpolation, we have that for o € [0, 2],

3
[w()l|ee S 12 En(t),  [lw(t)|ae S0 En(t). (1.2.11)

In particular, [|w(t)||gs < En(t) . Moreover, the H*-norm of the linear correction is bounded uniformly
in n since

k—1 k-1
lui g mrs < [lugtllas + Y gl loghlin < luollms + ) rny ST (1.2.12)
l=ko k=ko

For these reasons, inequality (1.2.9) can be reduced to prove the a priori energy bound

sup En(t) <1.
0<t<ty,
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Initially, we have from (1.2.5) and (1.2.7) that

W
N

e, n
o w(O) g < CnPngsy (—)

n
w(0)||;2 <Cn. 2, (——
w2 < Oy () L

so that

n s e
En(0)* = n*|[w(0)|[72 +n P |Aw(0)[|7> < 20(71—)3+2 = Cn~, (1.2.13)
k+1

with ¢p := (a — 1)(3 4+ 2s). Now, we run a bootstrap argument to prove that E,(t) < 1 for all ¢t < t,,.
For shortness of notation, we drop the complex conjugation sign. By construction, w is solution to
the perturbed Schrodinger equation

(10 + A)w = |w + uF* + vk P Hw + uFk + vsk) — oSk [PTLoSk 4 AvEk =1 F 4+ Avk
with initial condition w(0) given by (1.2.10), and where the forcing term is
F = (w+ u) Ol + gt + o3P
Denoting A := AF', we have

Al S(1Aw] + [AuZH) (Jw P~ + [uF P + ok P~
+ (IVw| + [V ) (lwlP~2 + [ugF P~ + [ugr P72)
+ (IVw| + [Vud* ) [ Vot (lwlP~2 + [ugk [P~ + [ugFP~2)
+ (lw] + [uF D IV2os [ (JwlP =2 + [uf P72 + [ogs P72)
+ (lw] + [uZ DIVt P (Jw]P =2 + gt P72 + [ogkP72)

First, we control the source term coming from derivatives of Avj*. We observe that 2 <
(3 —s)(p—1) when s < s.. ” Hence, we deduce from Lemma 1.2.1 that

| AvSE | ge 2 4+ 02 A%0E Lo 2 < C(EAR) 0® < Clog(n)* (== 12
< Cple=9@-D=0 (] 914)

with, say,
5o = S —s)p—1)—2) > 0.
212
Now, we control the source terms comings from u7* and vi* in the expression of F' and AF.
First, notice from (1.2.6) and from the H*-bound (1.2.12) that for any m > s, there exists C,, > 0
such that

whereas when m < s we can only use that thanks to (1.2.12), we have |[u7"||zepm < C. Using the
Gagliardo-Nirenberg inequality with s < %, we deduce that

1 325 3_
ug logoree S (gl ogorrs) 7@ (U | oo pr2) 2@ Smp_y

"This seems to be the only place where we see the condition s < s..
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In order to prevent another unnecessary loss later on, we also observe from the Sobolev embedding
Hi < L* that
IV i lngors < lluftll

3
LOOH1+4 )

and since 1 + % > % > S¢, we deduce

1435
IV |uZ pgers S my_i

Using the estimates on the profile v from Lemma 1.2.1, we can therefore control the source terms
ui’“ and v up to time t,, ~ A2, uniformly in n and estimate

| E@) 2 S 0 lwllze (lwllf + a3 5+ (ot 15 )
S oo (w2 llwllBa + sk | g2 g 152 + gl e g B2 -

As a consequence,

3 _ o) (p—
WIF )2 S En(t) (Ba(t)PnG90-0 4 pE79070 | G901
+ n nk 1 ( _SE ( ) ( - )( ) + ](92 18)(]7 ) + n—Sn(%—S)(p—Q)) X

Supposing that F,(t) < 1, which is the case at time ¢ = 0, this leads to the estimate

RS F ()| g2 < En(t)n2=9®=0 4 p(G=9)-1) ((%)%*s 4 ns(%)(%*s)@*)) .

We recall that we choose n = ny = " for some a > 1, so that nkn L=p 9 withg=1-1 = Therefore,

there holds
RS || F ()| 2 < En(t)n2=9®=1 4 p(G=9)@-1) (n—e(%—s) + ns—9(%—5)(p—1)) ‘

We want to ensure that

3
8<9<2—s> (p—1), (1.2.16)
so that there exist C > 0 and ¢ > 0 such that
R F (1)l g2 < CEn(t)n(3=5) =D 4 p(G=s)p-1)=c (1.2.17)

Since s < s, =

\][VV)

= 1%’ the condition (1.2.16) reduces to

sc<9<2—sc) (p—1),

which is satisfied as soon as 6 is sufficiently close to 1, that is when a is chosen sufficiently large so

that 5 .
-<1l—--—.
4 a
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Similarly, we estimate the increment of the H?-norm as in [BGT05b], controlling the terms
involving vsk, Vusk, Avk or ui¥, Vui®, Auf® in L>:

1Az S I Awl g2 (Jug e + [l H ] o

+ [[Aug ||L°°(||w||L2||w|| C o logll e og 1) + I Au | g2 fug e
+ Vol Za (lug 17 + lwlf 2 + [l skll <)

+ IV G e (Tl 2 w7 + g 2 gk I2) + IV Tz | Fallug (1

2 —2
+ (IIV 1wl g2 IV gz + 1V e Vo5 [ z2) (lag 172 + el + o 15
2 —2
+ (lwll 2 Ao | poe + lluf e llAvgt | g2) (lug 2 + o] + Hva’“Hp )
+ (lwll 2 Vo5 e + Nl o NIV Jort 2 IV o5 lzee) (ugs 12 + ol 72 + flogs 1) -

In addition to inequality (1.2.11), we shall use the Sobolev embedding b1 L' and interpolation
to get

1V w(t)|| s < n' T35 Ea(t) .

Using the bounds on v$+ and on u}*, we obtain

3 _s)(p—
02 A@) e S Ea()(ng2 7" 4 0G0 (B, (P 4 wnY)

+ni+§ 8~ 2+H(5—5)(p—2) ( ()P + kP~ 1)+n i:iJr(%_s)(p_l)

WA (02 (nf 7 2 0 R )

94 (3_ _ _9 243 -2s+(2—5)(p—2)
+n2+3 28 2+( s)(p—3) ( (t) ’%g 3) +ns an_lz 2

3_, 3_g\(p—
t Ry, (ng_SEn(t) +n11:f n_l) (n;il )(p—2) +n(%—s)(P—2)(En(t)p—2 +’€£—2))

3_ 3 &)(p—
T Fon (ngsEn@) + nk> (277 G002 (B, (12 4 wE2)

3_ 3 ) (pe :
+ k2 (n2<§—S>En(t) + ng_fn3—5> (n2 9P L G003 (g, (1)P=3 + k23)) .
Once again, we assume that F,,(t) < 1. Noting that k, < 1 and that ny_1; < n, we use the bounds

3 o) (pi : A A A
n,(cil o) + (7_5)(73_1)(En(t)p_Z + kP S max(l,n(%_s)(p_’)), i€{1,2,3,...}.

We then simplify the above expression by writing
n* 2| AW) |z SEa(tn(e0D
+ni+§—s ~2+(3-9)0-2) | 52y, —si+(%—s)(p—l)
+ 2t n2tG-8)(p=3) 4 52 :si+(%fs)(p71)
+ nk+2*5n—l+(§—8)(p—2)

b2 G2
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The cross-terms between ng_; and n are equal to

. 3_ — — 3_ 3_
n(%fs)(pfl) ((nk—1>2+2 s n <nk—1)2 s N <nk—1)2+3 2s N (nk‘—1>1+2 s n (nk—1> 5 s) .
n n n n n

Since =L = n~ there exist C, ¢ > 0 such that

R AW 12 < OB, (nG90) 4 G100, (1.218)

Combining (1.2.14), (1.2.17) and (1.2.18) with the energy estimate

d _ _

S (Ba®)?) < 2B F @)+ A 12) + 071805 e 13 +0° 2 A% e 12
we get that there exist C, ¢ > 0 such that

%En(t)z < CE,(t)* G790 1 opG=9F-N=c = O\2E2 4 O)2p 2
It follows from the Gronwall estimate that

En(t)* < (Bn(0)* + Cn %, 02) exp(CtA2) < (Ep(0)? + Cn~°) exp(Clog(n)#=1P=1)

We recall that from (1.2.13), we have E,(0)? < Cn=% for some cg > 0. Finally, we fix parameters
8,7 small enough such that (p —1)8 < % and v < %B. Then, we fix ng € N such that for all n > ny,
for some constant C' > 0 encountered in the analysis, we have

C'log(n)B=1E=-1) < glog(n) +C(d), ¢:=min(co,c) >0,

so that S
3

En(t)2 <s n_(sng SsnT2 K1

We conclude by a standard bootstrap argument. O

We proved that S C P. Finally, we show that S is dense in H®. Then, by using this inclusion,
we deduce that P contains a dense Gy set as soon as NLS is globally well-posed in H?2.

Proposition 1.2.10 (Density). For g € H*(R?), we denote ®(t)g the mazimal solution to NLS in
C([0,T*]; H*(R3)) with initial data g. The pathological set P defined in (1.2.3) is dense in H*(R3).
Moreover, in the defocusing energy-subcritical and critical cases p € { 3, 5}, where the Cauchy problem
associated with NLS is globally well-posed in H*(R3), P contains a dense G subset of H*(R?).

Proof. By construction, we know that

oo oo
Z [voklls S Z Knj, —ko—o0 U,
k=ko k=ko

therefore S is dense in H*(R3).
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We now assume that global well-posedness in H?(R3) holds, and we follow the proof of Corol-
lary 1.2 in [ST20a]. Specifically, we prove that P contains a countable intersection of nonempty
open sets. Let us consider the sequences () and (¢;) going to zero as in (1.2.1), and define

Ong = {f € H*(R®) | [®(tn,) (e, * f)llzs > N}

By definition of the lim sup, we have

N UOowecs

N=1k=k1 l=k1

We already know that Uiikl O, is nonempty since it contains for instance the lollipop > ;2 Ky V0,1
Therefore, it remains to show that for every N and k, Oy is an open set.

Let fo € Ong, t < tp, and 0 > 0 to be chosen later. Using the Duhamel formula and the Cauchy
theory in H?, we know that there exists Cy > 0 such that for every f € H®,

1R (1) (e, * f) = @) (P * fo)llmz < Colllpy * fllgr' + ey, * follr Moe * (f = fo)llz -

Using the inequality
loe* fllaz S e fllas

we deduce that for any f € H?,

1D () (pe, * £) — B(E) (pey * fo)lli2 < Coer O P FIE" + |l fol B )1 = follrs -

Since ||®(t)(pe, * fo)llms > N, we deduce that when f is at distance less than ¢ from fp in H®, then
|®(t)(pey, * f)||mrs > N for some suitable § > 0, so that Oy is open. O

1.3 (Generic well-posedness

This section is devoted to the proof of Theorem 1.1.3 for the cubic Schrodinger equation, at scaling-
supercritical regularity H*(R3), i.e. with % <s < % 8 The technics shall be more specific to the
Schrodinger semigroup and its dispersive properties. Namely, we make use of Strichartz and bilinear
estimates in the framework of Fourier restriction spaces, that we recall in parts 4.2 and 1.3.2. We
then adapt the proof of the almost sure local well-posedness result from [BOP15b] to establish
the convergence of the regularized solutions to the solution obtained from the random initial data
regularized by convolution, as claimed in Theorem 1.1.4.

In what follows, we fix s a scaling-supercritical exponent such that % <s< %, and a scaling-
subcritical (or critical) Sobolev space H?, with ¢ satisfying

1
SC:§<0<2S.

8The lower bound on s stems from the contributions of the high-high-low and of the high-low-low interactions
in the first Duhamel iteration. Besides, by refining the recentering method in [BOP19a], the regularity threshold
was lowered to % < s. In [DLM19], a different approach based on local smoothing in lateral spaces improves
the regularity threshold in dimension 4, and can certainly be adapted in dimension 3. Note also that s needs
to be strictly grater than the threshold because of the summation over dyadic blocks.
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1.3.1 Preliminaries

We first recall the basic dispersive estimate for the free Schrodinger evolution.

Lemma 1.3.1 (Strichartz estimates). Given 2 < p,q < oo satisfying the admissibility condition

2 3 3
24222 1.3.1
PRI (1.3.1)

there exists C > 0 such that for all ug € L*(R3), we have

itA
| e* uol|Lr ;e ms) < Clluollrz(rs) -

We emphasize that the admissibility condition is imposed by the scaling invariance. A key feature
of the randomization procedure is to rule out the scaling invariance, and to relax the admissibility
condition, as written in Lemma 1.3.4. The following bilinear estimate due to Bourgain indicates a
nonlinear smoothing effect when high and low frequencies interact. Combined with the probabilistic
Strichartz estimates, it is the main mechanism responsible for the smoothing effect observed in the
Picard iteration from a randomized initial data.

Lemma 1.3.2 (Bilinear estimate [Bou98a]). Given N < M two dyadic integers and ug,vo € L*(R3)
such that

supp F(ug) C {§€R3 | ]{],EN}, supp F(vg) C {£€R3 | %MS €] §2M}.

We have ' A )
1" ug) (€72 g Lz, rxrs)y S NM 72 [uoll L2 gs) llvoll L2 rs) -

Let us now set up the relevant randomization procedure in the Euclidean space, and recall the
key probabilistic Strichartz estimates obtained in this context.

Wiener randomization The Wiener decomposition of a function in fy € L? is defined from a
unit-scale partition of unity of the frequency space given by a function 1 € C°(R3) supported in
[—2,2]?, such that

Y vE—k)=1.

keZ3

Defining the corresponding unit-scale Fourier multiplier Py ;, = F~1(¢)(- — k)F) on the unit cube
centered around k, we decompose any function in L?(R?) into a sum of unit-blocks

fo= Z P 1fo.
keZ3

The randomization procedure consists in decoupling these individual blocks by some independent
Gaussian variables. Specifically, given a function® fy € H*(R3), a probability space (2,4, P) and

9In order to have a reasonable measure, we ask for some non-degeneracy conditions on fy. Namely, we
want to ensure that supp p is dense in H®, and that u(H? \ H®) = 0 for all o > s. To do so, it is sufficient
to assume that || Py fol|z2 > 0 for all k € R3. We refer to Lemma B.1 in [BT08a] and [BOP19a] for further
details.
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some independent complex Gaussian variables (gx)iez3, we define a probability measure p supported
on H*(R?) induced by the random variable

w € N f§ = Z ge(W) Pk fo € HS(R?)  as.
kez3

This randomization procedure is called the Wiener randomization.

Strichartz estimates The main idea is to combine the unit scale Bernstein estimate with probabilis-
tic decoupling in order to improve the integrability bounds and to relax the Strichartz admissibility
condition, for a large measure set of initial data.

Definition 1.3.3. Let M > 1 be a parameter. We say that an event A = A(M) occurs M-certainly
when there exist some positive constants C, ¢, 0 > 0 such that

P(A(M)) > 1 — Cexp(—cM?).

Lemma 1.3.4 (Probabilistic Strichartz estimates [BOP15b], Proposition 1.4). Fiz a Strichartz
admissible pair (q,r), with 2 < q,r < oo, satisfying the Strichartz admissibility condition (1.3.1).
For any 7 such that r <7 < 0o, there exist C,c > 0 such that for all A > 0,

P({w] [(V)* e fE oz ey > A}) < Cexp(=eX?[ foll5?) - (1.3.2)
As a consequence, for any A > 0, the following Strichartz estimate holds A-certainly
[(V)® e?2 Jo oz sy < Allfollas (1.3.3)

so that almost surely,
it A
”<V>Selt fgj‘|Lg(R;Li(R3)) < 0.

1.3.2 Probabilistic local well-posedness

With the above refined probabilistic Strichartz estimates at hand, one can observe some nonlinear
smoothing effect. Specifically, starting from an initial data f§ € H® that satisfies (1.3.3), and by
performing a linear-nonlinear decomposition through the ansatz

u(t) = e ¢ + v,

we run a contraction mapping argument for v in H? with % < 0 < 2s, where v is solution to a cubic
Schrédinger equation with stochastic forcing terms depending on f(t) = A f¢, and zero initial
condition:

{(i8t+A)v=\v+f\2(v+f)7 (NLSf)

v(0) =0.

We use the following refined Strichartz norm for the linear evolution of the initial data

1l = IKV)* fllps  mxrsy + KV Flls | rxms) -
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It follows from Lemma 1.3.4 that for all A > 0, we have A-certainly that

1e™2 £5'll g < Allfoll e

As a consequence, the set
o= {1 1™ g < oo}

has full yi-measure. To control the source term in (NLSy) we set
VS = LO(R; H%) N 5°.

The local existence result due to Bényi, Oh and Pocovnicu for NLS with initial condition f§ € 3,
that we now recall, states as follows.

Theorem 1.3.5 (Almost sure local well-posedness, see [BOP15b; BOP15al). For all f§ € X, there
evists T = T(|| e f&|lys) > 0 such that the Cauchy problem NLS with initial data f$ has a unique
solution

uwe ™ i+ X720 LF(0,T]; HY)

for some b= 1" Moreover, u € Cy([0,T]; H®).

1
2
Before sketching the proof, let us comment on the Bourgain recentering method used to obtain
such a result. The idea is to reduce the Cauchy problem NLS with initial data f§ to the Cauchy
problem (NLS;), with a forcing term f = e f¢ and with zero initial condition, at scaling-
subcritical regularity H°(R?). This is the reason why we have uniqueness for  in an affine subspace
of L{°H?(R3). This strategy generates strong solutions for initial data in ¥, in the sense that the flow
map is continuous from the time interval of existence to a functional space embedded in H®. Then,
the contraction mapping argument follows from trilinear estimates in Fourier restriction spaces,
required to handle the bilinear estimates from Lemma 1.3.2. They are associated to the norm

1fllxas = 467 (7 + 63T, )2 emsy» 171z = i { | Fllxan | F € X0, Flgm =1} .

Combining the bilinear estimate from Lemma 1.3.2 with the probabilistic Strichartz estimate from
lemma 1.3.4, we obtain trilinear estimates based on a Littlewood-Paley analysis. Before proceeding
further, let us simplify the notation. We write the cubic nonlinearity as a trilinear operator, acting
on functions {ul}1 <;<3 Of type either eitA f¢ or v. In this purpose, we define

N (u1,uz,u3) := wiliguz, N (u) = N(u,u,u) = |u|®u.

Once again, we drop the complex conjugation sign since it plays no role in our short time perturbative
analysis, so that the above notation is invariant under permutation of the terms wuq, us,us. For
convenience, we write the Duhamel integral term as (i0; — A)~}(F) := fg et=")A B (7)dr.

Lemma 1.3.6 (Trilinear estimates, see Proposition 3.1 in [BOP15b; BOP15a]). Let 3 < s < 1 and

%<0<2s. There exist C > 0, bz%—i_ and 0 =0T
such that for all 0 < T <1, for all fi, fa, f3 € Y and v,v1,ve,v3 € X7([0,T]), we have
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. 1
1500 = 8) " N (o1, v2,0) o < CT ot goalleal goolesll o

—4) N )

= 8) N (f1, fou £l oo < CT fullye | eyl follve
(600 = A) 7 N (w1, 02, f3) g0 < CT fonll o loall oo | sl

—A) N )

. 1
(10 = A) "N (w1, fo, f3) | oo < CT Jorl ool Fallys | fslly -

In addition, we have the Lipschitz estimate
(i — A) T (N (v1 + f) = N (2 + ) g0 < CT|for — szIX;,b(Hvllig,b +IIFIF) -
As a consequence of the above trilinear estimates, we have a good Cauchy theory for (NLSy).
Lemma 1.3.7 (Local well-posedness for the perturbed equation). Let R > 0 and assume that

I fllys <R.

For any 3 <o < 2s and b= %Jr, there exist T = T(R) > 0 and a unique solution v to (NLSy) in
X;Jb. Moreover,
veC(0,T;H?), and |v||yor < R.
T

Theorem 1.3.5 follows from Lemma 1.3.7 applied with f := ¢4 f¢, for some initial data f§ € X.
Proof of Lemma 1.5.7. We show that for T small enough with respect to R, the map
I:ve X3 (10— A) v+ f2(v + f)) € X3°

is a contraction on the ball
b
BR = {’U S X;’ | ”UHX;,b < R} .

It follows from the trilinear estimates of Lemma 1.3.6 that for all v, v1,v9 € X;’b,

0
IPull oo < CT(I10llx0s + (11115

0
1P (v2) = L(01)l o0 < CT 02 — vllIX;,b(llvlllig,b + lelig,b +1£15)
so that

IT0| yor < 2CTR?,
T
IT(v2) — T(v1)]| g < 20T R?||vg — v1| o0 -
T T

We conclude by choosing T = T'(R) > 0 such that 2CTYR? < 1. O
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1.3.3 Approximate solutions by convolution and convergence

Let f§ € ¥, and u = eitA f¢ + v be the local solution to NLS obtained in Theorem 1.3.5, with
v e Xob([0,T]) € C([0,T], H?). Let (e)k>0 be a sequence of positive numbers that go to zero.
Using the approximate identity (1.1.3), we define a sequence of regularized initial data

f&k = f(()d*pik € H™.

Then, we denote u;, the maximal solution in H' to NLS. Using the conservation of the coercive
energy (in the defocusing case), uy, is global. The purpose of this section is to prove the convergence
claimed in Theorem 1.1.3. We set R > 0 be such that

1™ f§'lly= < R,
and T = T(R) is as in the proof of Lemma 1.3.7, applied with f := e®2 f$.
Proposition 1.3.8. We have the convergence

1‘ - oo s :0
kggoHuk ull, ([0,T],H*)

Proof. We do not have a good Cauchy theory in H*(R3). However, Theorem 1.3.5 provides a Cauchy

theory for the perturbed equation (NLSf), with a forcing term f = A f¥ in Y*. Hence, it is
relevant to run a linear-nonlinear decomposition of uj as well

uk:eitAijk‘i‘Uk = fk"i'vk? szeitAf&k?

We define '
Ok = fro — f = "B (f§ % pey — f5),

and note that the convergence
lim [0k || Lge g = lim || fo — fo * pe, [[mg = 0.
k—o0 k—o00

follows from the unitary property of the linear evolution together with the fact that the convolution
commutes with the linear evolution. Then, we use the embedding X*([0,T]) < L>([0,T], H°)
to reduce the proof of Theorem 1.1.3 to the convergence of the nonlinear term vy in the Fourier
restriction space.
li - on =0. 1.34
Jim [0~ v o0 (1.3.4

To achieve such a goal, we start by proving that
lim ||6x||zs = 0. 1.3.5
Tim [65 (1.3.5)
We fix 2 < ¢,7 < oo and w € Q such that
HeitAfé‘)HLgL; <00
In particular, we observe that

||eitAf6’HLg < oo, Lebesgue a.e.te€R. (1.3.6)
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In addition, when ¢ is such that (1.3.6) holds we

it A
16k ()llg < 1+ llpllz)ll ™ f5lly

so that the sequence of measurable functions ¢ — ||03(¢)||zr is uniformly bounded in k. From the
assumption on f§, we also have the uniform bound

it A
10kl oy < U+ llpllza)lle®™ £l Loy - (1.3.7)

Next, we use the fact that the approximate identity converge in L, and commutes with the linear
evolution €2, to obtain

Jim ([0 (6)][25 = Yim ([ (fg' =[5 # el = Jim [le2f57 = (%2 f57) # pey 2z = 0.

This convergence, combined with the uniform bound (1.3.7), allows us to apply the dominated
convergence theorem in L{ and to conclude that the convergence (1.3.5) holds. ° Next, we fix 7 > 0
arbitrarily small, and ko € N such that for all & > kg, [|0k]lys < n. We define

wy = v —v € X7([0,T]).

By using the equations for v and vy, we see that wy, is solution to the following forced Schrédinger
equation with zero initial condition

{(i3t+A)wk=N(fk+vk)—N(f+v)ZN(wk+5k+f+v)—N(f+v) = F.
wg(0) =0,

We perform a bootstrap argument and propagate the smallness of the X%*-norm of wy, to prove
that for all £ > kg,

Hwknxmb([o,T]) < 2.
Up to some multiplicative universal constants, the forcing term writes

F o~ N(w, + 6r) + N (wg + 0k, wi + 0k, f +v) + N(wp, + 0, f+ 0, f +0).
Using the trilinear estimates from Lemma 1.3.6, we get the following a priori estimate
0 2 2 2 2
lwillxge < CT lwill cow (lwpll ez + 10k15 + 10l en + [1£15-+)
0
+ CT ol (el g + 10413 + 101300 + 1£15).

We finally exploit the smallness of the Y*-norm of §; when k > ko, the estimates on [[v|| o from
T

Theorem 1.3.5 and the a priori estimate on |[wy/|| 0., from the bootstrap hypothesis to obtain
T
lewkll o < 20T gl oo (1 + B2) +20T%n(n? + R2)

Since we chose 7 arbitrarily small, and T is chosen such that 207T%(1 4+ R?) < 1 we conclude that,

1

2
1 1

lnll oo < 5 el oo+ 57

This finishes the proof of the bootstrap. O

0Note that the only features of this specific approximate identity by convolution we used is that it commutes
with €2, and that it is uniformly bounded in LP-spaces.



Part 11

Long-time dynamics for NLS under
random perturbations
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Chapter 2

Scattering for the cubic Schrodinger
equation in 3D with randomized radial
initial data

From the publication [Cam?23].

Résumé. Nous démontrons le scattering presque-sir pour 1’équation de Schrodinger cubique
défocalisante dans I’espace euclidien R?, avec des données initiales aléatoires surcritiques qui sont
obtenues a partir d’une fonction radiale. Notre résultat généralise le travail de Bényi, Oh et
Pocovnicu [BOP15a] dans la mesure ou nous ne faisons pas d’hypothese de petitesse. Il étend
également les résultats de Dodson, Lithrmann et Mendelson [DLM19] pour 1'équation énergétique-
critique dans R*, & I’équation énergie-sous-critique dans R3. Dans un tel cadre, bien que le terme
Duhamel bénéficie d’un effet régularisant qui le rend sous-critique, son énergie est infinie. Pour
démontrer notre résultat, nous commencons par développer une théorie de stabilité a partir des
résultats de scattering déterministe en-dessous de ’espace d’énergie, qui sont dus a Colliander,
Keel, Staffilani, Takaoka et Tao. Ensuite, nous proposons un argument de globalisation dans lequel
nous revisitons la “I-method” dans un cadre stochastique. A notre connaissance, il s’agit du
premier résultat de scattering presque-sir a grandes données pour une équation de Schrodinger
énergie-sous-critique.

Abstract. We obtain almost-sure scattering for the cubic defocusing Schrédinger equation in the
Euclidean space R?, with randomized radially-symmetric initial data at some supercritical regularity
scales. Since we make no smallness assumption, our result generalizes the work of Bényi, Oh and
Pocovnicu [BOP15a]. It also extends the results of Dodson, Lithrmann and Mendelson [DLM19] on
the energy-critical equation in R*, to the energy-subcritical equation in R3. In this latter setting,
even if the nonlinear Duhamel term enjoys a stochastic smoothing effect that makes it subcritical, it
still has infinite energy. In the present work, we first develop a stability theory from the deterministic
scattering results below the energy space, due to Colliander, Keel, Staffilani, Takaoka and Tao.
Then, we propose a globalization argument in which we set up the I-method with a Morawetz
bootstrap in a stochastic setting. To our knowledge, this is the first almost-sure scattering result for
an energy-subcritical Schrodinger equation outside the small data regime.
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2.1 Introduction

We consider the initial value problem for the cubic defocusing Schrédinger equation

iOu(t, ) + Au(t,z) = |u(t, x)‘Qu(t, z), (t,x) € R xR3. (NLS)
u(0,z) = uo(x),
The equation has a Hamiltonian structure associated with the energy
1 2 1 4
E(u) = - |Vu(-,z)|*dx + — lu(-, x)| dx . (2.1.1)
2 R3 4 R3

For smooth solutions, the above energy is conserved as time evolves. The mass

M) = /R (-, z)2da

is also formally conserved. In addition, the equation enjoys the scaling symmetry. Namely, given
A > 0 and u a solution to the equation,

un(t,x) = X lu(A\ 2, A7), (k) € R x R3,

is 1also a solution. Since the scaling symmetry leaves invariant the homogeneous Sobolev space
H2(R3), the scale s, = % is critical. In the scaling-subcritical regime s > 3, it follows from a
contraction mapping argument that the initial value problem is locally well-posed in the following
sense :
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e (Uniqueness) Given two solutions u1,us in H*(R?) and a time ¢, if u; () = uo(t) then u; = uo.

e (Existence) For all ug € H*(R?), there exists T'(||uo||gs) > 0 and a solution to (NLS)
t
u(t) = e ug — i / A u(r)Pu(r)dr, we O(-T,T); HY(R%)).
0
e (Continuity) The solution map ug € H*(R3) s u € C([-T,T], H*(R?)) is continuous.

2.1.1 Known results

Note that in the scaling-subcritical regime, the maximal lifespan of the solution is bounded from
below by a quantity that only depends on the H*(R?) norm of the initial data. Therefore, one can
use a continuity argument and deduce global existence from a priori uniform bound on the H*(R?)
norm of the solution.

In the present case, s, < 1 and the equation is energy-subcritical. Note that an initial data in
H'(R?) has a finite energy. Besides, it follows from the defocusing nature of the equation that the
energy is coercive, and yields a uniform control on the H'(R3) norm of the solution so that (NLS) is
globally well-posed in the energy space H'(R?). In addition, the solution display linear scattering in
large time. Namely, for all ug € H'(R3), there exist some unique final states us € H'(R3) such that

i [[e ™ u(t) — g = 0.
It is conjectured that (NLS) is globally well-posed in H*(R?) for £ < s < 1, and that the solution
scatters at infinity. Still, we do not have a coercive conservation law at these regularities and,
in general, we cannot always preclude the H*(R?) norm from blowing up in finite time. In the
scaling-critical case, the time of existence of the solution does not only depend on its H %(R?’) norm,
but also on its profile. Nevertheless, by using a concentration-compactness method, Kenig and Merle
proved in [KM10] some conditional scattering.

It is well known from [CCTO03b] that at scaling-supercritical scales s < %, the equation is ill-posed
because of norm inflation. Furthermore, [ST20a; CG22] have recently evidenced that there exists
in H*(R3) a pathological set containing a dense Gs-set of initial data for which the regularized
solutions inflate in arbitrarily short time. Nevertheless, following the pioneering work of Bourgain, a
probabilistic Cauchy theory has emerged. It displays the existence of a local flow defined on generic
sets of initial data, in some regimes where a deterministic Cauchy theory does not hold. In the
present work, we address the globalization of such a probabilistic flow for (NLS) in the Euclidean
space, with randomized initial data at supercritical regularities % < s.

Global well-posedness & Scattering below the energy space Let us present the general

framework used to study (NLS) at scaling-subcritical regularity, below the energy space, where

we still have a local flow. At regularities % < o < 1, there is no coercive conservation law that

prevents the Sobolev norm to grow up. Hence, to obtain global a priori estimates for a general initial
data !, one has to make use of some modified energies. The idea is to consider a frequency truncated

1 Note that one can easily prove scattering under smallness assumption on the initial data at regularity
% < o < 1, by directly performing a contraction argument and obtaining global spacetime bounds.
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version of the solution, and to control the increments of its energy along the evolution. Bourgain
implemented this idea in [Bou98a] to prove global existence for the cubic Schrédinger equation in
H°(R?), with % < o, by using the high-low argument together with some bilinear estimates. The
observation is that the nonlinear evolution of the high frequencies is well approximated by the linear
evolution. Namely, if we evolve on a short time step the low-frequency modes by the nonlinear flow,
and the high-frequency modes by the linear flow, the error we make turns out to be in the energy
space H'(R3). Furthermore, the methods displays a nonlinear smoothing effect : for all t € R,

u(t) — e ug € HY(R?). (2.1.2)

This globalization method has become standard, and was used in many contexts (see, e.g., [KPVO00]
for the wave equation). Bourgain extended the method to the 3D case in [Bou98b], where he proved
global existence when % < o. Then, Colliander, Keel, Staffilani, Takaoka and Tao refined this
frequency-cutoff in [Col+04] and introduced the I-operator, which goes from H?(R?) to H(R?).
By exploiting the structure of the nonlinearity, the authors evidenced frequency cancellations that
come with a nonlinear smoothing effect, loosening therefore the regularity threshold at which the

local flow extends globally.

Definition 2.1.1 (/-operator). Given % <o < 1land N > 1, the I-operator is the Fourier multiplier

1 if |¢] < N,
I=F ' mF), m(&) = 1o . (2.1.3)
(&) if |€| > 2N .
It holds that
IVIullr2 < llullge,  [lullge < N7 Tul| g (2.1.4)

As N becomes larger, the energy is supposed to grow to infinity, while we expect it’s time
derivative to decrease. Specifically, if we assume that J x R3 is a spacetime slab where we have a
smallness assumption on the Lﬁx norm of u, then

[ 1gEamlar s 5 +o(5) - (2.15)

The method usually comes with a rescaling argument, that allows one to assume that the energy of
ITw is less than 1 initially. In addition, the interaction Morawetz inequality gives a bound on the Lf:x
norm, depending on the energy of Iu. Hence, we have a control on the number of spacetime slabs
where the increment of £(v) satisfies (2.1.5). By finely tuning the parameters N and s, we would be
able to sum (2.1.5) over finitely many spacetime slabs, and to obtain a uniform bound on both the
energy of ITu and on the Lﬁx norm of u, from which scattering follows. The interaction Morawetz
estimate reads

t,2) |4 dedt < 2 Hll.1)?
[ [ttt dade 5 ol supluo) )

It is due to [Col4-04], and its proof consists in averaging over y the recentered Morawetz action
against the mass density, and in tracking some monotonicity. The I-method with a Morawetz
bootstrap has been refined, and adapted in different contexts. Let us cite some works that are
relevant to our problem. By the use of linear-nonlinear decomposition of the initial data, [Dod13]
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reached the exponent % < s, further improved to % < s in [Sul2] by combining the arguments
of [Dod13] with a second generation I-method. In the present work, we implement the following key
idea. To improve the results of [Col+04], Dodson provided a refined version of the energy increment
estimate (2.1.5), by keeping some sub-additive quantities on the right-hand-side : for some constant

¢ independent of N,

d 1 1
J1GBU0lr S =19 P Tl sgqasy + o<N> | (2.16)

For radial initial data, this comes together with the so-called long-time Strichartz estimate, that
yields a uniform a priori estimate on ||V Ps.nI u\|i2 16+ This strategy avoids loosing too many powers
t—x

of N when brutally multiplying the energy increments by the number of spacetime slabs where we
have a control. Dodson implemented this idea in [Dod13; Dod19b] to prove scattering for s > %, and
for s > % in the radial case. However, the conjecture is still open for general data. Before ending
this paragraph, we formulate the optimal result known at this date. We will use it throughout the
analysis. 2

Theorem 2.1.2 (Global well-posedness below the energy space, [Col4-04; Dod13; Sul2]). Let
2 <o <1 anduy € HI(R?). The Cauchy problem (NLS) with u(to) = ug is globally well-posed and
the solution scatters at infinity in HJ(R3). Moreover, there exists a constant C(|luo||ag) > 0 such
that

lullz; , rxrsy < Cllluollag) - (2.1.7)

Probabilistic Cauchy theory Given a randomized initial data f§’, which is basically the su-
perposition of modes decoupled by multiplying each of them with independent Gaussian variables,
the probabilistic approach consists in performing a linear-nonlinear decomposition in the Duhamel
integral representation, and in studying the nonlinear term

t
U(t) _ U(t) o eztA f(o).z — /0 ez(tft )A(‘ it A f(ﬁ)f.}|Qe’Lt A féu)dt/ 4

The remaining terms correspond to higher order Picard iterates. It turns out that the probabilistic
decoupling enhances the nonlinear smoothing effect (2.1.2), even in scaling-supercritical regimes
and, in the favorable cases, we expect v to be at critical, or subcritical regularity, where we have
some local existence results. Besides, v is solution to (NLS) with a stochastic forcing term.

{z’@tv + v = oo+ (Jo+ fPo+ f) = [0%v), (t,z) ERxR?. (NLS;)

’U(to) =19 € HU(Rs),

At time t = 0, we have v(0) = 0. The strategy is to extend the deterministic Cauchy theory at
scaling-subcritical regularities to the perturbed equation (NLSy), at least locally in time. Specifically,
we expect to prove that for almost every w, (NLSy) is locally well-posed by some perturbative

2 Some stronger restrictions will appear in the analysis, and we shall only use (2.1.7) when o > g. The
high-low method from Bourgain [Bou98b] already settle global existence at these range of regularities, and the
original version of the I-method from [Col+04] yields the global spacetime estimates (2.1.7) and scattering.
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arguments, with f¥ = 4 f&. This strategy corresponds to the Da Prato Debussche trick [DD02].
In the context of dispersive equations, it was first implemented by Bourgain for the 2D Schrodinger
equation on the torus [Bou94], and then by Burq and Tzvetkov for the wave equation on compact
manifolds without boundaries [BT08a; BT08b]. In such contexts, the randomization procedure is
based on the spectral resolution of the Laplacian. However, on the Euclidean space, we do not have
such natural decompositions for the initial data. It turns out that the so-called Wiener randomization
proved to be suitable, in the sense that the nonlinear Duhamel term benefits from a nonlinear
probabilistic smoothing that makes it subcritical, thanks to some improved spacetime integrability
for almost every f“.

Definition 2.1.3 (Wiener randomization). Let fy € L2(R3) be radially-symmetric. We define the
unit-scale Wiener decomposition of fy by

for Y Qufo,

keZ3

where @) is the Fourier projector associated with a smooth multiplier localized on the unit cube
centered around k € Z3. Next, given a sequence of real valued mean zero and independent complex
Gaussian variables {gi }rcz3, we define a random variable

we f§ = gr(w)Qrfo- (2.1.8)

keZ3

Let us emphasize that the procedure does not gain regularity in the sense that if fo € H*(R3)\
Ns=s HO(R?), then ¢ € H¥(R3)\ Nyo, H°(R3) for almost every w. We refer to the works [LM14a;
BOP15b; BOP15a; BOP19b; BOP19a; DLM20; DLM19] and the references therein for further details
on the Wiener randomization.

Globalization arguments in the stochastic setting Besides the construction of local solutions
in supercritical regimes, one may ask about the global existence and asymptotic behavior of these
solutions. This question is out of reach in general, and the probabilistic method is mainly concerned
with perturbations of the zero solution. Still, there are different globalization procedures in such a
stochastic context outside the small data regime that make use, in a mild sense, of the conservation
laws. In the compact setting, we can use invariant or quasi-invariant measures as a substitute for the
conservation of energy. This approach in the context of dispersive PDE’s was initiated by Bourgain,
who settled in [Bou94; Bou96] the invariance property of the Gibbs measure for (NLS) on the torus,
in dimension 1 and 2. In [BT08b], Burq and Tzvetkov proved almost sure global well-posedness by
using the energy increment for v and a Gronwall’s argument.

In the Euclidean space, we do not have invariant measures and the globalization arguments are
mostly based on deterministic methods. Sill, some works concern the harmonic oscillator. Thanks
to the so-called lens transform that intertwine the harmonic oscillator and (NLS), a randomization
procedure emerges from the decomposition on the orthonormal basis of the Hermite functions, that
are the eigenfunctions of the harmonic oscillator. On the support of the induced measure, that
lies in a space just below L%, we have global existence and scattering under smallness assumptions
(see [Poil2; PRT14] in dimension d > 2). Recently, Burq and Thomann evidenced in [BT20] that
this randomization procedure provides quasi-invariant measures for Schrédinger equations in 1D,
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and proved almost-sure scattering. However, in higher dimensions d > 2, the randomization on the
Hermite functions induces a gain of regularity in LP for p # 2, as well as a gain of decay in weighted
L?-spaces. To address energy-critical equations, for which the conservation law is not enough, the
natural strategy in the random data setting consists in using a stability theory for (NLSf) in the
energy space, and to infer a priori spacetime bounds from which we deduce scattering. This method
was used by [DLM20] to prove almost sure scattering for the 4D energy critical wave equation. Note
that the case of the wave equation is more favorable, since the energy controls d,v. Nevertheless,
Killip, Murphy and Visan proved the counterpart of [DLM20] for the energy critical Schrodinger
equation in 4D via a double bootstrap argument, that combines a modified energy and a Morawetz
like estimate. In addition, the result of [KMV19] was improved in [DLM19], where the authors finely
exploited the local smoothing effect. Namely, they refined the probabilistic local well-posedness
theory in a new functional framework, inspired by the lateral spaces used to study Schrédinger maps,
together with an improved Sobolev embedding for randomized radial initial data. We stress out that
the stability-perturbation strategy is more likely to work under some radial assumption on the data,
in order to use local energy decay estimate and to gain regularity when estimating the modified
energy increments, with rough data. Specifically, one needs to use a radial Sobolev embedding at
some point in the analysis, in order to absorb a weight that comes from the need to use local energy
decay, or from the Lin-Strauss estimate. However, Oh, Okamoto and Pocovnicu [OOP19] proved
almost sure global existence for the energy critical Schrodinger in higher dimension d > 5, where the
potential energy controls more terms. To our knowledge, stability-perturbation arguments for NLS
outside the small data regime were only used in the energy-critical case. In the energy-subcritical
case, one may be led to consider modified energy arguments as well. Colliander and Oh already used
the high-low method in a stochastic context, to prove almost-sure global well-posedness for the cubic
periodic Schrédinger equation below L2(T) in [CO12], using the mass as a conservation law. Then,
Lithrmann and Mendelson [LM14a] applied the high-low method to prove global well-posedness for
the NLW. Poiret Robert and Thomann also used this method to prove scattering for supercritical
small initial data for the harmonic oscillator in [PRT14]. More recently, the authors of [Gub+21]
used the I-method in the context of the stochastic nonlinear wave equation. In [FM20], the I-method
was used to address the log-log blow up profile for the mass critical NLS in L?(R?). Let us also
mention the scattering result from [Spi21] in R*, where the author uses an extra randomization of the
angular variable as a substitute for the radial assumption. Note, however, that this randomization
yields better estimates on the linear evolution than we use under the radial assumption.

In the present work, we consider the 3D case, where the ‘e(lquation is energy-subcritical. .Hence,
there is a gap to bridge between the scaling-critical space H2(R?) and the energy space H'(R?).
The known results for this equation with supercritical initial data are the followings. On the one
hand, we have the almost-sure scattering result for small-data that comes from [Poil2] by the use of
the lens transform. On the other hand, the works of [BOP19a] based on the wiener randomization
address scattering for small data, and conditional global existence for general data. Let us also
mention the work [BOP19a], where the authors used higher order expansion in the Duhamel formula.
The idea is to refine Da Prato Debussche’s trick and include higher order terms in the Ansatz. By
doing so, they prove that the nonlinear term lies in H'(R?) almost surely, and has finite energy. Yet,
it is not clear how to deduce global well-posedness from this observation.
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2.1.2 Main result and outline of the proof

Our approach is a bit different. Since v is not in the energy space but just below, we use the
scattering theory in H°(R3) for % < 0 < 1 detailed in paragraph 2.1.1, and we establish a stability
theory for the perturbed equation (NLSy) to obtain a conditional scattering result. Then, we obtain
global a priori estimates and we prove the following result.

Theorem 2.1.4. Let s,0 be such that % <s<1, and g < o < 2s. Given a radially-symmetric
function fo in H*(R3), we define the randomized initial data f§ as in (2.1.8). Then, for almost
every w, there exists a global solution u to the defocusing cubic Schrodinger equation (NLS), with

u— e f € C(R; HI(R?)).
Moreover, there exist u+ € HI(R?) such that
. A pw _
tl}glooHu(t) "2 (f8 + ut)ll gomsy = 0.

Uniqueness holds for v = u — e*® f¥ € X°(R) C C(R; HZ(R?)), which is a strong solution to
the nonlinear Schrodinger equation with some stochastic forcing terms (NLSy), in the critical space
X7 defined in (2.2.2) and with zero initial data. Note that we have scattering at regularity close
to H?®, which has to be compared to Theorem 2.1.2, where we do not directly have scattering in
H'(R?). The threshold % < s is certainly not optimal. Even if the local probabilistic flow exists up
to i < s, it would be more realistic to reach % < s, since the deterministic theory is known for % <o.
One way of loosening the threshold on s would be to have a local-smoothing estimate as (2.2.20)
independent of N, and then to perform a scaling argument to have an energy smaller than 1. In
addition, one can also hope to prove a long-time Strichartz estimate in a probabilistic setting, and
to refine the local existence theory by the use of lateral spaces as in [DLM19].

We stress out that randomized initial data f§' are not radial. 3 Nevertheless, we follow [DLM20;
DLM19] and we use the radial assumption on each frequency localized pieces Q. fo, for k € Z3.
Then, we deduce from probabilistic decoupling an estimate on the linear Schrédinger evolution of the
whole function f§ ~ Y gn(w)Qp fo, which is not radially-symmetric. Hence, the radial-symmetry
assumption is concealed by the randomization procedure, but it still gives access to the energy decay
estimates. The radial-symmetry assumption might be loosened, but probably not entirely removed.
Indeed, when we estimate the modified energy increment, a lot of derivatives fall on the rough
term f, and we need at least to gain % derivative when taking the L2-in-time spacetime norms of
f- For this purpose, we use the local-energy decay. Subsequently, since we avoid using some decay
assumptions, we need to use a radial Sobolev embedding to absorb the weights that comes from the
local smoothing estimates. This is also the reason why Dodson settled in [Dod19b] the deterministic
subcritical theory for radial data only, since the long time Strichartz estimates used in [Dod19b]
exploit the local energy decay effect.

Remark 2.1.5. A few days after the submission of this paper on arXiv, a preprint [SSW21] also
appeared on arXiv, proving a similar result independently, with the same threshold s > % and radial
assumption. Their proof is based on the high-low method.

30ne can also perform an extra microlocal randomization to decouple the orientation of each block that
appears in (2.1.8). For instance, one can multiply in the physical space each block by some independent
Gaussian vectors on the sphere, and make therefore the initial data as generic as possible.
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Outline of the proof First, we fix a > 0, and Ny = Ny(«, s, 0, || fol| =) > 1, to be chosen at the
end of the analysis. From the large deviation bounds presented in section 2.2, we can find a set
Qa, with P(Q\ Qa) < 20, such that for every w, the linear evolution of the random initial data
f¢ satisfies refined global spacetime estimates. Specifically, for every w & Q. and every N > Ny,
we have the finiteness of the quantities F*(R), F¥ (R) and F¥’(R) defined in (2.1.11). The large
deviation estimate (2.2.21) for this latter quantity F%’(R) follows from an improved radial Sobolev
embedding estimate, which is a weakened version in dimension 3 of the estimate (1.10) from [DLM20].
In some sense, it reflects the local energy decay for the linear Schrodinger evolution. Then, we first
prove in section 2.3.3 a conditional scattering result, written in Proposition 2.3.8. It states that
the nonlinear Duhamel term v scatters in H°(R3) provided that we have a uniform bound for its
H*(R3) norm, on its maximal lifespan. This follows from the stability theory for the perturbed
equation (NLSy), at the subcritical energy scales H*(R?) for 2 < s < 1 where one can use the global
spacetime bounds provided by the recent progresses collected in Theorem 2.1.2. We avoid the use
of (2.2.21) and of the radial assumption in this section, and we restrict the analysis to some w € €,
where we only assume (2.2.12).

The rest of the paper is devoted to the proof of such an a priori bound for v. For this purpose, we
fix ¢ <o <1andve C(J*H(R?)), the maximal lifespan solution of (NLSs). Then, we perform
a double bootstrap argument that involves a modified energy and a modified interaction Morawetz
inequality, together with large deviation estimates (2.2.21) on Fy’, that comes from the local energy
decay. In section 2.4, we set up the I-method in a stochastic setting. First, we define the modified
energy, and compute its increment on some intervals where we assume a smallness condition for the
L}, norm of v. In addition, we establish a modified interaction Morawetz estimate for the frequency
truncated solution Iu, where I : H7(R3) — H'(R3) is the I-operator at regularity H°(R?). Indeed,
the usual Morawetz cannot hold for the whole solution, since it requires H %(R‘g) regularity. Yet,
the general strategy of the globalization argument is to consider Iu instead, solution to the cubic
Schrodinger equation with the forcing term H = IN (u) — N (Iu). Namely, H is the commutator
between the nonlinearity and /. By doing so, we can exploit the nonlinear smoothing effect yielded
by the frequency cancellations in the commutator H. Basically, we can extract a power N~! from
spacetime quantities where H appears, and we write a general key estimate in Lemma 2.4.3 that
encapsulate this smoothing effect. Then, we specify this estimate to handle the modified energy
increment and the modified Morawetz interaction. Let us now comment a bit on the modified energy
we use. It contains two terms, and writes

1 1
E)(t) = /Ra IV Iv(t, 2)[2dz + 4/}1{3 o+ 1 fAda

2
The kinetic energy only depends on v, truncated by the I-operator. However, the potential energy
depends on f, as in [SX16] and [OOP19]. The motivation for this is to preserve the structure of the
unperturbed equation (NLS), and to benefit from the key frequency cancellations. Formally, we have

d
ag(v) =Re | 0,(Iv)(N(Iu) — IN(u))dz — Rei [ V(If)N(VIu,Iu, Iu)dz.

R3 R3
To control the first term, we exploit the frequency cancellations in the commutator. However, these
cancellations do not appear in the second term, since this latter term is purely perturbative. We
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handle it thanks to local smoothing (2.2.27). Similarly, we write the interaction Morawetz estimate
for Tu, and not only Iv, in order to have some perturbation terms that contain H. Note that in the
modified energy increment (2.4.11), we use the aforementioned idea from Dodson [Dod13; Dod19b],
and we keep track of some sub-additive quantities on the right-hand side as in (2.1.6), not to lose
too many powers of N when summing over the spacetime slabs. Finally, we perform the double
bootstrap argument in section 2.4 as follows. From the almost conservation of energy, we gain one
negative power of N, multiplied by some polynomial powers of N on intervals where the Lf@ norm
of Iv is small. However, the interaction Morawetz estimate yields a control on such a spacetime
norm, that depends on the energy of Iv. Hence, by doing a continuity argument, and after tuning up
the parameter o, we are able to sum the energy increments over a partition of J* made of spacetime
slabs where the Lf’m norm of Jv is small, and to prove that the energy cannot exceed N2(1=9) on
the lifespan of v. At the difference of the standard framework, we cannot use the scaling argument
in this perturbed setting. Indeed, some perturbation terms coming from |[VIf*[[ 216 of size N =l
appear on the right-hand side of the energy increment estimate, so that the energy cannot remain
less than 1 as time evolves. Furthermore, we use the almost-conserved mass, which is harmless,
although it is supercritical regarding the scaling.

Organization of the paper The analysis is divided into two parts. In the first one, we prove
the conditional scattering result for v, solution to the perturbed equation (NLSy). In section 2.2,
we recall standard large deviation estimates, as well as an improved bound for radially-symmetric
randomized initial data. Then, we address the stability theory in section 2.3.3. In the second part of
the analysis, we prove the global a priori estimate for v. Namely, we obtain almost conservation
laws in section 2.4, used in section 2.5.1 to perform the double bootstrap argument.

Notations

o is a scaling-subcritical exponent, and s is a scaling-supercritical one. They are linked together by
the relation

1
S<§<O’<2S.

We shall keep in mind that the nonlinear Duhamel term is in H?(R3), whereas the initial data is
in H*(R3). The I-operator is defined in (2.1.3), and N is a large dyadic integer. Throughout the
analysis, one can keep in mind that the energy is a priori of order

Ew) < N9

We denote the Duhamel integral by

I([to . t], F) := —i / t A phdt! . (2.1.9)

to

The nonlinearity is seen as a trilinear operator, and writes

N @, u® 43y = uWu@u® | N(u) = N(u,u,u). (2.1.10)
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Given a time-interval J C R, a randomized initial data f§ corresponding to some w € €2, and its
linear evolution at time ¢ denoted f“(t) = e™® f&, we define

Fo(T) = 19) P o 0y + 099 Pllis ooy + 9V 1 g aay
FL(T) = 1fNeseracny + 1/l pserery » (2.1.11)
E () = K gz pge oy + IO LN 218 () -

Note that the quantity F“(J) controls the critical norm Lgx, by interpolation between Lf’z and

L{%. We will often drop the dependence on w from the notations. Some large deviation estimates
on these terms are proved in section 2.2. 4 In addition, C' is a constant that is irrelevant, and that
may change from line to line. We may also write <. Finally, we denote by Pg the Littlewood Paley
multiplier around the dyadic frequency of size K = 2*:

supp P f C {¢ e R® | 2"71 < [¢| <2F1}.
The counterpart in the physical space is x; :
supp x; f C {x eR? |27 <z < 2j+1}.

The Wiener multiplier around k € Z3 is denoted by Qy, and supp@” Ck+[-1, 1]3 .

2.2 Preliminaries and probabilistic estimates

2.2.1 The free Schrodinger evolution and critical spaces

Proposition 2.2.1 (Strichartz estimates in dimension d = 3). Let ug € L2(R3). We have

itA
| e U0||L§(JR;L;(R3)) N ||U0HL3(R3)a
for any Strichartz admissible pair

2 1 1
,T) € (2, , ,v)=—4+d(-—=)=0.
(g.;r) € [2,400], sg.r) = +d(] )
Definition 2.2.2 (Functions of bounded 2-variation V2 and atomic space U?). Let J C R be a
time-interval, and Z be the collection of every finite partitions of J. The set of functions with
bounded 2-variation V2(.J) is the set of functions v : J — L2(R3), endowed with the norm

K
2
ol = s (3 lotte) — ot )
{te} g €2 \k=1

10

4We might also incorporate the L, norm in the definition of F“’(J), which corresponds to the Strichartz
admissible pair (?, %) Indeed, at some point in the analysis, we will need to consider some spacetime slabs
J x R3 for which this quantity is small.
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A function a : J — L2(R?) is an atom if there exists a partition {tx}r—o. & in Z and {¢x}tr—o, . K1
some elements in L2 such that

K K-1
at) = L uyOde-1, Y lnls < L.
k=1 k=0

The atomic space U?(J) is the set of functions u : J — L2(R3?) endowed with the norm
lullgz(g) = inf{|(Aj) e | u= Z)\jaj for some UZ-atoms (a;)} (2.2.1)
jz1
Definition 2.2.3 (Function spaces adapted to the free Schrodinger evolution). Spaces adapted to

the linear propagator e”*® are the Banach spaces endowed with the norms

itA itA

ullz () = 1€ ullvzey,  Mvllvzey = 1" vl

Then, given ¢ € R, the critical spaces X?(J) and Y ?(J) are the Banach spaces endowed with the
norms

[y = 3 K*Pculls e Nology= 3o K*IPcvlley,.  (222)
Ke2N KeoN

Proposition 2.2.4 (Embeddings, [HHK09] Proposition 2.2 and Corollary 2.6 °).
URHS < X(J) <= Y(J) = VZHI < L(J,HY) . (2.2.3)

Proposition 2.2.5 (Duality (see [HHKO09] and [HTT11))). There ezists a unique bilinear map
B,:U? x V2 — C such that

ve Vi B(,v) e (U

1S a surjective isometry, and

[olly2 = sup |B(u,v)|, |ully== sup [B(u,v)].
l[ully2<1 llvlly2<1

If Oyu € LE(J; LA(R3)) we have the explicit formula
B(u,v) = /(atu | V)12 (m3)dt.
1
In particular, for the Duhamel term (2.1.9) and when F € L}(J; L2(R3)), we have

// dexdt’ : (2.2.4)
JxR

5 The spaces U2 H° and V2 H? are generalizations of the spaces U3 and V2 H?, with functions u,v : J —
H°(R3) instead of L2(RR?).

IZ(F)lloz < sup

V|| ,2 <1
Iollyz <
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Proposition 2.2.6 (Transferred linear and bilinear estimates, Lemma 3.3 in [BOP15a]). Let (¢, r)
be an admissible pair as in Proposition 2.2.1. We have

llull Lo ;zrre)) S lullyz - (2.2.5)

Let K, M be two dyadic integers. The bilinear estimate from Bourgain
‘ . _1
1(e® Preuo) (6" Prruo) ||z mxcrey S K M2 || Pecuol g2 | Parvoll 2 (2.2.6)
has transferred versions to the context of the spaces U? and V2, that read

_1
||PKUPMUHL3$(]R><R3) SKM™2 HPKUHUKHPMUHUi ) (2.2.7)
_1 o
1PruPyollz ey S KM ™27 |[ProllyzllParvllvz -

Lemma 2.2.7 (Time continuity and sub-additivity, see Lemma A.4 and A.8 in [BOP15a}). Let
J=la,b) andu € X°(J)NC(J; HZ(R3)). The mapping
teJ = |lullxoian

L
18 continuous. Moreover, given a partition J = U Ji, we have
k=1

L
lull xo () < Z 1wl xe () -
k=1
2.2.2 Large deviation estimates for the free Schrodinger evolution

First, we recall the following probabilistic decoupling estimate. It expresses the gain of integrability
that emerges from probabilistic averaging effects, due to the cancelation of interferences.

Lemma 2.2.8 (Lemma 3.1 in [BT08al]). Let {g,} be a sequence of real valued, zero-mean and
independent random variables with distribution {u,} on a probability space (Q, A,IP’). Assume that
there exists ¢ > 0 such that for any v € R and any n > 0 we have

/R e’ dpuy, ()

Then, there exists C > 0 such that for every 2 < p < 0o and for every sequence of complexr numbers

{e,} in 2(N;C) it holds that

< e,

Z Cndn (w)

neN

| < C\/;;(Z \cn|2>;. (2.2.8)

L (@ neN

From this, we obtain the general large deviation estimate, on which rely all the estimates stated
in this section.
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Lemma 2.2.9 (Large deviation estimate). Let F' be a real valued measurable function on a probability
space (Q,A, ]P’). Assume that there exist some constants Co > 0, M > 0 and pg > 1 such that for all
p > po we have

1E | 22 ) < Co/PM . (2.2.9)

Then, there exist C = C(Cp) and ¢ = ¢(Cp) > 0 independent of M, such that for all A > 0,
P({we€ Q| |F(w)| > A}) < Cexp(—ecA>M™?). (2.2.10)

In the following lemma, we recall the probabilistic Strichartz estimates, that provide improved
global spacetime bounds by loosening the Strichartz admissibility condition.

Lemma 2.2.10 (Improved Strichartz estimates). Let (q,r) be a Strichartz admissible pair, i.e
s(q,r) = 0. For all 7 > r, there exist C = C(q,7) > 0 and ¢ = c(q,r7) > 0 such that for all
fo € H*(R®) and \ > 0, we have

B({w e Q[ I{V)" ™ [l smen > A}) < Cexp(—eX’foll72) - (2.2.11)

Proof. The proof is standard, and we refer to [BOP15a; BOP15b]. To prove (2.2.9) for p > max(q,7),
we apply Minkowski inequality and the decoupling estimate (2.2.8). Then, we apply the unit-scale
Bernstein estimate on each frequency bloc, that yields a bound on the Fourier multiplier Q)3 from
L7 to Lg, uniformly in k. The Strichartz estimate applied with (g, 7) concludes. ]

Next, we state a uniform in time large deviation estimate for the linear evolution of randomized
initial data.

Lemma 2.2.11. Let fy in H*(R3) for some s > 0. For all ¢ > 2, there exist C,c > 0 such that for
all A >0,

P({w € Q| " f§ll e (iza@s)) > A}) < Cexp(=eX’llfoll ) -

Proof. See Lemma 5.15 in [DLM19]. This follows from a Sobolev embedding in time, and from the
improved Strichartz estimate stated in the previous Lemma. ]

We deduce from these large deviation bounds, together with lemma 2.2.9, the following spacetime
estimates on f“, for some w in a large measure set.

Lemma 2.2.12. For every a > 0 there ezist a set Qq and a constant Cy, depending on || fol|ms such
that P(Q\ Qq) < «, and for every w € Q, we have

FY(R) + F¥(R) < C, . (2.2.12)

In what follows, w € Q, is fixed such that (2.2.12) holds. At this stage, we do not need the
radial assumption on fp.
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2.2.3 Additional estimate for randomized radial initial data

The following improved Sobolev embedding for radial functions was introduced in [DLM20], and
used in [DLM19] in order to prove almost-sure scattering for the energy critical Schrodinger and
wave equation in R*. Here, we present an analog of this lemma in dimension 3, whose proof needs
some slight modifications.

Lemma 2.2.13 (Improved Sobolev embedding for radial functions in R3). For all § > 0, there exist
Cs > 0 such that for all radially-symmetric function fo in H(R3) we have

@ (X |c9kfo|2)é

keZ3

Lgo(R?)

Proof. Up to changing the coordinates we assume that x = |z|eg, where e3 = (0,0, 1) and |z| > 1.
We denote by (p, 8, ) the spherical coordinates in the Fourier space Rg :

£ =&(p,0,0) = (pcos(p) sin(9), psin(p) sin(9), psin(p) cos(9)) ,

with p >0, 0 € (0,7) and ¢ € [0,27]. Given k € Z3 such that 1 < |k|, we write

Qui(x) = / €T g (€) FE)de

R3
+oo  p2m T . (2214)
=/ /O (/0 el71P 050 4y (€(p, 0, ) sin <9d9> diop® folp)dp .
Hence, we need to study the following oscillatory integral
I(x,p,p) = / etlelpeost o (£(p, 6, ) sin6d6 . (2.2.15)
0

The function 9 and its derivatives provide a localization on the unit cube centered around k. More
precisely, this localization reads in spherical coordinates as follows : if £(p, 6, ) is in supp(x), then

e pis in an interval of size ~ 1 around |k|.

e 0 in an interval of size ~ ﬁ around the angle 0y, where sin(0) ~ /1 — (%63)2.

e ¢ is in an interval Jj, of size ~ min(1, m)
To gain decay with respect to x, we integrate by parts in the variable 6. It holds

1
ilz|p

1 , m
= iy [ e 00D+

I(z,p,p) = /O 9o (7<) (£ (p, 0, ) dO

" gipcostlal . (221
T /0 e Door(E(p.0,0))d0 . (2.2.16)

Moreover, we have for all £(p, 0, ) € R3, all € R? and k € Z3 that

\gezbk(é)l < p| Ve (€)] . (2.2.17)
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Keeping in mind the localization in the variables p, 6 yielded by the amplitude v, and its derivatives,
we deduce from (2.2.16) and (2.2.17) that

(2, p,9)] < |1| (i ()17 (9) (2.2.18)

Using that ¢ is localized on the interval Jj of size min(1, W), integrating over the domain
k
[|k| = 1,|k| + 1] x J; and using Cauchy-Schwarz in p, we get

1 . ~
1Qk(fo)(z)| S i) n n(1, |k|sm0 T -1 k40 () fo(0) 0% [ L2 )

1 .
, |/€|ST0;€)||1W€|_I’II€|+H (p)fo(P)pllr2(r)

< min(1

Summing the above estimate over Z3 gives

2> Y 1Qu(fo)(@)” £ Y min( |k:|81n9k) L1411 (0) Fo )Pl 722

k‘EZS keZS
#{k eZ?| |k =7, |jsin(0p) —1] <1 R

: ZZ { (1+1)2 }||1[j—1,j+1](P)fo(P)PH%g(R)

JEN [=0
r 2

S ZZ 141 H [1—1,5-+1] ( )fO(P)P”Lg(R)
jeN =0

< Y 10g(1 + g1 Fo(0)pl3 2wy So 1 Follses)
jz1

This ends the proof of Lemma 2.2.13. -

Corollary 2.2.14. Let 2 <r < oo, K € 2V and 6 > 0. There exists a constant Cs > 0 such that for
any radial function fo € L?(R3) we have

()= (Z QkPKfOP) :

keZ3

< CsK°|| P foll 2 w2 - (2.2.19)
Ly (R?)

Proof. The estimate (2.2.19) is obtained by interpolation between (2.2.13) and the trivial estimate

(3 1wl ) sy < I Prcollzaes,

kez3
It holds

$>13<Z |QkPKfO|2>2 $>(Z \QkPKfofz)2
ke’ Ly kezZ3

1—2 2
< Gsl1Px foll 5™ 1 Prc foll 12
S CsK°|| P follzz -

2

r

3

(Z |QkPKfO|2> ’

keZ3 LE

Lge
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We will use the local smoothing estimate under the following form.

Lemma 2.2.15 (Local smoothing, [CS88]). For any d > 3 and o > 0, there exists a constant C
such that for all fo € L*(R%),

i 1oL
Zli%“ e’ta Jollez  ®xjz1<ry) < CR2(IVI72 foll 12 (me) - (2.2.20)

Recall that the Fourier multiplier I : HS — H) was defined in (2.1.3)

Proposition 2.2.16. Let s > i and o > % such that o < 2s. Then, for all r € (4,400] and § > 0,
there exist Ng, C > 0 and ¢ > 0 depending on r,9,s,0 such that for all A\ > 0 and N > Ny, we have
the large deviation estimates

. g nrl=o _

P({w e QI IVIe™ 5l r2(mrpmsy > A}) < Cexp(—eA (NN || follug) 7?) - (2.2.21)
Proof. 1t suffices to prove that for any § > 0 small enough (depending on s and o), there exists a
constant Cj such that for any p > r one has

; g arlze
HVIeZtA fSJHLf,L%Lg < Csy/PN 'Nz HfOHH;(RS)- (2.2.22)
Subsequently, (2.2.21) follows from Lemma 2.2.9, with F = ||VIe"4 f& 2 msrr ey and M =

NO-N"3° | follzs. To prove (2.2.22), we dyadically decompose fp in the frequency space. We reduce
the case when r = oo to the case where r is finite by applying the Bernstein estimate. For any
3 <r <oo, we get

IV e I o r2re S VPt @™ f§lnpary + > Kr[IVPI™ f§n 2, . (22.23)
KeaN*

Estimating the low-frequency term is standard, and we refer to [BOP15b]. However, to handle
the high-frequency terms, we used the radial Sobolev embedding (2.2.19) and the local smoothing
estimate. Let us fix K > 2 a dyadic integer. Then, we dyadically decompose the term on right-hand
side of (2.2.23) in the physical space, with some cutoff x; introduced in the notations paragraph.
By the triangle inequality, we have

|V P12 follze ey < Z Ix;V Prc I e fo'llzerers-
j=0

Next, for each j > 0, and p > r, we use Minkowski’s inequality and the decoupling estimate (2.2.8)
to get

1
. . 2
IV P I " 5\l ppr2ny S \/13H< > Qe PrI A fo|2>

kez3
k[~ F

L2rr

We split the sum into a localized term, and a remainder.

(SIS

IV P I e f§\l o rony Sv/P < > IxjQix<jisV PrI e f02>

kez3
|k|~K

L2Lr

D=

+v/P < > IjQixsj15V P f02)

kez3
|k|~K

L2Lrr
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To estimate the remainder, we refer to [DLM19]. The proof is a bit technical but only uses Young
inequality the local smoothing estimate (2.2.20) and some operator bounds collected in the following
lemma that holds for dimension 3 without changing the proof.

Lemma 2.2.17 (Lemma 5.10 and Lemma 5.11 from [DLM19]). Let 2 <1 < co. For any k € 73,
any dyadic J, L € 2V with 2°J < L, and any v > 0, there exists C, > 0 such that

HXijXlHL%(R%%L;(R% S CVLiy . (2224)
Similarly, given L € 2N and k,m € Z? such that |k —m| > 100, it holds that
1Qkx1Qm |2 (r3)— L () < CuL™ %k —m|™". (2.2.25)

However, we detail how to handle the main term, since this requires to combine the local
smoothing estimate (2.2.20) with the improved radial Sobolev embedding (2.2.13). ¢ Given j > 0,
we have

H( > I Qux<jrsVPr T ™ f0|2> ’

kez3
|k|~K

L7Ly

< 2—j(1—%)

1
. 2
()7 ( g QrX<jt+5V Pg I e f0\2>

kez3
k[~ K

L2Lr
By the improved radial Sobolev embedding (2.2.19), we have

R~ K°|lx<j+5|VIPrIe™ follpzps -
L3y

1
. 2
(@)~ ( Z |Qrx<jtsVPrIe"® f0’2>

kez3
k|~ K

Next, we apply the local smoothing estimate (2.2.20) to see that the above line is controlled by

< 271‘(17%*%);(%%”131(”0HL% ,
LiLy

1
. 2
H( > IxiQix<jrsVPrI " f0\2>
kez?
k|~ K

The above expression can be summed over j provided that r > 4. In addition, we observe that if
K > 2N, there exists v > 0 such that

K29 Pl folliz < N'7K7 37| Pic o
Indeed, Plancherel estimate and the definition of the /-multiplier (2.1.3) yield

NY20-0) By 6 e

5 N2(170)K2(071)+1725+26HPKfOH%IS 7

K1+26||PKIfO”%2 —_ K1+26/
N 2-1K<[¢|<2K €]

6 The case when j = 0 is actually easier and does not require to use the improved radial Sobolev embedding.
We refer to the original proof in [DLM20] where this term is handled separately.
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When K < 2N, we directly get that
1 1
IV 127 PicI foll g < N=7F Pic fol a -
We now sum over K in estimate (2.2.23) and get that for all r > 4 and § > 0, *

. 1_
IV ™ IF | 1n 12000 Sor VPIP<1follrz + o > K27 P follus

KeaV
K<2N

1
+ VDN YT KT P fo s -
Ke2V”
K>2N
Define yo(s,0) = s — § > 0 such that % — 5= I_TU — 0. % Next, we chose § and 7y such that

l1—0

1 1
U—§—S+(5<O, andg—sg -7 - (2.2.26)

By using Cauchy Schwarz, we conclude that
. 1
|V eta fo e r2ree Sor \/15N5_8+6|\PKf0|’H; .
This ends the proof of Proposition 2.2.16. O

We deduce from the above large deviation estimates the following bounds on the linear evolution
of the randomized initial data.

Proposition 2.2.18. For all a > 0, there exist a set Qo C Qq, with P(Qq \ (NZ(X) < a, a constant
Co > 0 and No(a) such that for all w € Q, and all N > Ny we have

F¥(R) < CuN 2" | (2.2.27)
Proof. Estimate (2.2.27) follows from the large deviation estimate (2.2.21) by choosing

A=CoNO" N2\ follus, C2>c 'In(Ca™t). 0

2.3 Cauchy theory for the forced NLS equation

The main step of this section is to come with a conditional scattering result for the solutions v to
the perturbed Schrédinger equation with a random forcing term (NLS¢). More precisely, we prove
that an a priori uniform estimate for the H?(R3) norm of v on its maximal lifespan yields global
existence and scattering, when % < o < 1. To prove such a result, we essentially follow the same
lines as in the proof of Proposition 3.1 from [KMV19]. However, since v lies below the energy space,

"In the case when we look at the L2L%° norm, we need to add a K to the power %, for r arbitrarily large,
that comes from the Sobolev embedding from W7 (R3) to L°°(R3). This term is harmless, and can be
absorbed in the residual power K?°.

8 Recall the assumption that s < % and o < 2s.
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we need to develop a stability theory in H°(R?), and not in the energy space. To achieve such a goal,
we appeal to the global Cauchy theory in such subcritical regimes provided by [Col+04; Dod13],
that provides the spacetime global estimate

lull s, < Cllu(to)llr- (R?)).

for solutions u to (NLS) with u(tp) € H°(R3). With this global spacetime bound at hand, we can
use sub-additivity and reduce the analysis to intervals J where we have a smallness assumption
on the L?’E(J ) norm of u, which is a scaling-critical quantity, and hence on v which is expected to
stay close to u in H°(R?). For this reason, we are led to refine the trilinear stochastic estimates
from [BOP19al, and to estimate the Duhamel nonlinear term not only by the critical norm X7 (.J),
which is not small, but also by some powers of the L;ZI(J ) norm of v to gain smallness. This is the
matter of the refined nonlinear estimates from Propositions 2.3.2 and 2.3.3. Throughout this section,
we fix o > 0 and w € Q, such that

F*(R) < C,.

In particular, we do not use the quantity F%’'(R), so that we can release the radial assumption on f.

2.3.1 Nonlinear estimates

Before diving into the nonlinear analysis, let us detail how to address the Littlewood-Paley summation
of L1 norms of dyadic blocs uy, for a given function u that comes with a gain of regularity materialized
by the presence of a negative power of N in front of each paraproduct uy.

Observation 2.3.1. Let ¢ > 2 and u in L{(J; W (R3)) for some v € R. We denote by u ~
Y Neon UN the Littlewood-Paley decomposition of u. It holds

Z NO_N’YHUNHLQ{E(JXR% S Ml o rwyamsy)- (2.3.1)
Ne2N
Proof. From Holder, we have
L/

> NP Nunl g (sxme) < (> N7 () (N lunllzg, (xr2)?)

Ne2N Ne2N Ne2N

Q|

S INTunlleg, @wng (rxrey) = INTunllpe | (rxmse, @) -
Since ¢ > 2, we obtain
HNVUNHng(Jwa‘}v(zN)) < HNVUNHL;{I(JxRS;@V(ﬂ))-

We conclude the proof of (2.3.1) by applying the Littlewood-Paley square function theorem

1
3
lunlla (JxR3;02,(2N)) = |UN|2
t,x N

Ne2N

S HUHL‘gI(JXR3) . O
L ’
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Now, we establish quadrilinear estimates that involve three types of terms. First, we have the
stochastic forcing terms of type f = & 1§, for which we obtained in Proposition 2.2.10 improved
Strichartz estimates. More precisely, we have that F“(R) < 400, and using sub-additivity, we will
reduce the analysis to a finite number of intervals where F“(J) is small. Then, we have the term v
solution to the forced Schrédinger equation (NLSj) at the subcritical regularity H°(R?), and that
corresponds to the nonlinear Duhamel term for the solution u = €2 f¢ +v. We want to obtain a
priori estimates for v in the spacetime spaces X7 and Lt »» at least, on some intervals where there
holds a smallness assumption on the forcing term. Finally, the terms w € Y that appear in the
analysis come from duality.

Proposition 2.3.2 (Trilinear estimates with random terms). Let i < s < % and % < o < 2s.

Denote by f* = ¢4 f§ the linear evolution of the randomized initial data. There exists a constant
C(|follze) > 0 such that for all interval J C R where F¥(J) < 1, and all v € X7(J) with
[vll s (g <1, it holds

IZC, N f ) xey < CUlfollas) F(T), (2.3.2)
IZC, N f )y < CUlLfollae) F2(Dvllxe ) (2:3.3)
IZ (N0, 0)) xo ) < U folle) F2 ()2 [olles (o llvllxecy - (2.3.4)

In particular, the above trilinear estimates yield the following estimate for the forcing term
of (NLSy) at the regularity H : there exists C' = C(]| fo|lms) > 0 such that

IZ( N (vt £) =N (W)l x=(s) C(IIfoIIHs)F“(JHC{F‘”(JHF‘”(J)%IIUHLgE(J)}HUIIXo(J). (2.3.5)

Proof. In the following, we take all the spacetime norms over J x R3. Using the duality between U?
and V? (see Proposition 2.2.5), we have *

lole e < T3,
N

where, denoting w® € {v, f} for i € {1,2,3}, we have that for all v € X7(.J)

I e C”)wdxdt‘.
JXR3

Given a fixed function w with [Jw|[y2(;) <1, we perform a Littlewood-Paley decomposition of each

Iy = N° HPN’UHUQ < CN° su

HwHVQ (n=

<1

term ' and we are left to estimate quadrilinear spacetime integrals of the form

// \ le w%wﬁzw]vd:cdt’ = Z NGIn(L). (2.3.6)
IxR L=(N1,N2,N3)

Iy <
L= (N1,N2,N3

9 To apply Proposition 2.2.5 and to be in position to apply formula (2.2.4), we need to make sure that
N(u) is in L}(J; HZ). We omit this short verification which is essentially contained in the analysis, and we
refer to [BOP15a] where the authors prove that P<x A (u) € L}(J; HZ) for any N € 2.

10Note that the sums over N1, Na, N3 under the integral are absolutely convergent in C. Hence, we can
intertwine the sum and the integral, and then apply the triangle inequality to obtain, (2.3.6).
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For dyadic integers N1, N2, N3, we denote by N(j) > N(g) > N3y the non-increasing ordering among
them, and we use the shorthand notation wy, = PNiw(i) , i € {1,2,3}. Note that it suffices to
consider the nontrivial cases, where N' < N(7). To be able to sum the terms Zy over N, we need to
gain a negative power of N after summing Iﬁ, over L. Hence, we shall bound the above quadrilinear
integrals by some negative power of the highest frequency N(;), and by some appropriate norms of
each w;. Then, we proceed as in observation 2.3.1.

Proof of (2.3.2) Here we address the first Duhamel iteration, that contains products with three
random terms

t
IN(N17N2aN3) = Z/ el(t_t )AN(leaszvas)(tl)dt,'
0

By symmetry, we can assume that N7 > Noy > N3 without loss of generality.

1
e Case 1 : High-high-high N < N3. Applying Holder with 1 = 1% + 110 yields

//J . fN1Mstde$dt‘
X

SNTTNGINGT T I Al sllwn] s
1§j§3 t,x t,x

NY|Zn(N1, N2, N3)| = NY

sy 1 KV fsll s llwnllvz -
1<5<3 b

Recall that o < 2s. Hence, we have a negative power of the highest frequency, and we can
proceed as in observation 2.3.1 to obtain

> N7|Zn(Ni, Ng, Ns)| £ >N [(V) £ wllwnllyvz -
Ni1,N2,N3,N N Ly

When we eventually sum over N, we apply Cauchy-Schwarz and use that [|v|lyo < 1 to

conclude that
> N wnlvz SO ||wN||%/§)
N N

N

<1.

We conclude similarly in the other cases.

1
e Case 2 : High-low-low Ny, < N and N ~ N;. We apply Cauchy-Schwarz, we use
interpolation and the bilinear estimate (2.2.6) in its transferred version (2.2.7) to obtain

1 1 1
NT|Zn (N1 Noy N3)| S NY (v fell e (1nllzs Inellzs I fnswnllze,
ool 1 1 1 1 1
SNy ‘NN 2+0N3HfN1(O)IIZ;EHng(O)Hig||fN1Hi;xz||fN2Hi§I||fN3(0)HLgHwNHv§
1
og—5—5

1_ 1
P S

1 1 1 1
LF vy OV g 172 OV B 1€V vl 2 1V vl 7 (v (O) [z w2 -



2.3. CAUCHY THEORY FOR THE FORCED NLS EQUATION 121

1 1
Using that s < %, Ny < NP and N3 < NP ~ N%, we have

o

_1
1
N,

—S

1
NE_SN—%—&-ON;fs 5 Nf728+0 ]
Then, as in the first case, we then use that ¢ < 2s and we sum over the N;’s to get

S NPIZN(Ny NeaNo)| S IV Fllgs ol -
N1,N3,N3,N

1

e Case 3 : High-high-low N3 < N < N,. Similarly, it follows from Hélder’s inequality, from
the bilinear estimate (2.2.6) and from the Strichartz embedding (2.2.5) that
NYIZn (N1, Noy No)l S NY W v vl v llg Tl s

t
1, 1 1 1 1 _
N O Frg s O Eg VD Fvall 2a 1KV Fvsll s NoIKVD° fiva g, llowvllvz
1 1 1 1
S NT N O 1w O) 1 7 1OV w17 I8V)* Fvg 20 N IKV)* v Nl Moz -
Summing over the different dyadic integers yields

S NPITN (N Nay No)| S V) Pl 90 Al ol
N1,N2,N3,N

&

—S

1
SN

Proof of estimates (2.3.3), (2.3.4) with mixed terms Here we consider the case when at
least one term is random, say w(!) = f, and at least another one is deterministic, say w® = v. As
for the last term w® € {f,v}, we always place it in L7 .(J x R3).

e Case 1 : One deterministic term comes with the highest frequency Without loss of
generality, we assume that N1y = N2. By applying Holder’s inequality, we get

N3 |Zy(Ni, Ny, N3)| = Ny

_ (3)— o (3)
/ /J  Dvlmdedt] < N3 ol o) g, ol e

t,x

The transferred bilinear estimate and Strichartz embedding yield

1 1 1
3 : : 3
N3|Zn (N1, N2, N3)| S Né’HleszHzg’foNlHzg’x\\%!\z% ngviHLgIszvva

t,x

1 1 g 1 1 3
S Ny ENE (NS o oz ) 13 O IV v s lwilze, leowllvz
A T t.x t,x A

Finally, we sum over the IV;’s to obtain that the contribution of this term to (2.3.6) is less
than

11 1 1 3
Do Ny NEUNT o llug P ol il I lleg, lhowlvg

Ni1,N2,N3,N

1 1 1 3
S Y NP follbl s Ty Tl
Ni,N3,N3,N ’

1 1
0— 2 sr2 3)
SN ||fOHH§H<V> FllZs M= zs Nlvllxellwyllvg -

Note that we used the assumption that i < s.
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e Case 2 : One random term comes with the highest frequency: Ny = N;. We
distinguish between two cases.

1
— Case 2a : High-high interactions N7? < N,. We apply Holder’s inequality and the
Strichartz embedding (2.2.5), to get

o— —0 3
NF T (N1, Noy N3)| S NP N[V Lo 10O9)Toma | ap o)l o] ap

t,x t,x

—olq

SNV fvallog, V) oms o Il g llwnlys -

Since o < 2s, we can sum over the dyadic frequencies and obtain

ST NPIZw (N N, Na)| S IV Al ol ol oy -
N1,No,N3,N

1
— Case 2b : High-low-low interactions Ny, N3 < N7, and N; ~ N. We make a
different analysis depending on the type of w®.

x Case 2b(i) : w® = f. The idea is to use Cauchy Schwarz in order to apply the
bilinear estimate twice to gain derivatives, and to use Holder’s inequality in order
to access the L? ,(J) norm of f, which is small.

NY|Zn (N1, No, N3)| < NY|[fnyoms Iz Il fvswnlizz

1 1 1 1 1 1
SR A o A DS L et AV O
” ” " " t,x

t,x
Applying bilinear Strichartz estimate yields

Lo

el 1l 1 1
NY | T (N1, Noy Ng)| S Ny “Ng NG PN 010 v N7 L (0117,

1 1 1 1
H<V>"UNQH53IIst(U)Hé;H(W”UMH};||<V>SfN3IIEgIHWN||vg
t,x
—s—lig 1 5 1_s
SN TEUNG TN TRV s [l o vz

1 1

(s Oz £ O L) 2 (V) vl V) vl )2 -

Finally, we observe that

U—s—%-‘,—O -0 s

1_s _s o _
N32 2 < Nl N3 2 < le ,

[

1 1
o—s—5+0 . 5—
Nl N2

and we can sum over the N;’s to see that the contribution for this term is less than

D NY
N;

/ /J P fgdedt] S N foll 109"l ol
X
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x Case 2b(ii) : w® = v. We use Holder’s inequality and interpolation to get

N

NT|Zn (N1, Noy No)| S NT (1wl llows | el fwaons ez )

t,x

N |=

(lows e , lwnll lonswnllzz )

t,x

As a consequence of the bilinear estimate (2.2.7) and Strichartz estimates,

3_
10

_log 1 .

N{|Zy(Ny, Noy N3)| S Ny 7 Ny N*%ON3
1

(18 O =l llzz ) 2 ) ows Iz V) Toms oz o vz -

We get a negative power of N7y ~ N as soon as ¢ > %. Ifo< %, it follows from

1
N1 ~ N and N3 < Nf that

—s4+0 10 %—

Ny N

o

1 1 3 1
—5—8 ,5—0 . 1 =0 o—5 +
N * N7 °N 710 N34 < N] 2

0ol

+0

N

o
bl S

SN

M)

Next, we use the assumption that ¢ < 2s to conclude that
>N
N;

This finishes the proofs of estimates (2.3.3) and (2.3.4), and of Proposition 2.3.2. O

1 1
fvonon@ndzdt] S NN foll 7 V) FIIZ so ol s llollxelwn vz -
JXRS x LT t,x A

t,x

In order to perform a double bootstrap argument with |[v[[zs ;) and [[v[|xe () to prove local

well-posedness, we need to estimate the spacetime critical ng norm of v.

Proposition 2.3.3 (Additional trilinear estimates).

1 3
HI(aN(f7 fa U))HL?’E(J) 5 Hf0||]2'—I;Fw(J)2HU||X%(J)7

1 1
IZC. N v o)l o) S 1ol 7 ()2 vl o llvll 4

(2.3.7)
n: (2.3.8)
Proof. By the TT* Strichartz estimate and the Sobolev embedding, we have

1 1
1ZC M)z, SIVIEZEN) L g STVEN 3

HL?LF

t,x

Once again we perform a Littlewood-Paley decomposition of each term and conduct a case by case
analysis. We write N(1), N(2), N(3) the non-increasing ordering among them.

Proof of (2.3.7) We need to estimate

1
N(Ql)HfN1fN20N3 HL:Z .

s

Without loss of generality, we may assume that N > Na.
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e Case 1: N(j) = N;. We use Holder’s inequality with l = % + %, interpolation, the bilinear
estimate and the Strichartz embedding of L ' UZ to get

1 1 1
N fomall g < NE Loy Wi Iy o ol
t,w ’ t,x

1

1_5 1 1
TN N O E IO a2 NS llowsllz 1w Nz,
t,x )

’_'N:\»—t

<N

Under the assumption that i < s and % < o, we can use Observation 2.3.1 and see that in
this case,

1 1 3
D NI tweonsll e S follz K90 £l llellxo-
N; . ’
e Case 2: N(;) = Ns.
1
— Case 2a: N1 < Ny. In this case we shall apply the bilinear estimate once.

1
N (RPN UA| ¥ < N[ fnvponslliz I wllzs

3 Ay 1 1 1
<Ny NE N (0 )H?;;II(WSngIIig (Nallvws lloz lows Il a9 )2 10V)* fw g,
i t,x ’
1 1 1
S Ny 1w O 2 V) a2 (N3 los [l KV v lg

Summing over the N;’s yields

1 3
ZN 1Ny fNa o | 2 S ol KV FllZs Tlvll

z

1
— Case 2b : N3 < Np. In this case there is no need to apply the bilinear estimate and we
only use Holder. We have

1
N [RPSAaS U 2 < Ny NIV fvlles v llg lows s
,T t,x

_s 1
< Ny 2 IV S lls e s, (NS lowslloz) -

Then we sum over the N;’s and get

ZN L R S e P R L

This concludes the proof of (2.3.7).
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Proof of (2.3.8) We need to estimate

1
N(21)HfN1UNQUN3 HL% .

t,x

Without loss of generality, we assume that No > N3.

e Case 1: Ny = We use Holder with % = % + % to apply the bilinear estimate once.

‘L%Q < HlevN:sHLaz HUNQ ”sz
t,x

1_, 1 1
SN NSV vz 1w (0 )HHevaHUQ vaH 1o llomsllzs,
’ tz

1
le HfN1UszN3

1, 1
SEA H<V>szv1Hzinle(O)Hé;HngH tlomslizg, -

Under the assumption that 1 7 < s we can use Observation 2.3.1 and see that in this case,

1 1 1
>Nt vl S ol BV FE, olog Mol gy

e Case 2 : N(;) = Na.

1
— Case 2a : Ny < N;. We proceed similarly, and get

\o

1
NQQHfNIUNWNSHLt < lfnvomslizz Nlowslizs

w\H P

1
L 1
KV iz e (O )HHSHUNQHUQ HUNQH 1o llows g,

tz

< NN
S N2_5||<V>sfzv1IIEngle(O)IIIZ;HvNQH tlonslizs, -

Hence,

1 1
ZNQ Ivemoonsl g < 1ol IV Py, Iolag, el -

7,

1
— Case 2b : N < N;. We apply Holder and get

1
NF v owaow, | B S Nyl ol s llows s,
T t,x

_s 1
< Ny 2V il (NF o lloz ) llows s |

We deduce from this and from Observation 2.3.1 that in this case,

ZN I wowonall o S W) Pl Iolzg ol -

z
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2.3.2 Local well-posedness

In the following local well-posedness statement, the smallness assumption comes from the Lg”x norm
of the free evolution of the initial data. Since the problem is at a subcritical regularity scale % <o,
we could avoid using such a critical norm. Nevertheless, the ng norm provides a blow-up and
scattering criterion. Then, we prove in the next section that this blow-up criterion can be exploited
as soon as we are able to obtain an a priori uniform bound on the H? norm of the solution.

Proposition 2.3.4 (Local well-posedness). Let i <s< % and w € Q. Then, for every % <o < 2s,
the Cauchy problem (NLSy) with data v(tg) € H? is locally well-posed. More precisely, for every
E > 0, there exists eg(E) such that for every e < g, every interval J that contains ty on which

P <e, [lé@ ol o <e, (2.3.9)

and for every vog € H? with ||vo||ge < E, there exists a unique solution v to (NLSy) in X7(J), with
data v(tg) = vo. Moreover, there exists C = C(|| follms) > 0 such that

[0l xeo) < 2B, vllzg ) < Ce, and v e C(J;H).
Proof. We perform a contraction mapping argument in the Banach space,
Bpe={ve X(J) | vlxewy <2E, vl ) < Ce},

where C' = C(|| follg-) > 0 is an irrelevant constant that comes from the multilinear estimates of
Proposition 2.3.3. We endow this space with the norm X7?(.J), and we define the mapping

t
D:ve By, Py — z/ AN (v + f)(H)dt .
to

From the Duhamel integral representation formula, we see that v is solution to (NLS¢) with v(tg) = vo
if an only if ®(v) = v. Let us prove that

(I)(BE,a) - BE,&
when e < E~1. We get from Strichartz and from the trilinear estimate (2.3.5) that for all v € Bg .,

[®(0) I xo(sy < llvollag + |Z( N (@) Ixe ) + IZ(N (0 + f) = N(©)) [l xo 0
<E+ CH<V>U(N(U))HL$ + C(|[ follas)F“(J)

+C(lfoll =) {F“(I) + 0l sy HIvllxe () -
Applying the Fractional Leibniz rule with % = % + % yields

1Y W) < ol3g ) [0l g < Il Iollxo) < O

3
L, tow

Hence, for all v € Bg . and under the smallness assumption (2.3.9) we get

[@(v)||xo(5) < E+Ce’E+ C(14 C)eE. (2.3.10)
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Similarly, we have

@)z, <l et voll g, oy HIZCN @) s oy + IZCN ) s, o
+ |1 Z( N (f, f,v) +N(f,v,v))||L§,’w(J) . (2.3.11)

First, observe from the Sobolev embedding and from (2.3.2) that
IZ(C Nzs oy < CIZ(SN(S)) < Clfolla=) E*(J) -

By Holder’s inequality, Sobolev embedding and Strichartz embedding we have

HX%(J)

”Z('aN(U))Hng(J) < ||UHX%(J)||UH%§Z(J) :
Then, using the trilinear estimates presented in Proposition 2.3.3 we get that for any v € Bg,
3 1
IZ(NF f.0) + N v o) lp oy < COEVWDE + F2) ol o) lolxe )

Collecting the above estimates, we deduce from (2.3.11) that under the smallness condition (2.3.9),
we have for v € Bg

|19()llzp, <&+ Ce+2C%2E + 2CE(e? + Ce?). (2.3.12)
Combining (2.3.10), (2.3.12) and choosing n = 3Ce, R = 2CE, for € < ¢o(E) with, say eq(E) ~ E~!
when E > 1, we obtain
[0(0)llxe(s) < 2CB, [ @(v)ll15 ) < 3C=.
for any v € Bge. Thus , ® : Bg — Bg. Similarly, we prove that
12(v1) = @(v2)llx(s) < Cllvillzg, (nllvrllxecy + lv2lles pllvalixe ) lor = vallxe) -

Choosing ¢o(E) < E~!, we see that ® is a contraction mapping, and it admits a unique fixed
point v, solution to (NLS¢). Finally, we deduce the continuity of ¢ — v(¢,-) from the embedding
Xo(J) = C(J; HI(R?)) . 0

Proposition 2.3.5 (Blow-up criterion). Let v be the mazimal lifespan solution to (NLSf) on J* x R3
given by the local well-posedness theory. If we have

[vllzs (e < +o0, (2.3.13)

then sup J* = 400 and the solution scatters as t goes to +oo.

Proof. Denote E = |[v(0)|/zg, and € > 0 to be chosen later on. We proceed by contradiction and
assume that ||v|[s < +oo, but 7" = sup J* < +oco. We will raise the contradiction by extending
the solution up to T*. By the local Cauchy theory from Proposition 4.2.2, it is enough to prove that
there exist a constant C'(E, fo), to € J* and § > 0 such that

[o(t)||Lee g () < C(E, fo), (2.3.14)

|
i(t—to)A

€02 0 (t0) 15y 570451 < €0 (2.3.15)
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where g9 = ¢(F) is as in the local well-posedness Proposition 4.2.2. To prove the above estimates,
we proceed as follows. First, we use the global assumption (2.3.13) to decompose J* into a finite
number L(e) of intervals {[;}1<;<y, such that for j € {1,..., L},

HUHng(Ij) <e.
Using the assumption (2.2.12) that [|f[|zs (g) < 400, and up to an extra decomposition of J* into
O(L) intervals, we may assume that for each [ € {1, e ,L},
F(Jl) <e.

Next, we take JE J* a compact sub-interval of J*, and denoting Jn J; by jl , we prove by induction
on [ < L that there exists C(|| fo||z+) such that

x5 < C2'E. (2.3.16)

[[v
For this purpose, we apply the trilinear estimates (2.3.5) to get
Il a3,y < [0(O)]zre + Ce + 2Celfoll o 5, -
Hence, choosing € small enough we see that

HUHXo(jl) <2FE.

Iterating this on jg, el jL with the same ¢, we obtain that for [ € {1, ... ,L},

l
HUHXa(jZ) < 2'E.

Since ¢ does not depend on J € J*, we have from sub-additivity of the norm X? (see Lemma 3.4.4)
that

L
[0l oo pro () < sup ol x5y < (Z 2YE < CO(L,E). (2.3.17)
JEJ* =1

Similarly, the multilinear estimates from Proposition 2.3.3 yield for all ¢y € J*,
IZ(to, LN + ) s 5) < C(E. fo).

Therefore, taking the sup over all the possible J we obtain a uniform bound with respect to £y on
the Li’w(J *) norm of the Duhamel integral. Consequently, we have from Duhamel’s formula that

12 0t0) g ooy = 1o = Z(t0 LN + ) g, o
<lvllzg, () + IZ([to, ). N (f +U))||Lf’w(to,T*)7
and we conclude the proof of (2.3.15) by monotone convergence

lim
to—T*

ei(t*tO)A U(t()) HLiz[tOvT*] = O .

As explained above, this finishes the proof of the global existence. At that point, it is standard to
deduce scattering from these global bounds. Indeed, when J* = [0, +00) and [[v[[g5 (j+) < +o00,
we use the uniform bound (2.3.17), the nonlinear estimates from Proposition 2.3.2 and monotone
convergence to deduce from the Duhamel integral formulation that {e*it"A ’U}n is a Cauchy sequence
in HY as t, goes to +o00. This ends the proof of Proposition 2.3.5. O
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2.3.3 Stability theory

In this subsection, we prove that global existence and scattering for v can be deduced from a priori
uniform estimate on the H? norm of v(¢). Note that this is true when v is a solution to (NLS)
without forcing terms, and when o > % (see Theorem 2.1.2). Hence, since v is actually solution to
the forced equation (NLS), we will settle a stability theory at regularity H?. In particular, on some
spacetime slabs where the perturbation satisfies a smallness condition, we shall be able to approach
v by a solution to (NLS) and to infer local spacetime bound on v. Then, provided we have a global
a priori estimate for the H? norm of v, we perform a bootstrap argument to extend the spacetime
bound to the whole maximal lifespan of v, and to deduce conditional scattering. For now on, we
fix o > %, which corresponds to the lowest regularity where the global Cauchy theory for (NLS) is
known.

Lemma 2.3.6 (Short-time stability in Hy). Let to € R, E >0 and vo € H] with |[vo||lns < E. Let
v be the local solution to (NLSy) as in Proposition 4.2.2 associated with v(ty) = vo. Then, take
ug € HZ and denote by u the global solution to (NLS) in C*°(R; HJ), with data u(to) = wg. There
exist e1 = e1(E) and Cy(E) such that if

lvo —wollug <&, FY(J)<e, lullg sy<e, (2.3.18)
for some € < €1, then v stays close to u on any compact interval J € J* that contains tg
HU—UHXU(J) < Co(E)E. (2.3.19)
Proof. Let us consider the difference w = v — u !, solution to the equation

{i@tw +Aw=N@w+f)=N@) +N@®) —N(u), (tz)eRxR3.

Wi=0 = Vg — UQ ,

(2.3.20)

We introduce the function g : t € J + |[w|| xo,+), and we perform a continuity argument. Note
that as a consequence of the smallness condition |[w(0)||zs < € and from Lemma 3.4.4, we have that

g is continuous and limsup g(t) < e. Moreover, it follows from Duhamel’s formulation that
t—to

lwlixe ey < Cllvo = uollag + IZ( N (v + f) = N (@) llxo () + I1Z( N (1) = N (©) [l xo ) -
From the trilinear estimate (2.3.5) of Proposition 2.3.2 and the smallness assumptions, we get
1
IZ(- N + ) = N ()l xefto,q < CF(I) + Cllvl xapto (F2 (D) + 105 1to,) < ())2)
1 1
< Ce + Clllullxoito + lwllxe rom) (€ + 22wy o +e2lullis ()
1
< Ce+Cez(CE+g(t))(2e + Cy(t)) -

Moreover,

(N ) = N©) oo < Clwllxeeom (10135 g + lelZs )
< Cllwll oo (012 o + 125 () < Co®) (9 +€%))

1 Note that u, hence w, is in X°(.J). This follows from the uniqueness part of Theorem 2.1.2 combined
with a contraction mapping argument in X?(J). Moreover, |u| xo;) < CE.
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Hence, by combining the above estimates, we prove that for all ¢t € J with tg <,
3 1 3 2 2
g(t) <2Ce+2Ce2E + g(t)(e2CE + €2 + g(t)* + %),

and the result follows from a continuity argument, by choosing &1 < Ea. O

Next, we combine the local well-posedness result with the blow-up criterion to turn the short-time
stability result into a long time stability statement.

Lemma 2.3.7 (Long-time stability). Let A > 0, to € R, J = [to,T], vo € H] with ||vg||ps < E.
Let u be the global-in-time solution to (NLS) in HZ with data u(to) = vo, and assume that

lullzs oy <A
There exists €3 = €2(E,A) > 0 such that under the smallness condition
F?(J) < eq,

there exist a unique solution v to (NLSy) and a constant C(E,A) > 0 such that for every compact
interval J € J, we have v € X?(J), and

vllzs ) < C(E,A). (2.3.21)

Proof. Let v be the maximal lifespan solution to (NLSy) with v(ty) = vg, on an interval J* x R3.
The whole statement reduces to the estimate (2.3.21). Indeed, we would be in position to apply the
blow-up criterion, and to deduce that J C J*. The strategy to prove such a global estimate is to
break .J into a finite number L(E, A) of intervals where the L7, norm of u is small, so that we can
apply the short-time stability Lemma 2.3.6. Then, we sum over the different spacetime slabs. Since
their number does only depend on E and A, we obtain (2.3.21).

We proceed as follows. First, we use the deterministic global well-posedness Theorem 2.1.2 and
we get a constant Co(E), such that for any J € J*, we have

el o 5y < ColE).

In addition, we take 1 = €1(2Cy(FE)) as in Lemma 2.3.6, and €3 < €1, to be determined shortly.
Next, we decompose J into L(e, A, E) intervals {J;}i1<i<r, with J; = [t;,tiy1), such that for
i€{0,...,L—1} and for some € < &3,

lullzs ) <e-

Now, we write w = v — u, we fix J* € J* and we denote J; = J*N.J;. We would like to apply
Lemma 2.3.6 on each J;. To this end, we need to make sure that for all ¢ € {1, .., L— 1}, we have

[o(t) |y <2Co(E),  [lw(ti)]ae < e1(2Co(E)) -

Indeed, we already know by assumption and by construction that

F(J;) <e1, <ep.

HUHL?,I(Z)
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Hence, we shall prove by induction on ¢ that for some 5 < g1, for every € < €9 and for every
i€ {0, ce Ll}, there exists C; = C;(F, A) such that

||U)HX(,(j‘Z) < Cia?, ( sup CZ')E-ZQ < €1, ||'U(t1)HHg < QCo(E) . (2322)
1<i<L

In the case when i = 0, we have w(tp) = 0 and it follows from the short-time stability Lemma 2.3.6
applied on J, where v and f satisfy the smallness condition (2.3.18), that there exists C(F) with

Hw”XU(jl) < Cl(E)g'

Hence, we chose 9 such that Cy(FE)es < £1(2Cy(F)). Next, we assume that (2.3.22) holds up to
time ¢;. By Duhamel’s integral formulation, and since w(tg) = 0, we have

lw(t)llag < I1Z(to,ts, N (v + ) = N(w)) |l g -

Then, we proceed as in the proof of the short-time stability Lemma 2.3.6, and we use the multilinear
estimates from Propositions 2.3.2, 2.3.3, as well as the induction assumption, to see that

i—1 i—1
IZ(to, ti, N' (v + f) = N (W) llg < C Y NZ(N (v + f) ~ N @)l xo (5 < CY Ci(E)e.
=0 =0

We define C; = C(E)C Y <, ; Ci and choose €2 such that Ciea < £1(2Cp(E)). Subsequently,
the smallness condition (2.3.18) is satisfied on the interval J; = [t;,t;11), so that we can apply
Lemma 2.3.6 and obtain

lwll oy < CE) 3 Ce.

0<I<i—1

In addition, we get from the triangle inequality that
lv(tiv)llme < ullpoe(giyr:mg) + 10l Lo, smg) < Co(E) + Ciyie < 2Co(E).

This finishes the proof of the induction result (2.3.22). Moreover, it follows from the sub-additivity
of the X7 norm (see Lemma 3.4.4) that

L
[0l o5y < llullxo () + Z |wllxe(5,) < C(E,E).
j=1
The proof of (2.3.21) follows by using the embedding X7 (J) < L?x(j ), and the monotone conver-
gence theorem which implies that [|v]|zs (;) = sup|v O

||L5 7
JeJ t,ac( )

Proposition 2.3.8 (Uniform bound in HZ implies scattering). Let vg € HZ, and let v be the
mazimal-lifespan solution in HY to (NLSy) from initial data v(0) = vg. Suppose that we have the
uniform a priori bound

sup [o(t)ll s < .

teJ*

Then, the solution v is global and scatters as t goes to co.
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Proof. We get from the blow-up criterion of Lemma 2.3.5 that it suffices to prove the global spacetime
bound

Recall that the deterministic Cauchy theory in H?, for % < 0 < 1, provides such a bound. Indeed,
Theorem 2.1.2 claims that there exists A(E) such that for any solution u to (NLS) starting from a
data u(tg) with |u(to)||ms < E, we have

sy < A(E).

Subsequently, we fix e2(E, A(E)) = e2(E) as in Lemma 2.3.7, and we divide J* into a finite number
L(F) of intervals J; = [t; ,ti+1), with tg = 0, such that

Fw(Ji)§€1, jE{l,...,L}.

Next, for each ¢ € {O, N 1}, we consider the global solution u to (NLS) with initial data
u(t;) = v(t;). Since ||v(t;)|| < E by assumption, we have

[0l < A(E).

Hence, we can apply Lemma 2.3.7 on J;, and obtain

HUHL?I(JZ-) < Ci(E).
By summing over the spacetime slabs, we conclude that
Iollig ey < CUE,A(E)) < C(E).

This finishes the proof of Proposition 2.3.8. O

2.4 Almost conservation laws

In this section, we prove some almost conservation laws in order to obtain the uniform bound on the
H?°(R3) norm of v. Recall that throughout this section, a > 0 and w € ), are fixed, such that for
N large enough,

F*R)+ F2(R) < Ca, F§(R) < CoN 277,

Since there is no coercive conservation law at the level of H? for (NLS), we need to use a modified
energy. More precisely, we consider the energy of Iv, which is finite but not preserved, in order to
damp the frequencies of size larger than N. However, we expect the time-derivative of the modified
energy to be small when NV is large, at least on a spacetime slab where there hold some smallness
conditions for the Lf’z norm of v and spacetime bounds for the stochastic forcing term.



2.4. ALMOST CONSERVATION LAWS 133

2.4.1 Setting up the /-method

Let v € HZ(R?) be the maximal lifespan solution to (NLS) on [0,7*). There is no difficulty to
estimate the low frequencies of v since the L? norm is almost-conserved, and the forcing term is
uniformly in L2.

Lemma 2.4.1 (Almost conservation of the mass (see Lemma 7.1 in [OOP19])). Let v be solution
to (NLSy) on a time interval J. Then,

/Ra |v(t,x)\2dx§/R3 |vo(:v)|2d:v+/Rg folz)|2dz .

Proof. The proof is a straightforward consequence of the conservation of mass for (NLS) and the
unitarity of the linear Schrédinger propagator €2, from which we deduce that

— 1
/ [v(t)|?dx = —2Re(/ o(t) fo(t)dz) < 2/!v(t)]2dx+2/ |f<(t)]*de .
R3
We refer to Lemma 7.1 in [OOP19] for further details. O

To obtain some estimates on the high frequencies of v, which has infinite energy, we need to
smooth it by applying the I-operator, and by considering v, which has finite energy, or sometimes
Iu=I(v+ f). The aim is to prove the uniform bound

sup [[Tv(t)| 1 sy < +o00. (2.4.1)
te[0,7)
Indeed, we deduce from this that
sup [[v(t) || g msy < +00. (2.4.2)
te[0,7)

With this uniform estimate (2.4.2) on theH°(R3) norm of v at hand, we are in position to apply
Proposition 2.3.8 to show that the solution v to (NLS¢) is global-in-time and scatters. Now, observe
that the truncated solution Iu, as well as Iv, satisfies the perturbed cubic Schrédinger equation

iOJu + ATu=NTu)+ H, (t,z) € RxR3, (I-NLS)
where we denoted by H the commutator
H = IN(u) —N(u). (2.4.3)

This perturbation H can be seen as a trilinear operator acting on functions u() of type v or f. In
some appropriate spacetime norms, H enjoys some decay with respect to N thanks to frequency
cancellations stemming from the gauge-invariant structure of the equation, and from the definition
of the I-operator.

Definition 2.4.2. Given a time-interval J = [ty ,b] C [0,T*), we define the Strichartz norm of a
frequency truncated function v by
Z1(J) = [Iv|sisy = sap  [KV) vl Lags.r(ms)) -
s(q,r)=0

where we recall that s(q,r) = % —d (% — %) encodes the admissibility condition for the Strichartz

estimate to hold.
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We shall prove that Z;(J) is of size ~ N'=7 provided E(Iv(ty)) < N?1=9) and HIUH‘D o < 1.
t,x

This is the matter of Lemma 2.4.4. Before this, let us state and prove the main result of this section,
where we estimate the spacetime Lebesgue norm of wH for a given function w that lies uniformly in
L2,

Lemma 2.4.3. For all § > 0, there exists a constant C' such that for every w € L°(J; L2(R3)) and
N e 2N if J C[0,T*) is such that Z;(J) < +oo, then

/

The idea is to use the frequency cancellations from the I operator in the error term H to gain
a negative power of N. As we will see, we shall often come across terms as in the left-hand-side
of (2.4.4), especially when we estimate the modified energy and the modified Morawetz interaction.
Hence, obtaining estimates like (2.4.4) turns out to be the crucial part of our analysis.

/ w(t, z)H (t, z)dz|dt < CN~0 sup (K_l”PK’LUHLOOLQ(J))
R3 KeaN L

(Z1(I)2+ F2 (1)) (Z1(J) + FL2(J)) . (2.4.4)

Proof. The strategy follows the sames lines as the one of Proposition 3 from [Col4-04], but with
some differences. At a fixed time ¢ € J, we use Plancherel’s formula, and we develop the nonlinearity
in Fourier to obtain

§73 _ . m(& + &3+ &4) & :u i :u
fweomeaae= [ (1= e ot T et 6Tt 0. (249

First, we perform a Littlewood-Paley decomposition of each term appearing in the above integral,

localized around a dyadic frequency N;. We denote by B the pointwise bound of the Fourier

multiplier

L et & +&)
m(&2)m(&3)m(&s)

S B(N17N27N37N4) .

sup
&1+82+E3+84=0

i~N;

As observed in Proposition 3.1 in [Col+04], a case by case analysis leads to the following decay
estimate for B : for all § > 0, there exists C' > 0 such that for all Ny, Na, N3, Ny, N € 2V we have

Ny

B<N1’N2’N3’N4)N2N3

< CN~"9 max(Ny, Ny, N3, Ny)™°. (2.4.6)

The above estimate stems from frequency cancellations and indicates an almost conservation of the
energy. Next, we factorize (2.4.5) by the pointwise bound B on the Fourier multiplier. We are left
to control

B(N17N27N37N4)

[, Ao T e Tu(e)ae].

where A is a multilinear operator obtained from (2.4.5) (see also (3.22) from [Col4-04]). To estimate
such a multilinear integral, we apply Plancherel, Holder’s inequality and the Coifman-Meyer estimate
(see Page 179 in [MC78]). We also use Holder’s inequality in time, to see that the left-hand-side
of (2.4.4) is bounded from above by

> B(N1, Na, Ny, Na)|| Py wl| 5 2 () |1 Pvs Tl 22 16 () I Pvs Tl 2 16 () I Pva T e s )
N;
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Using the decay estimate (2.4.6), we can sum over the N;’s and gain one power of N

/

/ w(t, z)H(t,r)dx|dt
RS

< CN~"(sup Ny Pyl poe p2) IV Tull 2 po () I VTl p2 s oy 1wl Lo ) - (2:4.7)

N1

It remains to estimate the contributions of the terms on the right-hand side in (2.4.7). Each term Iu
is decomposed into Tu = I f + Iv. To estimate the terms Iv in L?LS, we use the endpoint Strichartz
estimate, while we need Sobolev embedding to estimate v in L{° LS, respectively. As for the terms
1f, we only use the definitions from Section 2.2. This concludes the proof of Lemma 2.4.3. O

Let us now address the a priori estimate for Z;(J) on a spacetime slab, where we assume a
bound for the modified energy of v, as well as a smallness condition on spacetime norms of Iv and f.
More precisely, provided that the energy of Iv is initially of size N2(1=%)_ we prove that Z;(J) is of
size ~ N179 on an interval J where there holds (2.4.8) and (2.4.9).

Lemma 2.4.4 (Modified local existence theory). Let ty € J* be such that
E(v)(ty) < N2(1=)
There exist C > 0 and n > 0 that do not depend on N, ey = N~20-9=9 for some arbitrarily small

5, and Nog = No(Cy, fo) such that for any interval J = [ty,b) C [0,T*) on which the following
smallness conditions 2 are satisfied

HIUHZ{IU) SEN, (2.4.8)

HfHL;%Lg(J) =1, (2.4.9)
we have that for all N > Ny,

Zr(J) < CN'77. (2.4.10)

For now on, we assume that N > Ny, such that (2.4.10) holds whenever the assumptions of
Lemma 2.4.4 are satisfied.

Proof. Recall that Iv is solution to (I—NLS). By the Duhamel’s integral formulation for equa-
tion (/—NLS), we have that

t
To(t) = ')A Ty (ty) — / ei(t_T)A(./\/’(Iu) + H)dr

to

— oilt—to)A Tu(to) +Z([to 775];,/\/’1) +I([t0 ,t];]\fl) +I([to ,t];H) )

where 13

Ny = N(w,0,0) + N (f. £, £) + N(f0,0) . Na =N, f,0).

*Note that (4,3) is an admissible pair. Hence, || f|l 173 ®) < C|lfollz2 for every w.
13 We also have similar terms, but the analysis does not depend on the complex conjugates at this stage.
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It follows from the dual Strichartz estimate of Proposition 2.2.1 that

B + (V)N g2 gy + 1 Z([to , 2], <V>IH)|U2(J)> :

x

21(9) < € (Mot + IDINGI g,

4 I I3

Term I; : We deduce from the Leibniz rule that
VN (I0))]| s 18 < ||<V>11J||L§Lgllfvlli6

9
2
t

6
LoL

By

By interpolation and Sobolev embedding, we have

wl—=

2 1 1
17005 < 1005 0N g ) < CRZES.

Consequently, the contribution of this term is less than

DTN g g5 < CR ()

Similarly, we have
||<V>I(N(Iv,Iv,If))HLtgLﬁ
< IV fllzre 110l o + IV ol p2gllToll | g lILf]
LSL2 L

9
6712 6712
T tL.r LtLac

1 1 1 1 2 1
< CZI () (F (DR Z1()F + R Zi DAy 11 oo )

2

Z1(J)3 4 e 21 (T)SFE () FF2(J)3) |

Zwi=

< CZi(J)(F' (J)e
Additionally,

[Slesplessnn

1

[od]

L1t

8y

<UD IF s ITF1P g < Cllhbl32F5 ().
L8L2

“Fuio

Hence, the contribution of the first term is less than
1 L i, 1
L < CZi(J)(FS(N)Z1()) " 4+ e3.21(J)3 + 3N 2 Z1(J) 5Ca + 5 Z1(J)3Ch) .
Term Iy : Once again, when a derivative falls on the term I f, we need to place it inside L?, and
use the improved Sobolev embedding for randomized radial initial data. It follows from the Leibniz
rule that
V) ING | a2 < CIAA NI L2y + 1T a2y -

We use Holder’s inequality, Sobolev embedding and the assumption that s > % to get

1 1o
LA U i3y < CU Fllz g (n I FlpenszenlTvllos gy < CCaeRN =

Finally, , ) ,
VMo ) N ez S W0l 2ns (I F 1 Taps ) S 07 21(T) -
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Collecting the above estimates, we see that the contribution of this term is less than
3\ 15e 1 20 -5 2
Iy <CZy(J)(CoN =z Zi(J) '+ Ciep N~ 2 +17).

Term I3 : It follows from the duality estimate in UX as stated in Proposition 2.2.5 and from
Lemma 2.4.4 that

IZ((to, 1), (V)IH)|y2 <C sup / / w(t, 2)(V)I Hdzdt
8 lwllyp <1l 7

SONT'® sup  sup (K[ Px((V)Tw)ll e r2() (Z1()? + 5 (1)?) (Z1(J) + F(T))

w <1 Ke2N
Il va_

< ONTY(Z2(J)2 + FS (1)) (Z1(J) + FE(J)) .-

Next, we take v > 0 arbitrarily small, and we fix
EN = N—Q(l—U)—W )

We have

2(1-0) ~

11<CZ[(J)<N_3 §Z1(J)%+CQN

~

2(1—0) —o —a
TSN Z() 8 4 caN—lg,—szI(J)%,) ,
If Z;(J) ~ N'=9 then the term in the parenthesis on the right-hand-side of the above estimate is
smaller than a negative power of N. Moreover, we have
lim Z;(J)=0.
|J|—0
Hence, we apply a continuity argument in this case to prove that Z;(.J) is indeed of size ~ N177.

Similarly, we have
l1—0o
Iy < CZi(J)(CENZZ;(J) ™ + C2Z1(J) " + %) .

Here again, we shall be able use the continuity method. We emphasize that n does not have to
depend on N. The last contribution is estimated as follows :

I < CN(Z1(J)? + NY77) (Z1(J) + Ca) -

In this case, we observe that when Z;(J) ~ N'=9 the parenthesis in the right-hand-side of the above
estimate is bounded by a negative power of N provided % < 0. Finally, we conclude by collecting
the above contributions and by using the continuity method for % < o, N > Ny large enough and 7
small enough. We stress out that n and Ny only depend on some universal constants and on Cj,
which is fixed throughout the analysis. This concludes the proof of Lemma 2.4.4. ]

2.4.2 Modified energy increment

In this section, we revisit in a probabilistic setting the analysis of modified-energy increment
performed when using the /-method (see for instance [Dod13; Dod19b; Col+04]). A similar strategy
was developed in [FM20]. Here, we propose a different approach that strongly relies on the structure
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of the nonlinearity. Subsequently, we follow [OOP19] and we include the probabilistic forcing term
in the potential part of the energy

1 1
E(v(t)) == |VIv(t,z)|*dx + / \Tv + I f|*d .
2 R3 4 R3
The idea is to benefit from the frequency cancellations appearing in H. More precisely, when we
handle the increment of the energy, we aim to come up with terms under the form wH, for which
we already obtained some spacetime bounds in Lemma 2.4.3. In the next Proposition, we estimate

the energy increments on some intervals where the L}, norm of v satisfies a smallness condition.
b

Proposition 2.4.5. Let tg € J*, such that
EW)(ty) < N20-9)

Then, for all interval J = [to,t] C [0,T*) where Iv satisfies the smallness conditions (2.4.8)
and (2.4.9), that lead to the modified local well-posedness statement of Lemma 2.4.4, there exists
C(a) such that

—&(v)

/J d

dt

dt < ONTNS(=0)=1 L ONI=o F2 ()2 4 CNl_"FQw(J)HIvH%%’Z(J (2.4.11)

)

Observe that we gain a negative power of N from the perturbative term that contains H.
However, as explained in the introduction, we keep track of some sub-additive quantities when we
estimate the other terms. This will be useful when we will sum over the intervals where we have the
modified local well-posedness result of Lemma 2.4.4. Still, we are forced to lose some powers of N
when we estimate the terms where the gradient hits I f by F5. This indicates that we have no hope
to prevent the energy from extending O(1), even if we rescale the initial data at the beginning of
the analysis.

Proof. We deduce from (I—NLS) that

%E(IU(T)) =Re | 0(Iv)(N(Iu) — IN(u))dz + Re . (I fIN (Tu)dz

d s
=Re [ O,(Iv)Hdx + Re/ iAI )N (Tu)dzx .

R3 R3

Consequently,

d _
/ 4 p(ro(r)ar < ¢ / Ou(To) T de|dt + |ACTHN (T 11 oy (2.4.12)
Jldt J|JR3 b
Y il

Estimate of term I In light of Lemma 2.4.3, it suffices to prove that
sup (K~ (8iIv]| poop2) < N3179) (2.4.13)
Ke2N L

Indeed, we have

Z;(J) < CNY™, F9@R)<C,, FY(J)<CN 27,
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The first estimate on Z7(J) follows from the assumptions (2.4.8), (2.4.9), and Lemma 2.4.4. Subse-
quently, we use Lemma 2.4.3 to get that

/

8y (ITu)Hdx
RS

dt

< CN—1+§;1€1£>N(K_1IIPK(@(IU)) g r2() (Z1(9)? + F5(1)%) (Z1(J) + F(J))

< O(Ca)NT1* sup (K™ |Pc (9u(1w) e 12 ) N7
€2

Let us turn to the proof of (2.4.13), and fix K € 2V. Recall that Iv solves
Olv = iAIv — iIN(u).
First, we have from the definition of Z;(J) and from (2.4.10) that
| Pk AIv| ooz () < CKZ(J) < CKN'"7.

It remains to handle the nonlinear term IN (u) ~ IN (u™M, u®, u®) with ) € {v, f}. For this
purpose, we shall lose some derivatives and apply the fractional Leibniz rule with the operator VI,
especially when all the three terms are of type v since we only have some controls on norms of Vv,
and not on Vv. One way of loosing some derivatives is to use Sobolev embedding. We eventually
prove that

|PEIN (W)l 1o 25y < CK(Z1(J)? + FL(J)?) . (2.4.14)

In what follows, all the spacetime norms will be taken over J x R3. First, we observe that
1
[vl[zeers < Cl{V) 20| peerz < CI(V) V| porz < CZ(J).

This follows from the Sobolev embedding and from the definition of the I-operator (see (2.1.3)).
Next, we perform a case by case analysis depending on the type of terms that occur in the trilinear
form.

Case 1 : Three random terms In this case, we use Holder inequality and the probabilistic
estimates (2.2.12) to get

1P I g rz i) < Il Feers ) < Fa(J)? < Ca

Case 2 : Two random terms In this case, we use Sobolev embedding, Holder’s inequality
and the almost conservation of the mass to obtain

1P I(f?0)l| ge 2 < C||<V>PKI(f2v)||LOOL% < OK||fl e s ol oo 2 < CKFL(T)?| foll 2 -

t
Case 3 : One random term Similarly,

1P I(fv*)pgers < CH(V>PKI(fv2)HLOOLg < CK||fll e 0l Loy < CKEL(T)Z1(T)?.

t
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Case 4 : Three deterministic terms Here, we need to use the Leibniz rule for I(V). We
obtain

5 1
IPI)erz < CIVEPRIG)] 2 < CKI(VIPRIG)]| 3
t z t x

1
< CK|(V)ilv g pallollfoe 1z < CKIV) 0]l e p2][v]|Foe s < CKZ1(J).

This addresses the contribution for the term I in the energy increment.
Estimate of term II After integrating by parts and applying the Leibniz rule, we write

IAUTNHN Ty gy < 0// V(TN (VIuW, [u®| [u®) |dtdx (2.4.15)
" JxR3

with u(® e {f,v} for i € {1,2,3}. Next, we perform a case by case analysis to estimate the
contribution of the different terms on the right-hand side of (2.4.15).

No random term. In this case, we have v(9) = v for i € {1, 2, 3}. We apply Cauchy-Schwarz
inequality to obtain

(24.15) < CIVI | 2o () IV Tl e 2 101y < CES(DZ (Dol (-
To handle the other cases, we apply Cauchy-Schwarz and we use the estimate (2.2.27).

One random term.

e Casel: ul) = f,u® =ul® = . It follows from the almost conservation from Lemma (2.4.1)
that
(2.4.15) < C||VIfH%%LgO(J)||Iv|]%?oL% < CF¥(J)2.

2)

e Case 2 : u) =u® =y, u® = f. Similarly,

(2.4.15) < CIIVIfll g2 oo (I f 2 0o () IV IOl Lo 2y 1 0l oo 1200y < CFS ()2 Z1( ) -

Two random terms.

e Case 1: v =u® = f 4B =y. We deduce from Cauchy-Schwarz and from the almost
conservation of the mass that 2.4.1 that

(24.15) < VI 1 e M F i 2| 0l 20) < CES (T
e Case 2 : uM) = v, u® =40 = f 4@ = 4B = f. In this case, we have

(2.4.15) < CVIfllp2pee () IVIV| Lgo 2 () I fll L2200 () [Vl Lo L2 ()
S CEZ (DI fllzeerznZi(J) < CF5(J)Zi1(J) -
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Three random terms. Here, we have u() = f for i € {1,2,3}, so that
(24.15) < CIVET g ) S o2y < CFFIY

Collecting all the contributions, we obtain the desired estimate on the modified energy increment. [J

2.4.3 Modified interaction Morawetz

We revisit the standard interaction Morawetz inequality in a perturbed setting, for the equa-
tion (I—NLS) satisfied by [u. First, we recall the formal computations that leads to the so-called
Lin-Strauss inequality. Given a convex weight a, we define the action '*

My(t) =2Im | Oja(x)(0;1u)(z)lu(z)dx = ZIm/ 0;aTy, jdx .
R3 R3

It corresponds to the contraction of the current density Ty ; = Tj0 = 2Im (8j(I u)ﬁ) against the

vector field Va. Thanks to the convexity of a, we hope to get some monotonicity for My. The

general virial identity reads

d

ﬁMy(t) = / —A%a|Tul* + 46,3jaRe(6k (Tu)9;(Iu)) + Aa|Tul* + 2Re(20;a0; (Tu)H + Aa(Iu)H)dx .
R3

Given a point y € R3, the recentered Morawetz action, denoted M, corresponds to the particular
weight ay(x) = |z — y|, that satisfies

aja:% y], Aa=—, A2a2727r5y, 8]2kazlfx 4 7Y _p.

|z =yl |z =yl [z =yl |z —yl
Hence,
d

— — M, (t) = 7| Tu(t,y)|* + 2/ | P VIu(x)|*dz —I—/ | Tu(z)|*da
dt R3 R3 [T — |
o L 1 L
+ 4Re / 23— Y 5. (Tu)Hdx + 4Re / — TuHdz. (2.4.16)
|z =yl R [ =yl

Observe the presence of two extra terms, that come from the forcing term H. Next, we average the
recentered Morawetz action against the mass density |Iu(y)|? to obtain the Morawetz interaction,

[y oltuto)Pdy.
R3
Note that this quantity is bounded by the conserved L? norm times the critical H 2 (R?) norm of Iu.

!/R3 My ()| Tu(y)Pdy| < C|[Tu(t) |7, | Tu(?) (2.4.17)

Iy
H2

We can now state and prove the modified Morawetz interaction, that will provide a spacetime control
on lu.

14 . . _ 3
we sum over the indices, and 0; f = ijl O, f-
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Proposition 2.4.6 (Modified interaction Morawetz). Assume that J C J* is an interval such that
Z1(Jg) < oo. Then, for any § > 0, there exists C > 0 such that for any partition J = U£;§ Ji., there
holds

4 2 2
JI_rttias < ey el g,

L—1
+ CN T T oo g2 || 1w \ioon(J)<kZ:O(ZI(Jk)2+F2(Jk)2)(ZI(Jk)+Foo(Jk)))' (2.4.18)

Proof. By using the Leibniz rule, and then integrating over time, we obtain

M, (t)|Iu(y)|*d // Tu(t, / Yi, dx)dydt
RGO y} [P [ DT @)y

/

" / / / :Uj — Ty () 2Re (D Luly) Tuly))dedydt |
IxR3xR3 [T =Yl

11

Next, we plug (2.4.16) into I and II. We have

[—n / / (Tt o) dyt
JxR3

2
+ 2/// |P$7qu(t,w)|2\Iu(y)]2dxdydt+ /// |Iu(x)\4]Iu(y)\2dwdydt
JxR3xR3 JxR3xR3 \1’ - y\
} 4Re / / / Tu(y) 25— Y o (1) (2 F () dardy
RxR3xR3 |z — |
I1

e —
+ 4Re // [Tu(y)| Iu(z)H (z)dzdydt . (2.4.19)
IxR3xR3 |T = Y|

I>

To expand the term II we use equation (/—NLS) and we write the time derivative of Tu in terms of
the perturbation H.

JXRSXRS €T
JxR3xR3 ‘fL‘ y‘

Next, we observe that the terms which does not come from the perturbation have a sign. Hence, we
can use the bound (2.4.17) and see that

1 < 2 2 '
W//JXRS Fult, y)l dydt < 20 Tulfie (o lTull gy )+ T4 T+ T
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We are left to estimate three terms Iy ,Is and II;, that contain a spacetime norm of the commutator
H. Hence, we will use Lemma 2.4.3 to address these three terms. Up to a partition, and using
sub-additivity, we may assume that L = 1.

Term I; : We use the triangular inequality and Lemma 2.4.3 to get

/ — Y1 9. (Tu) () H () da | dt
R

I | < |[Tu|? s
[T | < [ Tull7 L@(J)[, Wl es Jo—y|

< ON“M| Ty? K Py (22— p,1 -
< Iulicperyn sup (7 (0, (10)(@) 220

(Z1(I)? + F5(1)*) (Z1(J) + FL(J)) -

We fix y € R?, t € J and K € 2, and we proceed as follows.

Tj—Yj
I1Pic (P i@ oz = su
Yy llgllz, <1

/( = Vi, (u)(t,2)) Preg () da
RS |7 — Y

We deduce from the Leibniz rule that for each x € R3,

x_
|z — yl

- VTu(z) = div( i - z Tu(x)) — Tu(z).

[z —y

Next, we apply Hardy’s inequality to handle the singular term with |z — y|~!, and we obtain

1P (L= 0,(Tu)(@)) ||z < sup

2 Prg(x)dx
|z —yl lgllz, <1

/ —Y Tu(t,x)VPgg(z) + Tu(t, x)
R

s |z =yl

2
|z — y

1
< C|[Lullz sup (K”g”LiJFHr wg(@)rz)

lgllz, <1 |z =y
< CK||Iul 12
This addresses the estimate for the term I :

1| < ONTHFulfb e o ) (Z0()2 + FS (1)) (Z0(0) + FE()).

Term Is : We proceed similarly. In this case, we are left to estimate

Tu(zx)
| Pk 25y = sup
(|x_y‘) e llgllz, <1

1
Tu(t, z) Prg(z)dz
/R3 |z —yl
1
< ||Iu||L2H’ |9||L
< CK|Tullrzllgll 2 ,
where we used Hardy’s inequality in the last line. Hence,

T | < ON T Tullde o ) (200 + F5 (D)) (Z1(0) + F2(D)).
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Term I1;:

|11 | < sup/ L= Y Iy j(z)dx / / Iu(y)H(y)dy‘dt
ty |JR3 |z — | J|JR3

< CN*H&HIU”;OH%U)HIU||L;>°L3(J) (Z1(1)? + F$(J)?) (Z1(J) + F(T)) -
t

This concludes the proof of Proposition 2.4.6. O

2.5 Almost-sure global well-posedness and scattering

In this section, we glue together the pieces collected in the previous sections to prove the main
theorem. First, given o > 0 we take w € ), such that

FYR) + F(R) < Co .

Then, we apply the local probabilistic Cauchy theory developed in Section 2.3.2. For such an w, we
have a local solution u = e™® f& 4+ v to (NLS) with initial data up—o = f¢’, where v satisfies (NLSy)
in H°(R3) with zero initial condition, up to a maximal lifetime 7. In addition, v extends globally
in time scatters in H?(R3) as soon as its H?(R3) norm is uniformly bounded up to the time T*.
To obtain such an a priori uniform bound on v, we perform a double bootstrap argument with a
modified interaction Morawetz and the modified energy £(v). Recall that we obtained in this section
a priori estimates on the time increments of these two quantities, under the extra assumption that fo
is radially-symmetric, and that w € €, yielding a control the L?(R; L°(R?)) norm of (V)1 &4 f&.

2.5.1 Double bootstrap argument

Recall that we fixed a > 0, No(«) large enough and €, with P(Qq \ QNOC) < «, such that for every
w € Qy and N > Ny(«), there holds (2.2.27). Furthermore, we can assume from the large deviation
estimate on the L% norm of the randomized initial data (see [BOP15b], Lemma 2.3), and from the
fact that the I-operator commutes with the randomization and that it is bounded on L2, that for all
w € Qq and all N,

MF§ls < Ca (2.5.1)

Then, we write C' the constant that appears in the modified Morawetz inequality (2.4.18), and
we define

MO = HUHL‘;OL?L.([O,T*)) y M = 40/\/{% . (252)

It follows from the almost conservation of the mass from Lemma 2.4.1 that the bound on Mg does
only depend on || fol|z2. Afterwards, we consider the set

On={Te0,T%) | tesEépT]e(v(t)) < N2(1=9), ”I”Hiz{z[o,ﬂ < MN'77}.

We claim that for every & < o < 2s < 1, there exists Nj(e, | foll L2 (rs), 8, @) to be defined later such
that for all N > max(Np, N))), we have

Oy =[0,T7). (2.5.3)
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Before diving into the proof, we note that ©y is nonempty. Indeed, it follows from (2.5.1) and from
v(0) = 0 that £(v)(0) = 1 |[If§]|74 < Ca < N20-9)and hence T = 0 € O. Moreover, we see
from a continuity argument that 6y is also closed. Hence, it remains to prove that Oy is an open
interval. Let us fix T' € O, with T < T*. By the local well-posedness theory for (NLSy) presented
in Proposition 4.2.2, there exists a small 75 > T such that

HIUH‘EMOM <2MN'7. (2.5.4)

The double bootstrap argument is the following. First, by using the a priori estimate (2.5.4), by
tuning the parameter and by summing over the spacetime slabs where

1ol 1y < o

we observe from the local-in-time energy increment of Proposition 2.4.5 that if a time 77 is such that
E(v(Ty)) < N?1=9) where ey ~ N~2079) is as in Lemma 2.4.4, then the energy remains less than
N2(1-9) a5 long as we control the Lf’m norm of Iv. Next, we deduce from the modified interaction
Morawetz (2.4.18) that we eventually have (2.5.4) with M N'=9 on the right-hand side, instead of
2M N,

Proposition 2.5.1 (Double bootstrap argument). Let & < o < 2s. There exists No(e, o, s, || foll £2)
such that for all N > max(Ny, No), if T is in On and Ty < Ty < T* is such that

170l1Zs oz < 2MN'T7,
then Ty is also in Op.

Proof. Given a fixed N > Ny, we consider ey = N~20-9)=9 45 in Lemma 2.4.4, where § > 0 is
arbitrarily small. As a consequence of the assumption [|Tv[[zs o 1) < 2MN 1=0_there are at most

L = 2MN'=?¢/ spacetime-slabs on which the smallness condition || v||‘i4 < ey is satisfied. We
t,x

decompose therefore [0,75) into L intervals Jy = [ty , tx+1) such that for k E {0, R 1}
1l 5 <

with .
2MN'—°
O=tog<ti<--<tp=T,, andl="" =2)MN31-0)+

EN
In order to apply Lemma 2.4.4 on each spacetime slab Ji, we need the L{L3 norm of f on J to be
less than 7, which is an universal constant. This is possible up to some extra decomposition of the
intervals J into a finite number of sub-intervals, that only depends on || fo|| s and on 7. Hence, the
total number of spacetime-slabs on which we perform the analysis is bounded by

1—0o
L< C(fom)% < C(fo,m)2M N3(1=0)+3
N

Now, by iteration on k, we deduce from Proposition 2.4.5 that

sup E(v(t)) < N21=9) (2.5.5)
te[0,tg]
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First, we note from the definition of Oy that (2.5.5) is already known when t; < Ti, since we
assumed that T} € Oy. Afterwards, we consider k such that (2.5.5) holds for t;. We prove that it
still holds for any ¢ € Ji. To do so, we fix t € J and we use sub-additivity :

dr =E(v(0))) + Z /J

0<i<k—1

trt1
E(v(t)) < E(w(0))) +/0 %E(IU(T)) %5(1}(7’)) dr.

Initially, we know from (2.5.1) that £(v(0)) < C,. Moreover, we have by construction that
E(Iv(t;)) < N2(=9) and ||Iv||4L4 un S EN for each i € {0,...,k}. Hence, we can apply the

modified energy increment (2.4.11) on each interval J;, and get

S(U(t)) < C,+Co Z (NG(I—U)—I +N1_UF2(Ji)2 —|—NI_UFQ(‘]Z')HIUH%EIJE(L‘))’

0<i<k—1

where Cy = Cy(fo,s,0) is a universal constant that arises in (2.4.11). Next, we brutally multiply
the first term by the number of spacetime-slabs '°, and we use sub-additivity for the second term
and the third term. When summing over the spacetime slabs, we also apply Cauchy-Schwarz on the
third term, and we obtain

E(v(t)) < Cq + LNO(I=)~1

1

+N1"{ 3 Fg(Jj)2—|—< 3 Fz(Ji)2>2( 3 ”I””iéﬁw(@))%}'

0<i<k—1 0<i<k—1 0<i<k—1

We conclude by using the upper bound on L and the estimate (2.2.27) on F that

E(v(t)) < Co + Co(LNOI=971 4 N1=7 (F5(R)? + F(R)(2M N'~7)3))
S Ca 4 CO(QMNQ(I—O')—l-I—(S 4 Nl—o’(N—"/Nl—O' + NO—Nl_TUNl_TU))
< N2(1_")(CQN_2(1_") + 20, M NT1=0) =146 | =27 4 N‘V)

)

6
provided that = < o, and N > N} = N{(Co,7, M). This finishes the first part of the proof of
Proposition 2.5.1. To show that Tb € ©, it remains to prove that

/ / |Tv|*dtde < MN'~.
[0,T2)xR3

For this purpose, we perform the same analysis as in the first part of the proof to handle the remainders
that contain the commutator H. Namely, we decompose [0, T3] into L intervals {Jk} o<p<r_1 Such
that (2.4.8) and (2.4.9) hold on each J;. Since we already know from Proposition (2.5.1) that

sup&(v(t)) < N2(1=9)
t<To

15 Tf we prove a long time Strichartz estimate as in [Dod19b], we might be able to use also some sub-additivity
to estimate the first term, and to loosen therefore our restriction on s > %
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we can deduce from Lemma 2.4.4 that for each k&
ZN,Jk(U) < C’Nl_a .

Therefore, it follows from the modified interaction Morawetz that (2.4.18)

4 < 2 2 2
//[O,TQ)XRS Fufdtde < C(HIUHL"O (0, 1x);H + fHL‘X’(OT] )H ||Lt ([0,12];L2)

+CN_1+5LHIUHL?°([O7T2}; H Hiw([OTQ]HQ)(Nz(l_U) +02N1_U) (N1_0+Ca) )

As a consequence of the global energy estimate on [0, 73] shown in the first part of the proof, we
deduce from interpolation and from the coercivity of £(v) that

1 —0
[1v Hif’o([OT]H2) > HIUHL?O([QTQ];Hl)HIvHLtOO([O,Tg];L%) < \@5(’”)2/\40 < \@./\/loN1 . (2.5.6)

Moreover,
IFI2 .y < ON"2 ol < CUINO NI (2:5.7)

for some irrelevant constant C(fo) = C(||fo|zs, s, 0). Consequently, the almost conservation of the
mas and estimates (2.5.6), (2.5.7) yield

2 2 2
CUIE . oy + I ity e

M
< OMJ(V2N'™7 + C(fo)'77%) <20 M3N' ™ < 7M%Nl—ff, (2.5.8)
provided that g < o, and that ¢ is taken sufficiently small. We conclude that
M
// [Tu|*dtde < —N'"7 + N' 79N~ (Co + CY) .
[0,75) xR3 2
Moreover, using the bound 6 on F“ written in (2.1.11),

// |Tul*dtdz < // |If\4dtdx+// | Tu|*dtdx
0T2 xR3 0T2)><]R3 OTQ)XR3

< AFZ ([0, Tu)* + Nl 7 4L AN (Cy + CHNY7 < MN1=.

In the last estimate, we took N > Ny” = Ng”(fo) large enough. This concludes the proof of
Proposition 2.5.1 with Ny = max(Nj, No”). O

16We actually control F* defined with f instead of If. But we can easily replace f by If in the proof, if
we replace fo by I fy using the fact I is a Fourier multiplier and commutes therefore with the randomization.
Moreover, the operator norm of I acting on L? is less than 1. Hence, we do not lose any power of N.
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2.5.2 Proof of Theorem 2.1.4

We proved that for every o > 0 and w € €2, as in Lemma 2.2.27, the Cauchy problem (NLS¢) admits
a unique local solution v, with a maximal lifespan [0,7*). Moreover, we find a set ﬁa such that
P(Q4 \ Qa) < a, where we proved in Proposition 2.5.1 by a double bootstrap argument on &(v) and
a modified Morawetz estimate that if w € Qq, there exists No = No(e, || folzs, 5, 0) such that for all
N > Ny, we have On = [0,7™). In particular,

sup E(v(t)) < N2179)
0<t<T*
Hence, we deduce from the above estimate on the coercive modified energy, from the operator
bound (2.1.4) for the I-operator and from the almost conservation of the mass, that there exists N
large enough and a constant C such that

sup |[vllgg < |Jvl| e (jo,74;22) + CNliUHI'UHLOO([O,T*];Hl) < ON31=9) = Cy.
0<t<T™

In what follow we drop the dependence on N. Since we have a global a priori estimate on the
H? norm of v, we can apply the stability theory presented in Section 2.3.2, and deduce from
Proposition 2.3.8 that T* = +oco, and that v scatters at infinity. Finally, we take

=) Q-

a>0

Since P(Q\ Q) < 2a for every a > 0, we have that P(X) = 1. By construction, a local solution
to (NLS) initiated from an initial data u(0) = f§ € H® with w € ¥ extends globally in time and
scatters.



Chapter 3

Asymptotic stability of small ground
states for NLS under random
perturbations

From the publication [Cam22].

Résumé. Nous étudions I’équation de Schrédinger cubique dans I'espace euclidien, perturbée par
un potentiel de courte portée V. La présence d’une valeur propre négative pour —A + V génére une
famille & un parametre d’états fondamentaux non linéaires, qui sont localisés en espace et qui donnent
lieu a de petites solutions périodiques, asymptotiquement stables dans l’espace d’énergie. Nous
étudions la persistance de ces états cohérents sous l'effet de perturbations irrégulieres et aléatoires.
Plus précisément, nous construisons un ensemble de mesure pleine constitué de petites solutions
sur-critiques, qui ont en outre une énergie infinie, mais qui laissent la famille d’états fondamentaux
asymptotiquement stable. La principale difficulté réside dans I'analyse des interactions de termes
localisés en espace avec des termes dispersifs qui ont une faible régularité.

Abstract. We consider the cubic Schrodinger equation on the Euclidean space perturbed by a
short-range potential V. The presence of a negative simple eigenvalue for —A + V gives rise to a
curve of small and localized nonlinear ground states that yield some time-periodic solutions known
to be asymptotically stable in the energy space. We study the persistence of these coherent states
under rough perturbations. We shall construct a large measure set of small scaling-supercritical
solutions below the energy space that display some asymptotic stability behavior. The main difficulty
is the need to handle the interactions of localized and dispersive terms in the modulation equations.
To do so, we use a critical-weighted strategy to combine probabilistic nonlinear estimates in critical
spaces based on UP, VY (controlling higher order terms) with some local energy decay estimates
(controlling lower order terms). We also revisit in the perturbed setting the analysis of [BOP15a] on
the probabilistic global well-posedness and scattering for small supercritical initial data. We use
a distorted Fourier transform and semiclassical functional calculus to generalize probabilistic and
bilinear Strichartz estimates.
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3.1 Introduction

In this paper we consider the cubic Schrédinger equation perturbed by a short-range potential in
the Euclidean space of dimension d > 3:

{z‘atw + A = plyPy + Vi,
w‘t:O =0

The constant u, whose sign dictates whether the nonlinearity is focusing or defocusing, will play
no role since we look at small initial data. Hence, we shall fix 4 = 1. The short-range potential
V', whose properties are detailed below, is assumed to be in the Schwartz class S(RY). Our main
result concerns the case when d = 3 and o(H) = {eo} Uo.(H) with no resonance at zero, and where
ep < 0 is a simple negative eigenvalue with positive and normalized eigenfunction ¢g. Then, the
1-dimensional eigenspace spanned by ¢g bifurcates around zero to a family of small and localized
nonlinear ground states. These ground states satisfy the elliptic equation

(A-V+[QF)Q=EQ, (3.1.1)

(NLS)

and are written under the form

Q) = 260 +4(2),  B(z) = eo +e(2), (3.1.2)
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where z is the complex modulation parameter. They give rise to periodic solutions to (NLS) of the
form u(t,z) = e " Q(x). Soffer and Weistein [SW90], followed by Pillet and Wayne [PW97] and
Gustafson & al. [GNT04] addressed the problem of asymptotic stability of these small ground states
in the energy space. More precisely, any small local solution ¢ to (NLS) in H!(R?) is global and can
be decomposed into

P(t) = Q(=(1) +n(t, 2(t)), (3.1.3)

where the radiation term 7 satisfies a time dependent orthogonality condition (see (3.1.7)). In large
time, asymptotic stability holds in the sense that z(¢) has a limit as ¢ goes to infinity, and 7(t)
scatters in H!(R?). This result is a particular instance of the so-called soliton resolution conjecture
(see [Tao08] for a general presentation). Our aim is to prove that the asymptotic stability property
of these coherent states still holds at very low regularity, in a supercritical regime where we have a
local probabilistic flow.

Before we present our main result, we recall that the critical exponent s. for the homoge-
neous (NLS) equation (with V=0) is the regularity exponent for which the homogeneous Sobolev
norm is invariant under the scaling

up(t,z) = X Tu(A 2 T ), wga(w) = A lug(A )

For the cubic Schrodinger equation in RY, we have s, = % In light of the conservation laws of

mass and energy

M@0 = [ walde €@O = [ Vool + o)+ Vive.o s,

we say that the problem is mass-critical when s. = 0 and energy-critical when s, = 1. There exists a
vast literature on the Cauchy theory for (NLS) and we refer to the books [BKKO07; Caz03; Dod19a;
Tao06] or to the survey [GV79a; GV79b] and the references therein for a general presentation. Note
that the equation is energy-subcritical for d = 3, and we have a local flow for s € [1/2,1], where
sc = 1/2. On the other hand, in the scaling-supercritical regime where s < s., the local Cauchy
problem for (NLS) is known to be ill-posed (see [CCTO03c]). Nevertheless, the probabilistic Cauchy
theory initiated by Bourgain [Bou96] and developed by many authors since then provides some large
measure sets made of scaling-supercritical initial data u¥ in H*(R?) for s < s. that give rise a local
solutions to (NLS) of the form 1 = u* + v. Here, u¥ = e~ % ug is the propagation of uf under the
linear flow and v is solution to the cubic Schrédinger equation with a random forcing term, but with
v(0) = 0.

3.1.1 Main result

We consider (NLS) in dimension d = 3 with small randomized initial data that lie in H*(R3) N
RanP.(H) for some s € (1/4,1/2], where P.(H) is the projection onto the continuous spectral
subspace for H, and we assume that o(H) = {eg} U 0.(H) with no resonance at zero, where ey < 0
is a simple negative eigenvalue. We generalize the result of [BOP15a] in the presence of such of
potential by first constructing a local probabilistic flow, and extending to a global flow. Then, we
prove that at each time of the evolution, the solution decouples into a sum of a ground state and a
radiation term that scatters at infinity.
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More precisely, we fix s € (1/4,1/2], a function uy in H* and a small parameter . Then, we
perform the Wiener randomization procedure on ug as detailed in section 3.3.1, and we get a large
measure set €2, made of rough and small initial data u§ € H*(R3) with improved Strichartz estimates.
These initial data give rise to global solutions to (NLS) under the form (3.1.3) that display an
asymptotic stability dynamic.

Theorem 3.1.1 (Probabilistic asymptotic stability of small ground states). Assume that H has no
resonance at zero and that o(H) = {eo} Uo.(H) with eg < 0 a simple eigenvalue. There exist a set

Q. and 8y such that for all Yo with ||Yo]|41/2 < 6o and all w € Q, the initial value problem

{i6t¢+Aw= WP+ VY, (tz) eRxRY, (3.1.4)

Yl—o = eug + o,
admits a unique global-in-time solution v of the form
Y(t) = e BV 4 u(t), where v e C(R, HY?(R?)).

Moreover, the solution uniquely resolves into ¥ (t) = Q(z(t)) + n(t), and there exist z4 € C and a
final state n, € HY?(R3) N Ran(P.) such that

t
lim z(t) exp(i/o E(2)dr) = 24, tiiglooﬂn —e it (eug +ny) l3172(msy = 0. (3.1.5)

t——+o0

Remark 3.1.2. The measure of the set (25 of initial with improved Strichartz estimates is all the
more large since €||ug||ys is small. There exist C, ¢ > 0 such that for all ug and € > 0,

P(2\ ) < Cexp(—ce?|Juoll;2 ) -

Remark 3.1.3. We have conditional uniqueness for v in the critical space defined in (3.4.13), and
embedded into L*°(R, HY 2). Hence, v gains some regularity and lies in a space where there exists a
deterministic Cauchy theory.

By taking ug = 0 in the statement of Theorem 3.1.1 and using persistence of regularity, we may
extend the deterministic result of [GNT04] to the intercritical regime, where 1/2 < s < 1.

Corollary 3.1.4 (Deterministic asymptotic stability). For 1/2 < s < 1, there exists o > 0 such
that for all ||1o||s < do, the Cauchy problem (NLS) with initial data 1o has a unique global solution
Y € C(R;H®) that resolves into (t) = Q(z(t)) +n(t), and asymptotic stability (3.1.5) holds in H/?.

3.1.2 Background

Asymptotic stability for small solitons in the energy space Previous results on the asymptotic
stability of small ground states hold for initial data 1)y in the energy space H!(R3), where (NLS) is
known to be well-posed. Soffer and Weinstein proved in [SW90] that the equation displays some
multichannel scattering for small and localized data in the energy space. More precisely, any initial
data small in H!(R3) N LL(R3) gives rise to a global solution that resolves into a fixed ground state
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and a radiation term whose LS (R3)-norm decays to zero, as well as some of its L2(R?)-weighted
norm (see Theorem 4.1 in [SW90]). By the use of the center stable manifold method, Pillet and
Wayne then extended this result in [PW97] to the case where the initial data are localized in some
L2(R3)-weighted spaces rather than in L.(R?). While these works impose some fixed orthogonality
conditions to the modulation parameters, Gustafson, Nakanishi and Tsai introduced a time-dependent
orthogonality condition that leads to an asymptotic stability result in #!(R?) (Theorem 1.7 in
[GNTO04]) without any assumption on the decay of the initial data, and the radiation term scatters
in H!(R3). A natural question that arises as was to whether the asymptotic stability holds true
below the energy space. Indeed, we still have a local flow for 1/2 < s < 1, and a local probabilistic
flow for 1/4 < s < 1/2. We note that our proof does not use any decay assumption on the initial
data. Besides, the randomized initial are not likely to decay for a general ug (see the discussion in
paragraph 3.3.1).

Probabilistic well-posedness theory Even though the Cauchy problem (NLS) is in general
ill-posed for scaling-supercritical initial data below HY/2 (R3), the probabilistic method can provide
some large measure sets of initial data that give rise to global-in-time solutions. Many works were
done in this direction for different dispersive PDE’s after the pioneer work of Jean Bourgain [Bou96]
for the NLS equation on T?, followed by the work of Burq and Tzvetkov on the nonlinear wave
equation (NLW) on a 3D compact Riemannian manifold without a boundary [BT08a; BT08b]. The
idea is to find a randomization procedure which improves some Strichartz estimates on the free
evolution of the randomized data, but does not improve their regularity.

To extend local well-posedness below the scaling-critical Sobolev space, the strategy consists
in decomposing the solution into 1) = u* + v where u¥ = e~ ug is the linear evolution of the
randomized data. The remaining term v is smoother and satisfies (NLS) with a stochastic forcing
term:

(3.1.6)

i) — Hp = N (1), PN i — Hu = N (v + u®),
Yli=0 = Yo + ug. V]t=0 = Yo.

Besides, we need to solve equation (3.1.6) for v in a well-chosen subspace of C'(I, H®¢) by a contraction
mapping argument. Thanks to its random structure, the linear evolution of the randomized data
u® displays some enhanced integrability properties that make it possible to gain regularity on the
stochastic Duhamel term. After that, we globalize the local solutions by using the Bourgain invariant
measure argument in the case of T¢, or by using a priori estimates on some critical norm of v.
The general randomization procedure consists in finding a well-chosen decomposition of the
initial data and in decoupling the terms of this decomposition by multiplying each of them by
some independent random variables { gn(w)}n centered around zero. Then, taking averages cancels
interference and improves therefore the integrability of the data. There exists many versions of
the randomization procedure, and we refer the interested reader to the survey [BOP19b] and the
references therein for a detailed presentation. One has to distinguish between two cases. In the
confining case where the physical space is a compact manifold, or when the equation contains
a confining potential, we consider the decomposition uf = Y gn(w)un en(z) where {e,} is an
orthonormal basis made of eigenfunctions of the Schrédinger operator. In the Euclidean case, the
Schrédinger operator does not provide such a natural decomposition, and we use instead unit scale
frequency decomposition on Wiener cubes (see [BOP15a; BOP15b; DLM19; DLM20]), or microlocal
decomposition (see [Bril8; BK21; Murl9]). In some specific cases, we can also use a compactifying
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transformation such as the Lens transform for NLS (see [BT20]) or the Penrose transform for NLW
(see [De 13]) to apply in the Euclidean setting variants of the Bourgain invariant measure argument.
Nevertheless, it must be emphasized that the probabilistic method used in the aforementioned
works concerns perturbations of the zero solution and ends up with asymptotic results like global
well-posedness and scattering for small data or in the defocusing case.

Still, Kenig and Mendelson recently addressed in [KM19] the problem of asymptotic stability
of large solitons for the quintic focusing wave equation with randomized radial initial data. They
introduced a randomization procedure based on the distorted Fourier transform adapted to the
linearized operator around a soliton, and proved some intricate kernel estimates due to the presence
of a resonance at zero for this operator. Then, Bringmann showed the stability of the ODE blow-up
for the radial energy critical NLW in 4D under random perturbations below the energy space [Bri20c].
However, for nonlinear focusing Schrodinger equations the asymptotic stability around solitons is
more subtle. Indeed, the solitons for (NLS) with V' = 0 are stable when the nonlinearity is small and
the critical exponent is negative. Hence, we cannot run the probabilistic strategy since the smoother
term v, which is expected to lie in the critical space C(R; H*(R?)), cannot serve as a substitute for
the conservation laws. In addition, the linearized operator around the soliton is not self-adjoint. We
refer to [CM21; Tao08] and the references therein for a general insight on the results and techniques
about stability of solitons for NLS.

Schrodinger equation with a short-range potential The study of dispersive PDE’s with a
potential is a very general problem. For instance, a potential can arise in the modulation equations
obtained to address stability problems around soliton solutions by the analytic method (see [Tao08]).
There exists a vast literature about Schrodinger equations perturbed by a localized potential (see for
instance [GHW14; GPR18; PS20]). These works rely on the use of a distorted Fourier transform
Fv, which is the analogue adapted to H of the Fourier transform. When it exists, the distorted
Fourier transform defines a partial isometric map onto L2.(R?) that conjugates H with the operator
of multiplication by |£|2. Additionally, the distorted Fourier transform is related with the wave
operators Wi. We refer the interested reader to the seminal work of Agmon [Agm75], grounded on
the previous works [AS71; Tke60]. In the probabilistic context, we shall follow the strategy used by
Kenig and Mendelson for the quintic focusing NLW in [KM19] to provide a randomization procedure
based on a distorted frequency decomposition. This randomization procedure commutes with the
flow e~ and is therefore suited to the underlying linear dynamic of (NLS). In the present work
we consider the Schrodinger equation perturbed by a potential in order to generate a curve of small
nonlinear ground states, and our analysis is easier than in [KM19] since we can assume no resonance
at zero. Let us now precise the assumptions made on V.

Assumptions on the potential: V is a real-valued potential in the Schwartz class S(R%;R).
We write
H=-A+V, Hy=—A.

Note that V' is short-range in the sense of Agmon: there exists € > 0 such that the operator
u € HARY) = (1+ |2))'T*Vu € L2(RY)

is a compact operator. Namely, H is Hyp-compact. Hence, H admits a unique self-adjoint realization
on L?(R%) with domain D(H) = H%(R?) and has the same essential spectrum as Ho, that is the half
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line [0, +00). In addition, Agmon proved in [Agm75] that if V' is short-range then the spectrum of
H is given by
o(H) = op(H) Uoess(H) = op(H) U [0, +00),

where o,(H) (the discrete spectrum of H) is a countable set made of eigenvalues with finite
multiplicity. We have the spectral decomposition:

L*RY) = L2, (RY) @ LY(RY),

where LZ(R?) is the space spanned by the associated eigenvectors and L2.(R?) is the absolute
continuous spectral subspace for H. In what follows, we assume that V is generic, in the sense that

(i) op(H) C (=00,0),
(ii) O is not a resonance for H.

We refer to [GHW14] and the references therein for precise discussions about optimal assumptions on
V. In the present work, we assume extra regularity on V' to get the global-in-time local smoothing
estimates of Proposition 1.33 in [RT15]. We also chose to take V' smooth in order to derive a bilinear
estimate for perturbed linear Schrodinger evolutions based on semiclassical functional calculus, and
that does not rely on an explicit structure theory for wave operators (see [Becl4; Honl3]). The
assumption that V is in S(R?) is far from being optimal and is made for simplicity.

3.1.3 Organization of the paper

Spectral theory We present in section 3.2 the basic properties of the distorted Fourier transform,
and it’s connections with wave operators and functional calculus. Under our assumptions on —A+V,
the distorted Fourier transform is a unitary operator onto the continuous spectral subspace L2(R?)
that provides very useful frequency decompositions adapted to the perturbed framework. Indeed, the
distorted Fourier multipliers involved in these decompositions commute with the perturbed linear flow
e~"H _TIn particular, they preserve the continuous spectral subspace Ran(P.). We state an analogue
of the Fourier multiplier theorem for this transformation that follows from the LP-boundedness of
wave operators, and we also stress out that distorted Fourier multipliers by radial functions coincide
with spectral multipliers defined by the functional calculus on self-adjoint operators. Then, we shall
briefly revisit some nonlinear tools such as the Littlewood-Paley inequality in order to perform
standard harmonic analysis techniques for nonlinear dispersive PDE’s in the perturbed setting.

Probabilistic and Bilinear Strichartz estimates for the inhomogeneous Schrédinger
evolution First, we generalize the refined global-in-time Strichartz estimates for randomized data
from [BOP15a], Lemma 2.3. To do so, we introduce a distorted Wiener decomposition by using
distorted Fourier multipliers localized on unit cubes (whereas standard Fourier multipliers are used
in the flat case). As mentioned above, the reason for this is to come with a randomization that
commutes with e~ and that preserves RanP.(H). Proposition (3.3.2) yields a large measure
set Q of initial data in RanP.(H) that display refined Strichartz estimates. In order to revisit
the standard proof written in [BOP15a], we use the variant of a Bernstein’s estimate for distorted
Fourier multipliers (3.2.12) presented in section 3.2. Furthermore, we stress out that since ug is
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in Ran(P.) we can apply the local smoothing property (3.2.7) for e #H. For all these reasons,
randomization adapted with a distorted frequency decomposition turns out to be the best suited to
the dynamic of (NLS). Nevertheless, the distorted Fourier transform does not change a product
into a product of convolution. Therefore, the nonlinear analysis is more intricate in this setting,
and we cannot generalize bilinear estimates so easily. Still, we prove an extended version of the
bilinear Strichartz estimate from J. Bourgain to the inhomogeneous case with V' in the Schwartz
class. Our proof does not rely on a structure formula for the wave operator, and we use instead
semiclassical functional analysis to intertwine Fourier and distorted Fourier multipliers. More
precisely, we quantify the interactions between functions of the form o(N~'H) and o(M~!'Hp) in
order to intertwine localization with respect to H and Hy. Then, we decompose the perturbed
evolution e " into a superposition of free evolution e*® of flat-Fourier localized data, and we apply
the original Bourgain’s estimate for the free evolution e”?, as well as local energy decay.

Probabilistic global existence and scattering on the continuous spectral subspace The
purpose of section 3.4 is to lay the foundations for the analysis conducted in section 3.5 about the
stability of small nonlinear ground states under rough and randomized perturbations. First, we recall
the definitions and key properties of critical spaces of functions from an interval I to HS (R9),

written X %(I ). This space is built upon the space of functions of finite g-variation V¢ and its
predual, the atomic space UP. Next, we generalize Theorem 1.2 in [BOP15a] to the perturbed
framework in order to understand the dynamic for solutions to (NLS) projected on the continuous
spectral subspace for H. To do so, we shall specify and develop a bit on the random nonlinear
estimates derived in [BOP15a]. We obtain the following result.

d—1
d+1
s € (sq,5c]. For allw e Q. and iy € H%(Rd) NRan(P.) small enough, the Cauchy problem

Theorem 3.1.5. Assume that H has no resonance nor eigenvalue at zero. Let sq = - Sc and

{iatzp + (A = V) =Pe([y2y), (NLS,)

¢t:0 = gusj + ¢0 ;

admits a unique global-in-time solution v in the class
ee ™ yg + X270, 00) € C([0,00), H(R?) NRan(P,)) .
In addition, there exists vy € H%(Rd) NRan(P.) such that

: A itH L w —
t£+mOOH1/J e oy U+||H¥(Rd) 0.
Remark 3.1.6. If the pure point spectrum of —A + V' is empty then P, = Id and (NLS,) is (NLS). By
time reversibility of (NLS) the same results hold true for negative times, and conditional uniqueness
holds in the following sense: let v1,v2 be two solutions in X %(0, 00). If there exists t € [0,00)
such that vy (t) = ve(t) then vy = vo.

In section 3.5, we consider perturbed solutions of (NLS) around a ground state under the
form @ + n. In particular, the radiation term 7 satisfies a nonlinear Schrédinger equation with a
stochastic forcing term that contains localized and linear terms. The main difficulty is that the
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higher order terms are handled in critical spaces, while the localized lower order ones can only be
controlled in weighted Sobolev spaces by the use of some local smoothing estimates. Therefore, we
shall present in Proposition 3.4.15 a critical-weighted strategy that gives a way to perform nonlinear
analysis in critical spaces and in weighted spaces simultaneously. In dimension d = 3, our analysis
shows that this technique also gives an alternative version of Theorem 3.1.5 where global existence
and uniqueness for the nonlinear part of the solution hold in V? intersected with the weighted
Sobolev space L?(R; H1~1/27(R3)). A similar approach for Korteweg-de Vries equation can be found
in [KM12].

Outline of the proof of Theorem 3.1.1 Let us now present the framework and some notations
used in [GNTO04]. In what follows, we identify C ~ R?, with z = 21 +ize = (21, 22). For convenience,
we denote the operator D, f(z) = (0,, f(2), 04, f(z)) acting on C seen as a real vector space of
dimension 2 endowed with the real scalar product ((z1, 22), (2], 25)) = z12] +2225. Then, we construct
a local probabilistic flow for (NLS), and we decompose the solution at each time under the form (3.1.3)
with the following time-dependent orthogonality condition imposed for the radiation term 7(z):

n(z) € He(z) = {17 € L2(R?) | /Rs<i77’ 0., Q(z))dzx = /R3<i77,822Q(z)>dx = 0}. (3.1.7)

In particular, observe that H.(0) = Ran(P.) = L?(R?). In broad outline, we ask for 7 to be
orthogonal to the center manifold of ground states at each time, and this has for effect to cancel
some linear terms in the modulation equations (3.5.8). Note that these orthogonality conditions are
all the more natural since any small function ¢ in L?(R3) can actually be decomposed into

»=Q((2)+n, (3.1.8)

where z € C and n € H.(z) satisfies (3.1.7) (see Lemma 2.3 in [GNTO04]). Furthermore, the
decomposition (3.1.8) is explicit and Pp(n), the discrete part of 1), can be expressed as a function of
P.(n) and z. Indeed, for each z small enough there exists a bijective operator R(z) : H.(0) = H(z)
written in Lemma 3.5.4 such that

n=R(z)Pe(n).
We introduce v = P.(n) — eu®. Since u* is in Ran(P.), we have that v € Ran P, and
Pp(n) = (R(z) — I)(eu” 4+ v).

Therefore, the evolution reduces to a system with two degrees of freedom z and v

$=Q() +0(z), n(z) = R(:)(eu” + 1(2)). (3.1.9)

The aim is to obtain some global a prioi estimates for (v, m(z)), solution to the coupled system of
modulation equations (3.5.8), (3.5.10), where m(z) denotes bijective gauge defined in (3.5.7). By
injecting the ansatz (3.1.9) into the equation (NLS), we see that v satisfies the perturbed Schrodinger
equation with a stochastic forcing term (3.5.10). It has the form

10 + (A - V)V = F(Va Q(Z)v = 5uw) )

and stress out that the forcing term contains some linear terms with respect to 1 and its complex
conjugate 7. The main difficulty is to prove scattering with these linear terms. Indeed, they are
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time dependent, and they are not self-adjoint perturbations of H. Hence, we can not absorb them
in the left-hand side in order to get a perturbed operator as studied in our framework. We rather
need to consider linear terms as source terms. Fortunately, these terms come with powers of @) or ¢q
which are small in H? and localized. Hence, we shall use local energy decay to control them. On
the other hand, we need the critical spaces based on U? and V? to control the term N (u® + v).
Consequently, we shall exploit the aforementioned critical-weighted strategy (see Proposition 3.4.15)
to simultaneously cope with the localized and critical terms and to get the desired a priori estimate
on v.

The dynamic of m(z) is governed by an ODE that arises as when differentiating the orthogonality
conditions (3.1.7) with respect to time. As explained above, orthogonality conditions (3.1.7) cancel
terms which are linear with respect to 7. Hence, the obtained ODE contains terms which are at
least quadratic in 7. Since the local smoothing estimate controls some global-in-time and weighted
quadratic norms of 1, a global-in-time control of m(2) in L} (R) follows from the analysis of the ODE
and yields the convergence result written in (3.1.5).

Eventually, the analysis leads to the global a priori estimates on v and m(z) stated in Proposi-
tion 3.5.9, from which we deduce global existence by the use of a continuity argument. The desired
asymptotic dynamic also follows from these a priori estimates.

Notations Let s,0 € R. We denote the Sobolev space by H*(R%), and we define the weighted
Sobolev space by

L (RY = {u| (z)7ue L*®RY}, HYRY) = {u|(z)7u,(z)°Vue L*R)}.

The projection onto the continuous spectral subspace L% (RY) for H is written P, and P,=1-P.=
(- | $0)¢o is the projection onto the pure point subspace for H. Note that

Ran(P.) = LZ(R) = H,(0),

where spaces H.(z) encode the orthogonality conditions (3.1.7) to the ground state manifold. We
—itH — ¢=H P the perturbed Schrédinger evolution projected on the continuous spectral
subspace, whereas by €*® = e~"Ho ig the free Schrodinger evolution. For I C R, the space-time
Lebesgue space L{(I; L5 (RY)) is written L{ L% (I), or L{L" when the dependence on I is clear. Given a
Borel function f : Ry — C, we denote the operators defined by the usual functional calculus by f(Hp)
and f(H) = f(H)P.(H). In particular, we define the Littlewood-Paley multipliers (see (3.2.16))
around the dyadic frequency N € 2N by

write e

Anu=@(N"'Hp), Iy = Z Agu, Ay=¢(N"'H), Iy = Z Axu.
K<N K<N

Given a function m : R? — C we denote the distorted Fourier multiplier Fi P.(H)mJFy by
M,,(H) (see Definition 3.2.7) where Fy is the distorted Fourier transform (see Proposition 3.2.6).
Given a function ug in L?(R?), we define its Wiener randomization by u¢ in Definition 3.3.1, and
w —itH ug is the linear propagation of the randomized data by the under perturbed flow.

u- ==e



3.2. SPECTRAL THEORY 159

3.2 Spectral theory for generic short-range Schrodinger
operators

In this section, we present well known facts about functional calculus on perturbed Schrédinger
operators that gives rise to a natural framework to work with —A+V and —A all together. First, we
collect some definitions and basic properties of wave operators, such as the intertwining property as
well as their LP-boundedness. As a consequence, we will see how dispersive estimates known for free
Schrodinger evolution carry over to the perturbed setting. Additionally, we recall the construction
of a distorted Fourier transform based on the limiting absorption principle. We shall see how the
wave operators connect this transformation to the usual - or flat - Fourier transform, and lead to a
useful generalization of the Fourier multiplier theorem. Some of the results we state here may not
hold true in low dimensions d < 3.

3.2.1 Wave operators and the intertwining property
The wave operators are defined by the strong limit

Wi = s —limeH e~ in B(LA(RY)).
t—+o0
They aim at understanding scattering of Schrodinger operators —A+V by comparing the asymptotic
behavior of e ™ with the asymptotic behavior of e~ We say that the wave operators are
asymptotically complete if

(i) W is bounded and surjective from L?(R9) onto L2.(R%)
(ii) os.(H) =0, and hence L2.(RY) = L2(R?).

Agmon proved in [Agm75] that the wave operators W exist and are asymptotically complete under
the decaying assumption (z)'*V € L>*(R%). Consequently, wave operators are partial isometries
onto L? in this case, that is

WirWye =1, W W, *"=P,.

It follows from the definition that
o tH WL = Wy o itHo |
This leads to the so-called intertwining property: for any Borel function f: R — C
HP.=WiHyWy", f(H)P.=Wyx f(Ho) Wi, (3.2.1)

where f(H) and f(Hp) are defined by the functional calculus on self-adjoint operators. In a seminal
paper [Yaj95], Yajima proved the W*P?(R%) boundedness for wave operators when some extra
regularity and decay on V and F(V) are assumed. We state the result in LP(R?%), since we do not
need more in our study.

Proposition 3.2.1 (LP-bound of wave operators, Theorem 1.1 in [Yaj95]). Let V be a generic
potential with some reqularity and decaying assumptions detailed in [Yaj95], and 1 < p < +oo. The
wave operators Wy can be extended to bounded operators in LP(RY): there exists C) such that for
all f in L2(R?) N LP(RY),

W fllo ey < Collfll Lo (ray - (3.2.2)
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Given 1 < p,q < 400, it follows from the intertwining property (3.2.1) and from the LP
bound (3.2.2) that f(H) and f(Hp) have equivalent norms on B(LP(R?), L¢(R%)). There exists Cp 4
such that for any Borel function f: R — C,

Cpallf (EDllgze,ra) < I1f (Ho) gz, ra) < Cpgllf (H)|5(Le,19)-

One striking but straightforward consequence of Proposition 3.2.1 is the generalization of the
dispersive estimate to perturbed linear Schrédinger evolutions.

Proposition 3.2.2 (Dispersive estimate for perturbed Schrodinger evolution). Let V' be a potential
as in Proposition 3.2.1, 2 < p < 400 and q such that 1/p+1/q = 1. There ezists a constant C,
such that for all f € L>(R?) N LY(R?) and t € R\ {0}

™ Pe fllogray < CPHI™ Y22 £l g, (3:2.3)

By the TT* argument, we deduce from the above dispersive estimate the global-in-time Strichartz

estimate for the perturbed linear evolution: for all Schrédinger admissible pairs 2 < q,r < oo, with
d d

2
3<dand —+ - ==
q r 2 A
e P, fllLa®;zray) < Corall fllL2(way - (3.2.4)
This result was originally proved in [JSS91], under the assumption that H has no eigenvalue nor
resonance at zero, and that V satisfies the decay condition

V(z)| < (z)727°  for some 0 < ¢ .

3.2.2 Distorted Fourier multipliers

In order to refine the perturbed Strichartz estimates of Proposition 3.2.2 for randomized initial data
as in [BOP15a], we have to use unit-scale decomposition of the frequency space adapted to the
operator —A + V. More precisely, we need to set out a distorted Fourier transform that conjugates
the operator H with the multiplication by |¢|?, and to generalize the Fourier multiplier theorem.
To construct such a transformation, the usual strategy is to determine some generalized plane
waves e(z,£) that are perturbations of the plane waves ¢ and that formally satisfy the Helmholtz
equation

(A +V)e(-, &) =[¢le(-8), (3.2.5)

with the asymptotic condition
U(‘Taé) = e((L’,f) - eix-f = O|z|ﬁ\oo(’w‘71) )
as well as the Sommerfeld radiation condition

(0~ lel)v(r.€) 0.

Equation (3.2.5) cannot be solved in L?(R?) since |¢|? is in the essential spectrum of H. However,
this equation can be solved in weighted spaces by a procedure called the limiting absorption principle.
This principle states that the resolvent R(z) == (H — z)_l, which is bounded from L?(R%) to H2(R%)
and that defines an analytic operator valued function on C\ [0, +0o0), can be extended to the
boundary of its domain of definition in the following sense.
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Proposition 3.2.3 (Limiting absorption principle, Theorem 4.2 in [Agm75]). Let A > 0 and § > 1/2.
The sequence

lim R(z) = R"()\)
Z— A
Im(z)>0

converges in B((w)_éLz(Rd), (2)H2(RY)) endowed with the uniform operator norm topology.

Then, the existence of a family of distorted plane waves follows from the above limiting absorption
principle. Indeed, the solutions to equation (3.2.5) satisfy the Lippman-Schwinger equation

e(z,€) = e R ([¢]*)(V e'*). (3.2.6)

Proposition 3.2.4 (Generalized plane wave, Theorem 5.1 in [Agm75]). There exists a measurable
function e in L} (R* x (RY\ {0})) such that for every fized & in R\ {0}, the function e(-, &) belongs

loc
to HE (RY) N C(RY) and is a solution to equation (3.2.5) in HZ (RY).

loc

See [Ike60] for further properties of the generalized plane waves when V' is regular. Another
important consequence of the limiting absorption principle is the local smoothing estimate, or local
energy decay, for the perturbed linear Schrodinger evolution. We state a version taken from [RT15]
(Proposition 1.33) where some extra regularity and decay assumptions on V' are required. This local
smoothing effect and its transferred version into the space U? is a key ingredient in the proof of
Theorem 3.1.1, when we study the perturbations around the ground state.

Proposition 3.2.5 (Global-in-time local smoothing estimate for H, Proposition 1.33 in [RT15]).
Under our assumptions made on V, and for 1 solution to the forced Schrodinger equation

i)+ (A=V)b=F, vy_o=10,

we have the following global-in-time control of the local energy of Y

LR vamt S Wolliprauey + [ IPOI 000t (3:2.7)

The next step is to define a distorted Fourier transform from the generalized plane waves
constructed in the above paragraph. Since H may have some pure point spectrum in our assumptions,
the operator we get is only a partial isometry with range L2(R?).

Proposition 3.2.6 (Distorted Fourier transform, Theorem 5.1 in [Agm75]). There exists a partial
isometry Fy from L2(R?) to L2(R?) which diagonalizes H on H*(RY). For all f € H2(RY),

(—A+V)f = (]—"‘*/M| |zfv)f.

Moreover, for any f in L*(R?) the following representation formula holds in L*(R?):

Fyf(&) = (2m)~ "2 lim o O (@) (3.2.8)
Fyf(a) = (2m) =" lim " e(x, &) Pe(H) f(£)de . (3.2.9)

Furthermore, we have
Wi =F)F. (3.2.10)
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Thanks to the distorted Fourier transform we are now able to define some analogues of the
Fourier multipliers, that commute with H.

Definition 3.2.7. Let m : R — C be a function in L. The distorted Fourier multiplier
My, (H) = Fym(&)Fv (3.2.11)
is a bounded operator on L?(R?), where m(¢) denotes the operator u € Lg — mu. We have
| M (H) | (2 (rety) < [1m] oo (e -
It follows from equation (3.2.10) that
W My (H) Wy = My, (Ho)

where M,,,(Hp) is the usual Fourier multiplier by m. Hence, we deduce from the LP boundedness of
the wave operator W+ mentioned in Proposition 3.2.1 that M,,(H) is bounded on LP(R9) if and
only if My, (Hp) in bounded on LP(RY). As a consequence of this principle, we generalize the Fourier
multiplier theorem and its variations to the perturbed linear Schrodinger evolution.

Lemma 3.2.8. Let m : R? — C be a function in L>(R?) supported on a compact set E. Given q in
2, 400], there exists a constant C = C(q,V, ||m||=) such that for all f in L?(RY),

| My () L0 < CIEIZ 5] f]] 2. (3.2.12)

Proof. Let f be a function in L?(RY). We have

[(F'mF) f ()| = !/Eeig'“’” m(E)FF(E)dE] < l[ml o usy | o, ) oo | B2 ] 12 (3.2.13)

Then (3.2.12) for M,,(Hp) (i.e. when V' = 0) follows from complex interpolation, and we deduce
the estimate for M,,(H) from the intertwining property (3.2.1) and from the LP-bound (3.2.2) on
Wi. O

Similarly, one can generalize the Mikhlin multiplier theorem (see Theorem 3.2 in the book [Ste70])
to the perturbed setting.

Lemma 3.2.9 (Mikhlin multiplier theorem). Let m : R\ {0} — C be a multiplier and 1 < p < +oo.
Assume that for all o in N such that 0 < |a| < 452 +1,

| D*m(&)] < Calé]™*. (3.2.14)
Then,
m(H) fllzeway S Callfll Lo (way -

As a consequence of the Mikhlin multiplier theorem, we show that the Sobolev spaces defined
with H or Hy are equivalent.

Lemma 3.2.10. Let 1 < p < 400 and 0 < s. There exists C = C(s,p,d) such that for all f in
S(RY)
CHUI(VHoY fllr < I(VH)* fllze < CI(VHo)* f || 1o
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Proof. Let ¢ be the conjugated exponent of p. Let us show that (v Ho)*(v/ H)™® can be extended to
a bounded operator in B(LP). * We proceed by using complex interpolation and duality in LP. Take
f,g in S(R?) such that the support of f is compact, and note that such functions are dense in L?.

Next, we consider the map
F:zw— (f | 622<\/ﬁo>z<\/ﬁ>_zg>

with domain D = {z € C| 0 < Re(z) < 2n} for a given n € N. We see that F' is a function that is
analytic on D and continuous on the closure of D. Moreover, it follows from the Mikhlin multiplier
theorem and its distorted version (3.2.14) that for f in LP with 1 < p < oo and § in R we have

IFE) SN lzellglls -

Indeed, ‘ '
IVH) flle S A+ 16D Flle,  IVEY? Fllze S (L4 6)N [ fllo -

Note that the constant can be made independent of § thanks to the term e~% that arises from the
function e**. In addition, the distorted version of the Mikhlin multiplier theorem and the fact that
Visin § yield

I(VH)™ (VH) " lgn S > IV HVI(VH) 310y = Cnp < 400,
i+j+k=n
and we deduce from this that A
IF @) S flzellgllze -

It follows from the three lines lemma, we prove that |F(z)| < || fllzellgllze on Dy, uniformly in n, and
the density of functions like f and g in LP and L? yields the desired result. O

A straightforward consequence of Lemma 3.2.10 is the generalization to the perturbed setting of
the fractional Leibniz rule.

Lemma 3.2.11 (Fractional Leibniz rule). Let 1 < p,p1,p2,q1,¢2 < +o0, + = 2 4 L =1 4 L

p P10 p2 @ g’
and let 0 < s. Assume that f,g are in S(R). Then,
KVH) (f9) e S IVE) fllo llglizes + GV H) gllzor |1 f | oo -

We prove in the next lemma that if m is a radial function, the Fourier multiplier by m is precisely
the spectral multiplier defined by the functional calculus on self-adjoint operators.

Lemma 3.2.12. If there exists a Borel function f : R — C such that m(&) = f(|¢|?) for all € in
R?, then
M, (H) = f(H). (3.2.15)

Proof. Let us first write the result for the free Laplacian Hy, that is F*mF = f(Hp). By an
approximation argument, the proof reduces to the cases where f is a Schwartz function. In this
setting, f(Hp) is given by the formula

f(Ho) = / o F(1)dt, where oo = F* et ? 7
R

! The proof provides the same result for the operator (v H)*(v/H)~*.
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By applying the Fourier inversion formula for f, we have that
() = F( | 1 FOa) F = F 41 - F)F = M),

Hence,
Ff(Ho)F" = My, (Ho) -

Also, the intertwining property (3.2.1) and the equation (3.2.10) give

J(H) =Wy f(Ho) W' = FyFf(Ho)F*Fv = Fyy My Fv = M, (H) . O

3.2.3 Application to the distorted Littlewood-Paley theory

There exists a nonnegative radial function 1 in C*°(R%) such that ¢ = 1 — ¢(2-) is supported on
{r e R?| 1 < |z| <2} and satisfies for all z in R?\ {0}

Z o(N~tz) = 1.

Ne2Z

This partition of unity provides frequency decomposition on dyadic annuli for functions f in L?(R?)
called the Littlewood-Paley decomposition. We consider such a decomposition for both the flat
Fourier transform and the distorted one:

F=>Y Anf=Aaf+ > Axf, (3.2.16)

Ne2Z Ne2N

where Ay == ¢(N~1Hy) is the spectral multiplier around frequencies of size N for Hy as well as

F=Y Anf=Aaf+ Y Axf, (3.2.17)

Ne2Z Ne2N

where Ay = @©(N~1H). Note that the Bernstein’s estimates are still true in the perturbed setting,
as a consequence of the intertwining property, and of the L? bound on the wave operators. For
1 <p<q<oo,s>0 there exist Cp 4, and C), s and such that for all N > 1,

AN fllLaway < CpgN G q)HANf”LP(]Rd)a

- ~ (3.2.18)
AN fllwsr@ay < Cps NI AN fl Lo ray -

Given f in L?(RY), the associated distorted Littlewood-Paley square function is defined by

Af(z) = (D [Anf)2).

Ne2Z

One can see from Plancherel’s theorem that the L?(R?)-norm of the Littlewood-Paley square function
is equivalent to the L?(R?)-norm of the function itself. The so-called Littlewood-Paley square function
theorem extends this result to the LP(R?)-norms for 1 < p < co. We state a generalized version of
this theorem in the perturbed framework.
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Proposition 3.2.13. For 1 < p < +o00 and f in LP(R?), the Littlewood-Paley square function Af
is in LP(RY), and

[AfI Lo gay ~ [1f [l Lo gay - (3.2.19)

The constant involved in the above equivalence only depends on p and on the cutoff function v used
in the Littlewood-Paley decomposition.

We outline the classical proof (see Theorem 5 in the book [Ste70]) that relies on the Mikhlin
multiplier theorem from Lemma 3.2.9. The strategy is to randomize the sum A f with independent
Rademacher variables, and to use Khinchin’s estimates to reduce the proof to the L?-case. As
mentioned above, this case is a straightforward consequence of Plancherel theorem.

Proof. Let us fix 1 < p < +oc and f in L2(R%) N LP(R?). Take (gx)yeoz @ sequence of independent
Rademacher variables on a probability space (2, A, P), i.e. ey ~U ({—1, 1}) Next, we define the
random Fourier multiplier for w in Q and £ in R? by

mU(€) = ) en(w)p(N ).

Ne2Z

Since p(N~!.) is supported on frequencies of size ~ N, the random multiplier m* satisfies the
Mikhlin’s assumption: for all £ in R? and a a multi-index,

ID*m(€)] < Y N7ND* ) (N7 < Cale] 7

Neg2Z

Besides, m® is a radial multiplier, and it follows from Lemma 3.2.12 and from Lemma 3.2.9 that

[m* (H) fl Lo may < £l e (wa)- (3.2.20)

That being said, the Khinchin’s estimate claims that

P\ 1/p
) , (3.2.21)

1\1/2 2 1/2 o
(- let) 5 (o

ZEN(w)cn

and yields

1/2 1/p
~ ~ . 1
A= (X 1EwrR) 5 (B en@Bafl) S (Bl ge) .
Ne2? Ne2Z
By taking the LP(R?)-norm on both sides and by using (3.2.20), we have

[Af Lo ray S Ellm™ (H) fll o may S 1 f1 e wey -

We prove the reversed inequality by duality. O



166 CHAPTER 3. ALMOST-SURE ASYMPTOTIC STABILITY

3.3 Probabilistic and bilinear Strichartz estimates in
the perturbed setting

3.3.1 Wiener randomization with respect to the distorted Fourier
transform

Let us now detail how to adapt the Wiener randomization for the operator —A + V and to generalize
probabilistic Strichartz estimates. This will be made possible thanks to the distorted Fourier
transform presented in the above section. We shall follow the framework detailed by [BOP15a] which
can be adapted with no difficulty to the perturbed case.

Wiener decomposition on unit cubes We denote the unit cube [—1, 1]d by Qo and the translated
cube centered around n € Z? by Q, = Qo + n. Then, we take a well-chosen bump function v
supported on Qg that provides a partition of unity on the frequency space, that is ) ;a9 (-—n) =1,
and we define the Wiener’s decomposition of a function in L?(R?) as

f=Y My, (H)f, (3.3.1)

nezd

where we defined the distorted Fourier multiplier My, (H) in (3.2.11). After that, we consider a
probability space (Q, A, P) and a sequence of mean zero complex valued random variables (gn)n czd

of laws (,un) with uniform bound:

nezd’
]/ e dyy ()] < e for all n in Z% and v in R. (3.3.2)
R

Such a bound is satisfied by Gaussian random variables, Bernoulli variables or any random variables
with compactly supported distributions. We also assume that (Re(g,),Im(gy)), ez are independent
variables.

Definition 3.3.1. The Wiener randomization of a function ug in L?(R?) is

uf = > gnl(w) My, (H)ug (3.3.3)

nczd

The Khinchin’s inequality asserts that

1/p
(E\Zgn \) SV lea®)'? for (ca) €2, 1< p< +oo, (3.3.4)

and we deduce from it that the randomization procedure improves integrability and preserves
regularity. Namely, for all 2 < p < 400 and s in R there exist some constants 0 < ¢, 0 < C' such
that for all 0 < @, u in L?(R%) and v in H*(RY) we have

—eN?lull —eX? IIUIIHS(Rd>

P([u“llzoay > A) < Ce 2ED, P[0 lysmey > A) < Ce
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We emphasize that the procedure does not improve regularity provided that the distribution pu,, does
not concentrate around zero when n goes to oo, i.e. u4 € H*(R%) \ H*+(R?) almost surely when
ug € H*(RY) \ H*F(R?) (see Lemma B.1 in [BT08a]). As for the possible gain of decay, we use the
independence of the { gn}n Ezd’s7 and we observe that for ¢ > 0,

E(lolusl3s) = 3" Blgugm) [ 1ol Mo, (H)uoy, () do

(n,m)ez?d

= 37 [zl My, (H)uo 125

nezd

diverges if we assume that
Dl My, (H)uo| 75 gay = 400 (3.3.5)
nezd
Hence, |||z[*ug|| 2 (ra) diverges in L?()) when wg is chosen such that (3.3.5). This indicates that the
randomization does not gain decay in general. 2 Still, the initial data 1y = ug + vo in the Cauchy
problem (3.1.4) does not decay for a general vy in H'/2. Besides, we don’t use any decay of the data
in our arguments to prove Theorem 3.1.1.

Improved probabilistic Strichartz estimates Let us now recall how to improve the Strichartz
estimates (3.2.3) for data randomized according to the distorted Wiener procedure (3.3.3) (see
Lemma 2.3 in [BOP15a]).

Proposition 3.3.2 (Improved global-in-time Strichartz estimate). Given a Schridinger admissible
pair (q,r) as in Proposition (3.2.2), a real number ¥ with r <7 < +o0o and a function f € H*(R?)
for some s > 0, there exist constants 0 < C, 0 < ¢ such that

P(|(VH)* e " UG || Lo (rszz (ry) > A) < CGXP(—CVHfH;;é(Rd)) : (3.3.6)

Consequently, ||(vH)® e~ "H ug || Lo (w2 (ray) < +00 almost-surely when [ is in H*.

The strategy of the proof is to exploit the enhanced space integrability of Wiener randomized
data. More precisely, the unit scale frequency components ¥, (H)f benefit from better integrability
(uniformly in n) thanks to the distorted Fourier multiplier theorem, while the randomization
procedure cancels interference between these different pieces ¢, (H)f. Hence, the space integrability
of e7tH ug is improved and one can apply the deterministic Strichartz estimate for the admissible
pair (g, 7). The main point of our revisited proof is that the distorted Fourier transform commutes

with the perturbed linear flow e " and satisfies the unit-scale Bernstein estimate of Lemma 3.2.8.

Proof. We write the proof for s = 0. The large deviation bound (3.3.6) will be deduced from an
estimate on the moments of the random variable || e %5 & || LI(R;LE(RY))- 1O get such an estimate,
we take p with max(q,7) < p and we use Minkowski inequality to get

1/p S H e—itH

E(H e itH wHLq R;L7 (RY )) UBJHLg(R;Lg(Rd;Lf,(Q))) .

2 Since |||z]¢ Y, My, uoll22 # >, |l|2| My, UOHLg, we are not able to reproduce the proof of Lemma B.1
in [BT08a], and to preclude any gain of decay by our randomization procedure almost-surely.
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At fixed (¢,z) € R x RY, it follows from Khinchin inequality (3.3.4) that

le™™ T uglip @) = I Y gnlw) e My, (H) fllz@) S vPI My, (H) ™ fll2 g -

nezd

Hence, we use Minkowski inequality once again with 2 < min(q,7), and get

—itH , w 1 —i
E([e"" g e (®4))) P < /Bl My, (H) e " Flle 2,09 @7 Ry - (3.3.7)

Next, we use the distorted Fourier multiplier Lemma 3.2.8 at fixed ¢ with 7,7 and the unit-scale
multiplier £ — eitlel? (£ —n) (in particular the volume of the support does not depend on n):

€ My, (H) g mey S o™ Moy, () gy -

Now, we apply the deterministic global-in-time Strichartz estimate for the perturbed Schrodinger
evolution (3.2.3) with the admissible pair (¢,r) and we get

H e—itH qu;n(H)fHLg(R,LQ(Rd)) S || Mfd)n(H)fHL%(Rd) .

Hence, there exists 0 < C' such that

— 1
E (e w1y g o)) 7 S VB M, () iz 12 zmey < VB OISz ey

To conclude, we apply Markov inequality to get

P([l e uf | oz @a > A) < (VPCX [ £ll 2 ge))”
After that we chose p such that \/p = e‘l(C’)\_1||J“||ngn)_1 and we distinguish the cases when
max(g,7) < p or not. O
Given 0 < ¢, R we define the set
QE,R = U {w €N | ||€'UJw||L;1Lg(RXRd) < R} s (338)
(¢.7)

where the union is taken over a finite number of pairs (¢, 7) as in Proposition 3.3.2 that occur in the
nonlinear analysis presented in the section 3.4. It follows from (3.3.6) that there exist 0 < ¢, C' such
that for all 0 < ¢, R _

P(Q\Q.r) < Cexp(—R25_2||u0H;£) .

When R is an irrelevant universal constant we denote this set by QE.

3.3.2 Bilinear estimate for the perturbed Schrodinger evolution

Bourgain’s bilinear estimate states that given N, M two dyadic numbers with N < M and ug, v in
L?(R%) localized in the Fourier space, say supp iy C {|£] < N} and supp vy C {\§| ~ M}, we have

A : d=1 1
10”2 u0) (e v0)ll 2 Rty S N2 M2 Juoll 1z mety llvoll 2 o) - (3.3.9)
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We refer to Lemma 5 in [Bou98a] for the original proof of this result, and to [Col4-08] for a more
detailed proof. Basically, the proof relies on Plancherel’s formula, on the explicit form of the free
Schrédinger flow and on the multiplicative property of the flat Fourier transform. As mentioned in
the first section, the distorted Fourier transform does not have such a property. That being said, we
propose to generalize (3.3.9) to the perturbed case, and we consider the interaction of two initial
data localized by perturbed Littlewood-Paley projectors Ay, A introduced in (3.2.17) that evolve
under the linear flow e

Proposition 3.3.3 (Bilinear estimate for perturbed linear Schrédinger evolutions). Given N, M
two dyadic integers, we have that for all ug,vy € L?(RY),

1(e™ Anuo)(e™™ Aprvo)llz (mxmty S N'Z M72[[Anuolla ey | Anrvollpzgay - (3:3.10)

The general strategy of our proof is to reduce (3.3.10) to (3.3.9). To do so, we use a perturbative
argument that relies on the Duhamel formula that connects the free evolution to the perturbed one.
More precisely, given N, K two dyadic numbers and u = e~ Anug a solution to the perturbed
linear Schrédinger equation with initial data localized around a distorted Fourier frequencies of size
N, we have

Agu(t) = e A Anug —i / A A pe(Vu(r))dr . (3.3.11)
0
Hence, we will need to estimate some space-time Lebesgue norms of terms like A K(Vﬁ Ne it up).

Semiclassical functional calculus This section is devoted to the statement of some lemmas used
in the proof of Proposition 3.3.3. When studying the interactions of a solution localized around a
high frequency N > 1 with other solutions, we introduce the small parameter h = N~! to place
ourselves in the semiclassical analysis framework that provides precise asymptotic expansions with
respect to h. This strategy, that can essentially be used when V' is smooth, provides an easy but
efficient way to intertwine Fourier and distorted Fourier localization. For the convenience of the
reader, we detail some notations and results from semiclassical analysis (we refer to [Zwol2] for a
general presentation). The Weyl quantization of a given symbol a € C*®(R??) is

Opy,(a)u(z) = (2mh) =2 / /R - G o (2 ;“ Y €)uly)dyde . (3.3.12)

It defines an operator acting on S(R?) and for instance h?Hy = Opy,(|£]?), h2H = Op,, (€2 + h2V).
Moreover, if the symbol a is in the class

S(1) = {a(h) € C®(R¥) | Vo, B € N* sup sup [958 a(p)| < oo},
he[0,1)peR2d

we can extend Opy,(a) to a bounded operator on L?(R?) thanks to the Calderon-Vaillancourt theorem
that yields:

| Oph(a)HB(L‘Z(Rd)) S Z h‘“'/g\laﬁ,ga!\m(wy (3.3.13)
|| <6d+2
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Moreover, given a and b two symbols in the class S(1) there exists a symbol ¢ also in S(1) such that
Op;,(a) o Opy,(b) = Opy,(¢). In addition, ¢ has an explicit semiclassical asymptotic expansion of the
form

1 (ih
(n—1)1"2

clp) = alp)b(p) b fa,B}(p) + -+ )" a(w(D, D))" b(p) + O sz » (3:3.14)
where aw(B,B)b(p) = (0g,a(p0)0u,b(p1) — a§1b(01)8xoa(00))\pozplzp- The symbol ¢ is written

¢ =t (a#nb). In particular, we observe from (3.3.13) and (3.3.14) that whenever a and b are in S(1)
with disjoint supports then

Opy(a) © Opy(b) = O(h™) 512 (ay) - (3.3.15)

We can now state an approximation result of spectral multipliers by pseudo-differential operators.
This result comes from [Rob87], and was extended to more general multipliers in [Sogl7]. We chose
to write a version presented in the context of compact manifolds in [BGT04], Proposition 2.1. The
proof relies on the so-called Helffer-Sjostrand formula and can be rewritten in our setting with no
difficulty.

Lemma 3.3.4. Let n in C°(R) be a smooth cutoff function. There exists a sequence of symbols
(¢j)j>0 in S(1) such that for every h € (0,1], n€ N and 0 <o <n,

In(R*H) = > b7 Opu(e)) a2 (ray e ey Sno h™ - (3.3.16)
0<j<n—1

Besides, for (x,¢) € R??
1
co(w, &) =n(lE*), e, &)= = 1)!n(’“’1)(|§\2)qj',k(x,£) 7

k>2

where the finite sum representing c; is made of functions q; which are polynomials of degree less
than 2(k — 1) in the frequency variable &, and they are Schwartz functions with respect to the space
variable x.

We emphasize that suppc; C {(:c,f) c R | |£]? € supp n}. Hence, we can approximate
A ~N = @(N~'H) by pseudo-differential operators supported on frequencies of size N. Since the
Fourier multiplier A = (K~ Hp) is already a pseudo-differential operator localized on frequencies
of size K, we can use the semiclassical asymptotic expansion (3.3.14) to see that A KE ~ is negligible
when 1 < |K — N|. Namely, for all s,0 € R and 0 < « there exists Cs ;o such that for all N = 2"
and K = 2* with 3 < |k —n],

IAKAN | 5a-s oy < Co,pa2 k) (3.3.17)
Therefore one can intertwine localization with respect to spectral Littlewood-Paley multiplier for H

and Hy up to a negligible term. The next lemma, written in light of equation (3.3.11), encapsulate
the above discussion.
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Lemma 3.3.5. For any « € N, there exists C = C(a, V) > 0 depending on some weighted norms of
V and its derivatives ® such that for any dyadic integer K = 2F and f € L2(R?), we have

(Y 1Ak(VALNIE)"? < CE=|[(@)f12 (3.3.18)
|k—1]>3

Note that we decided to exploit not only the localization in frequency, but also the decay of V' in
order to use the local smoothing effect later on.

Proof. We prove that there exists C, > 0 depending on weighted norms of the potential V' and its
derivatives such that for all L = 27! with 3 < |k — I|, we have

|AK(VALS)llzz < M) £z (3.3.19)
Let us first consider the case when k + 3 <. Plancherel’s formula yields
ARV AL Dl = s | [ VoL )V (€~ n)(V,)* Fn)(€)dednl.
|9HL2(Rd)<1 RdXRd

where we used that Fy_,(z)2f ~ (V)2 F,—, f. Integrating by parts  with respect to 1 gives

|AK(VALE2 )| = sup // P(K1E) (V)2 (oL )P (€ — ) Fn)(©)dedn] .
<1 R xRe

||9HL2(]Rd)

Since o (resp. ) is supported on 2871 < |¢] < 281 (vesp. 2071 < |n| < 21+1), we have that
2!=2 < |¢—n]| on the support of the integrand. Therefore, for all 0 < & we have that 1 < 2790=2)|¢—p|9,
and the right-hand-side of the above estimate is less than

51-2) // P(K1E)E — P (V)2 (BL )V (€ — ) Fn)3(@)dedn
R4 xRd
52‘”2)” (VY (V) a7zl oz Do ()
< C(WV)2 DR £l e < C(V)22 £ 2

by choosing § > %l + 3a, and by using Cauchy-Schwarz and Plancherel. In the case when [ + 3 < k,
the same computations yield

d
IAK(VAL@)? f)ll 2@y < COV)200DH2E| £l 12 < COV)27% £l L2

provided that ¢ > 32—d + 3. We finish the proof of estimate (3.3.18) by summing over L. O

Proof of bilinear estimate for perturbed Schrédinger evolutions We now come to the proof
of Proposition 3.3.3 itself. For now on, we use the notation

u(t) = e itH &Nuo, v(t) == LN

3 More precisely, our brutal computations give C' < ||<V>%+3°‘(<1:>2V) |22, but they are far from being
optimal.

4 We stress out that the operator (V)2 ~ 1 + Zl 1 n is a local operator and has no effect on the
frequency localization 1 ~ L.
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Step 1: Reduction to the case where initial data are flat Fourier localized. First,
we reduce Proposition 3.3.3 to the following proposition where the initial data are also localized by
flat Fourier multipliers. In what follows, Ak is the projector around a frequency K, A<y is the
projector on frequencies below 2°N and A.jy is a fattened projector around frequency M. Given
N, M two dyadic numbers, we write

u(t) = e " Ayug, v(t) = e M Ayvp,
where A N Ay are the distorded Fourier multipliers around frequencies N, M as defined in (3.2.17).

Proposition 3.3.6. There exists C > 0 such that for any time interval I C R and any dyadic
integers N, M with N < M, we have

1/2 d—1 _1
luvllcz ) < NAsvudarrolly oy + (3 IAxudaarvlfy ()" + N M73(D). (3.3.20)
K>25N '

For any interval I and for any partition R = J, I;, we have

(1) < ClANuol 2| Anvoll iz, (O V(1)) < Cll Anuol 2 | Anrvol 2z - (3.3.21)
¢

Proof. We introduce the fattened projector Ay, a flat Fourier multiplier (M ~'Hy) by a smooth
cutoff function ¢ chosen such that (1—@)p = 0. Under this assumption, we deduce from Lemma 3.3.4
that for all ¢ € R and for all « € N,

||(1 — ANM)EMHB(L2(R(17HU(R(1))) Sa,g M™“. (3.3.22)
Then, v is decomposed into v = A_pv + (1 — Aopyw), and
uwv = ulA v+ u(l — Ap)v. (3.3.23)

We deduce form Cauchy-Schwarz, Sobolev embedding, Strichartz estimate and (3.3.22) that the
second term on the right-hand side of (3.3.23) is negligible:

[Ju(l — ANM)UHLEQC(I) < Hu‘|L§x(I)H(1 - ANM)UHLQ{QC(I)
a4 a4
SNz HUHL;ng(I)H<V> 12 (1 — ANM)UHLng(I)

_ d _d ~x
< CoM ™12 N2 | Anugl| L2 [[Anrvol 22 -

Choosing o = 1% + %, writing

1

d—1 N
WI) = (N'F M3 ul — Aarollzz o

and, by using sub-additivity, we easily obtain (3.3.21). Finally, (3.3.20) follows from a Littlewood-
Paley decomposition of u in the first term on the right-hand side of (3.3.23). O
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Step 2: Replacing the perturbed evolution e # by the free one ¢*2. To prove

Proposition 3.3.6, it remains to estimate the first two terms on the right-hand side of (3.3.20). The
idea is to use Bourgain’s estimate (3.3.9) in the free case. To do so, we shall understand how to
describe the perturbed evolution e in terms of 2. For this purpose, we see V as a forcing
term, and we follow the proof of the inhomogeneous bilinear estimate from [Col408]. Before that,
we prove the following lemma that we will use to estimate the Duhamel term that comes from the
potential, seen as the forcing term in what follows.

Lemma 3.3.7. For all « € N, there exists C = C(«, V) such that for all dyadic integer K, N and
all ug € L2 we have

K=*|Anuollzz  if K >2°N,

~ 3.3.24
| Anuoll 2 if K SN. ( )

(/R ||AK(VAN e it ug)H%ng)l/Q < C{

Proof. In the case when K < N, we just apply the local smoothing (3.2.7). Otherwise, we need to
gain a negative power of K. To do so, we fix K > 2°N and we do a Littlewood-Paley decomposition
of Ay e itH Ug:

Ak (VAN e ™ ug) |2, ~ Y Ak (VALAN e ug) |12,
li—k|>3

+ Z Ak (VALAN e uy) H%% =A+B.
n-kl<2

Estimate of term A: We use Lemma 3.3.5 applied with f = Ay e 1y to get

Z HAK(VAL eiitH KN eiitH uo)H%% < C(;Kia‘|<l‘>72 eiitH KNU[)”%?D .
|l—k[>3

Then, we conclude by the local smoothing estimate (3.2.7) for e *# that

/ Z HAK(VAL e tH AN e itH u0)||%%dt < CaK_a/ ||<ac>_2 e tH ANUOH%%dt
Rli—k>3 R

< CoK ™| Anuol|z -

Estimate of term B: We use (3.3.17) and the endpoint Strichartz estimate for e that is
the Strichartz estimate 3.2.4 with the admissible pair (2, d%dQ). Let us fix [ such that [k — | < 2 and
write

IAK(VALAN e ™ ug) |12 = sup |[(Ax(VALAN e ug) | g) 2]

IlgHngl
= |(e7™ Anug | ANAL(VAKG)) 2]
By Holder and Sobolev embedding, we have

1Ak (VAL Ay e ™ ug)|| 2 < [l ZNUollLdZTd2 I(ANAL)V Akl

Cam~ _ (3.3.25)
<|e AJ\IUOlngﬁ%d2 II(ANAL)VAKgHHsz :



174 CHAPTER 3. ALMOST-SURE ASYMPTOTIC STABILITY

Since |k —n| > 5 and |l — k| < 2, we have |n — [| > 3. Therefore, we can apply (3.3.17), and get
H(ENAL)VAKQHHd—2 So KTV AKglz2 Sa K™%||gllr2 -

2

Hence, we conclude from (3.3.25) that

1Ak (VALAN e ™ Anuo)llz Sa K lgllza ]| e ﬁNUOHL% Sa K707 3NUOHL% ,
x x

and the endpoint Strichartz estimate (3.2.4) for e~ yields

[ 3 Ian(vadye ™ Axuw); So ko [ e Byl o dt So K- Bxuol.

R r R Ld72 x

lk—i]<2 e

This proves the estimate for term B, and finishes the proof of Lemma 3.3.7. O
Let us fix an interval I C R. Without loss of generality, we assume that 0 € I and, given a

dyadic integer K, we write Duhamel’s formula as follows:

~ t .
Bycult) =" AByug i [ 8 Ar(Va(r))dr
0 (3.3.26)

Apo(t) = e Ay Anrvg — 2/ =T A Ly (Vo(r))dr .
0

Then, we write
t . t .
Flt) = / eI A g (Vau(r))dr, G(t) = / eI A (Vo(r))dr
0 0

Using decomposition (3.3.26) and developing the product, we obtain
IAkuApollzz (1) <l (AxAyuo) e (AuarAnro)llzz (1)
+ [ F(t) ™ (AnarBarvo) Iz r)
+ 1€ (A Anuo) € Gl 12 1) (3.3.27)
+ [ A F(t) A GOllzz, )
=h+L+I3+1.
Proof of Proposition 3.3.3. It remains to estimate each term in the above decomposition.
Estimate of term [;: We can directly use the bilinear estimate (3.3.9) for the free evolution to

estimate I, where we have the interaction of two free Schrodinger evolutions of frequency-localized
data. For any interval I

” eitA (AKANU‘O) eitA (ANMAMUO) ||L%,I(I)
< QitA (AKKNUO) itA (ANMﬁMvo)HLgm(R)
d—1 1 A A
SN = M2 AgAnuolz [ Anrvoll

d—1 1., ~ ~
S CO(K,N)N = M2 [[Anuol| gz [| Arrvol| 2
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where we have from (3.3.17) that for any «, there exists C, such that for all N, K

1 if K <N,

. (3.3.28)
C, K« if K>2°N.

C(K,N) = {
Moreover, we can use sub-additivity to deduce that for any partition |J, Iy = R,

O lle™ (AxAnug) e (AarAnrvo) ||i§,z(1l))1/2 < C(K, N)||Anuol p2 | Anrvoll 2
;

as well. To estimate the others terms in (3.3.27), we shall use Lemma 3.3.5 and exploit the local
smoothing effect to get some global in time estimates. For now on we fix an interval I of size |I| ~ 1,
and see how to handle terms I, I3 and Iy.

Estimate of term [5:  We use Minkowski and the bilinear estimate (3.3.9) for the free Schrodinger
equation to get

[ F (1) 2 (AurrBareo) 2 1) = [l "2 /0 eind Ag(Vu(r)dr) e (AarBaro)llzz 1y
< /1 €2 (€778 Age(Vau(r))) € (AnarBareo) 2 rydr
SKE M [ e AVutr)lz | Barlzpdr
SKT M 5( /I 18K (VAN e ug)||25d7) [ Anrvo 1
where we used the assumption that |I| ~ 1. If K > 25N, we apply Lemma 3.3.7 to have
KT M3 ( /I |AK(VAN e ™ ug)|3,dr)"? S K5 M3 | Ayuollz | Aarvollz
S K™ M2 | Anugl| 2l Barvoll 2

by choosing @ = 45t — 1. Otherwise, K < 2° and we use Minkowski, we apply the bilinear
estimate (3.3.9) and the local smoothing estimate (3.2.7) to get

I it F(t) JRIZN (ANMKMUO) HL?@(I) < /1 [ its (e_”A AgN(Vu(T))) itA (ANMEMUO) ||L?}x(1)d7—
< VM ([ IV e Byl ) Barol
< N%M_%HANUOHLgugMUOHLi :
Estimate of term I3: Similarly, we apply the bilinear estimate (3.3.9) and Minkowski to get
| €% (A Auo) €2 G1)l 1z, 1) = | "4 (ArcBnuo) o4 /0 e An (Vo)) iz,

5K”JA[ﬁHAKZNuﬂL@/HANMan;wHAMmmuyh.
I
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It follows from (3.3.17) that
d—1 ~ ~
K7 ||AgAnuglz S KY[Anuollzz -

Moreover, we deduce from the fact that |I| ~ 1 and from the local smoothing estimate (3.2.7) that
J 18V e Bagoo)lzdr < ([ 1V e ™ Barwolfydr) ¥ S |Basuoloz.
I I ° ‘
Estimate of term [;: We use Minkowski and (3.3.9) to get

€2 F(t) "2 Gt ) = Il /0 eI Ao (Va(r))dr) e ( /0 eI Ay (Vo(r)dr) 2y

< / / |2 (e A (Vu(n))) €2 (e ™2 Ay (Vo(m2))) |l 2 dridr
IxI "
5Kd;lM_;(/”AK(VANG_”HUOHL%dT)(/HA~M(V5M6_”HUO)IlLidT)-
I 1

Then, we conclude as in case Is and I3, by using Lemma 3.3.5 and the local smoothing estimate (3.2.7).
We complete the proof of Proposition 3.3.6 in the case when |I| ~ 1 by summing over K. To prove
the global estimate when I = R, we consider a partition | J, I; made of intervals of size |I| ~ 1.
Then, we exploit the sub-additivity property of the L? norm, that is

1/2
1z ~ (O 17 120) "
Y/

for a given function f € L?(R). Moreover, when estimating terms I, I3 and I, we use that the
estimate (3.3.24) from Lemma 3.3.7 is global in time. This is a consequence of the local smoothing
effect. =

3.4 Probabilistic scattering on the continuous spectral
subspace

The probabilistic nonlinear a priori estimates and other partial results, such as the critical-weighted
strategy presented in this section will be reused in the next when proving Theorem 3.1.1. Here,
we chose to state and to prove Theorem 3.1.5 from a pedagogical perspective before addressing
the proof of the main theorem. We recall that we search for a solution of (NLS.), which is (NLS)
projected on the continuous spectral subspace, under the form 1 = cu® 4+ v where u¥ = e~ ug
and where v, that lies in a critical space embedded into L™ (R;H*(R%)), is solution to the cubic
NLS equation with a stochastic forcing term

{iaw—HU:PcN(EUw‘l‘”)? (3.4.1)

Vje=o = o € H*(RY).

For the sake of completeness, we first recall definitions and essential properties of critical spaces
introduced by [HHK09; HTT11]. See also ([Gril3], p. 49-67) for an expository presentation. These
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spaces of functions from an interval I C R to a Hilbert space H are constructed upon V9, UP
spaces. Roughly speaking, they can be seen as the extensions of Bourgain spaces X*? for b =1/2,
they embed into L*°(R,H*) and are well-behaved with respect to sharp cutoff functions in time.
Furthermore, they are well suited for global-in-time a priori estimates thanks to the duality argument
detailed in section 3.4.1, while Bourgain spaces are rather used for local-in-time estimates.

3.4.1 Ciritical spaces

For now on, the Hilbert space H is L*(R?) unless otherwise specified. We fix a real number
1 < ¢ < +o0 and an interval I = (a,b) with —oco < a < b < 400 and we denote the collection of
finite partitions of I by Z:

Z = {{tk}k:()...K’a:t0<‘[;1<...<tK:b}'

Definitions and embeddings

Definition 3.4.1 (Functions of bounded g¢-variation). V9(I) is the set of functions v : I — H
endowed with the norm

K
1
ollvay = sup (3 lloltr) — o(tr—1)]4)"".
{ti}r €2 k=1

Functions in V7 have one-sided limits everywhere, and they may have at most countably many
discontinuities. In what follows, we consider the closed subspace V,L made of right-continuous
functions v in V7 with . lim v(t) = 0. We still write them V7 = VL. Next we introduce the predual

——00

space of V7 (in a sense detailed in paragraph 3.4.1), namely the atomic space UP with ]% + % =1

Definition 3.4.2 (Atomic space UP). A function a : I — H is a p-atom if there exists a partition
{tx}k=0..x in Z and {Px }r=0,. Kx—1 some elements in H such that

K K—1
a(t) = Z 1[tk717tk)(t)¢k*1 ’ Z H(ﬁkHI;{ <1.
k=1 k=0
The atomic space UP(I) is the set of functions u : I — H endowed with the norm
lullgery = inf{H(Aj)H@l | u = Z Aja;  for some UP-atoms (aj)}. (3.4.2)
j=1

Functions in UP are right-continuous, they admit left limits everywhere, and they may have at
most countably many discontinuities. As we shall see in the next paragraph, UP is the predual space
of V4 When%—i-%:l.

Proposition 3.4.3 (Embeddings, [HHK09] Proposition 2.2 and Corollary 2.6).

For1 <p<q< oo,
UP VP - U — L°(I,H). (3.4.3)
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Let us take from [BOP15a] the continuity property of these norms that is particularly crucial
when one wants to use some bootstrap argument.

Lemma 3.4.4 (Time continuity, see Lemma A.6 in [BOP15al). Let J = [a,b), u € UP(J)N
C(J; H:(R?)) and v € VI(J) N C(J; HS(R?)). The following mappings are continuous

ted— ||uHUp[a,t)a tedJ— HU||Vq[a,t)~

Duality argument There exists a unique bilinear map B : UP x V¢ — C such that

K

B(u,v) = Y (u(t;) — ulti-) | v(t:))

i=1
when u is a right-continuous step function with associated partition {tk}i(:o such that u(tp) =
u(a) = 0 and when v is a function in V9. We have
|B(u, v)| S llullyalvflve.
Moreover,
ve Vi B(,,v) € (UP)*
is a surjective isometry, and

[ollva = sup  [B(w,0)l, |ullpp = sup  [B(u,v)|. (3.4.4)
ueU, Jullyp <1 ueV,Jullya<i

The second estimate follows from Hahn-Banach theorem. Furthermore, if d;u € L'(I) we have the
explicit formula

B(u,v) = /I(atu | v)dt . (3.4.5)
We refer to [HHK09] and [HTT11] for proofs and details.
Definition 3.4.5 (Function spaces adapted to linear propagators). (i) We define by
UL(I) = e "0 (UP(I) N L>®(I;RanPy)), V() =e "™ (VI(I)N L>®(I;RanP,))
the critical spaces adapted to the perturbed linear propagator. They are Banach spaces when

endowed with norms

itH itH

[ullys, = 11" ullor s lvllvg =" v]va.

We have similar definitions for the space UZ and VAq adapted to the free evolution e**2.

(ii) The spaces DUP and DUY, are defined by
DUP ={f=0u|ueUP, f(a*)=0}, DU :e_itH{f:e_itHatu |ueUP, f(a*)=0}.
These spaces are endowed with norms

itH

Ifllpor = lullue, 1 flpr, = 1€ ullur .

Spaces DV? and DV} are defined in the same way.
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Remark 3.4.6. Here, 0; has to be understood in the sense of distributions on I. Let us recall that for
distributions in one dimension, d;u = 0 implies that w is constant, and thus we note that there is no
ambiguity in the above definition, since we imposed the condition 1%im f=0.

—a

The definition of DU}, and DV}, are motivated by the need to control the Duhamel integral
representation of a solution u to a forced Schrédinger equation. Namely, given f in L} (I,H) and u
such that

iu— Hu=f,
u’t:(): Uo ,

the Duhamel’s formulation reads

t
u(t) = e M yy — z/ e =T f(r)dr
0

Consequently, we get

t
iTH
[ullgz, < lluolla + 1 Fll prz, = lluolla + II/O e f(r)dr o -

Furthermore, it follows from the duality argument (3.4.4) that

t t
|mb%=4e“HAe“vvmw%=:mm!méemwvwnww

vllva<i

Since f is in L} (I,H) we apply the explicit formula for B (3.4.5) to get that

Imm@—sw\/ﬂvm\ (3..6)

Uvq

The corresponding formula for DV} can also be deduced from (3.4.4):

W%@—sw\/ﬂum\ (3.47)

[l UT’

Transferred linear and bilinear estimates
2 d d

Proposition 3.4.7. Forq > 2 and r with — + — = 5 and 2(d + 2) < dp we have
q r

(i) Linear Strichartz estimates:

HUHLf(R;L;(Rd)) S HU||V§ ) (3.4.8)
d

d_dt2
10ll 2 @xray S IKVE)2™ 7 wllyz (3.4.9)

(i) Bilinear Strichartz estimate: Let N, M be two dyadic numbers,

a—2

~ ~ d—2 N 1_ ~ ~
HANUAMUHL?@(RXRCI)SN 2 (M)Q HANUHVIgIHAMUHVEI. (3.4.10)
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Proof. To prove the embedding (3.4.8), we first deduce from the global-in-time Strichartz esti-
mate (3.2.4) that for any Schrodinger admissible pair (p, ¢) the mixed Lebesgue space L L embeds
into U4, which embeds into V2 provided that 2 < ¢ (see Proposition 3.4.3). Estimate (3.4.9) follows
from (3.4.8) and from the Bernstein estimate (3.2.18). We refer to Lemma 3.3 [BOP15a] and the
references therein to see how to transfer the bilinear estimate (3.3.10) into the space V7. O

In order to derive probabilistic nonlinear estimates, we consider the Duhamel integral repre-
sentation of the solution to (NLS.). Provided that the nonlinear forcing term P, N (v + eu®) lies

in LI(R,H%), it follows from the duality argument (3.4.6) that the UZ%-norm of the solution u
to (3.4.1) can be estimated by

a—2
ol <ol swp ([ (VI (PN 0+ 0w
Rde

U2 (Hi ”w V2 <1

If we proceed to a Littlewood-Paley decomposition of each term u; that occurs in the forcing term,
we are reduced to estimate sums of multilinear integrals of the form

IN, Ny Ny Ny = / d \/> (ANlulANZUQANBU;g)AN4wd$dt (3.4.11)
RxR

where each term u; can be either u“,v or their complex conjugate for j € {1, 2, 3}, and w is in Vﬁ,

with norm less than one. Although P. N (v + cu®) does not a priori lies in L'(R, ”H%), it follows
from Bernstein and Strichartz estimates that we have

Iy PN (v+eu®) € Ll(I,H%), (3.4.12)
for any dyadic number N as observed in [BOP15a]. It turns out that the estimates on multilinear

integrals obtained by the authors are uniform in N. Hence, we have to estimate IIyv rather than v,
and to use a space slightly smaller than U?{ which keeps track of the frequency cut-off.

Definition 3.4.8. The critical space X %(I ) is the space made of tempered distributions u : I —
’H%(Rd) N Ran(P.) such that ||uHX%(I) is finite, where

Z N 2HANUHU2 (I )1/2- (3.4.13)
Ne2N

lull a2

We define as well DX%(I) by replacing in (3.5.11) the U%(I)-norm by the DU%(I) one.

Remark 3.4.9. In the case of VI% it follows from Definition 3.4.1 and from the almost orthogonality
property of Littlewood-Paley decomposition that

a=2 e 1/2
VA o ollvamy ~ (Y N2 Awolls )2 (3.4.14)

Ne2N
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3.4.2 Probabilistic nonlinear estimates

Thanks to the probabilistic and bilinear improved Strichartz estimates for the perturbed operator
obtained in section 3.3 and their transferred versions collected in Proposition 3.4.7 we are now able
to reproduce in the perturbed framework the same analysis conducted by [BOP15a]. We get the
following probabilistic nonlinear estimates.

Proposition 3.4.10. Let 0 <¢, 0 < R and I = (a,b) with —oo < a < b < +oo. Forallv € X%(I)
and w € Q. g (see (3.3.8)) we have

H ~
sup N2 [Tl (W (v + £0) pug 1y S [ollsgre + 10l ) + B2 (3.4.15)
2

as well as the Lipschitz estimate: for all v,v' € VA(I),

=2 = w w 2 2 2
S;NP N2 Ty (N (V' + eu?) = N(v +eu ))HDU?{(]) S (”UHVE,(I) + HU/HVgI([) + R[] — vz -

Contribution of terms like v?u* with high-low interactions: We illustrate the case by case
analysis performed in [BOP15a] for the flat Laplacian, and we transpose it to the perturbed setting.
In order to be as brief as possible, we chose to detail one enlightening case. We consider the

high-high-low regime, where

- - - ~ 1
v = ANy v, va = Anv, uf = Apgu®, wy = Ay,w, and Ny < Ng7' < Ny < N3, Ny~ N .°

We refer to ([BOP15a], Proposition 4.1) for the other subcases. As we explained in a previous
paragraph, the proof of Proposition 3.4.10 consists in getting some a priori estimates on multilinear
integrals of the form (3.4.11). Under the assumption made on the frequencies, the main term is the
one where the derivatives fall onto A N3v3. Hence, it follows from Holder inequality that 6

d—2 ~ =2
‘ / d<\/ H> 2 (vlvgaug)AN4wdxdt] 5 NS 2 HUQH 2(d;»2) HéU%"HL?:QH'UlwleL?I
RxR ’ ’

t,x

d-—2 d-1_ 1, "
SNg® N T NG ol lleus e oy v
d—2 d—2
< C(N1, Na, N3, Ni) (N3 7 [osllyz ) (N5 leus L) (N, o llyg) el

with

d=2_ o d-1_g_d=2 _d=2 _ 1,9 =2 g 1 d=2 1.9
C(N1, N3, N3, Ny) = N3 2 "N, 2 N, * N, 0 < Ny ® e e N3~
We used the transferred Strichartz estimate (3.4.8) to control the term v; and the transferred bilinear
estimate (3.4.10) to control the term with vew,. Note that under the assumption that % . % < s,
we have
d—3 d—2 d—1 d-—2
=—— —+40< —_—

i e d+1 2

<Ss.

_1
5For convenience, we define Ay = {(Nl,NQ,Ng,N4) | Ni < Ng7' <Ny < N3, Ny~ N}.
6 For a dyadic number N we shall denote small positive (resp. negative) power of N by N9 (resp. N~9).
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Therefore, since the highest frequency comes with a negative power we are able to apply Schur’s test
and to sum over N, No, Ny. To sum over the dyadic numbers N3, we use first Holder

- di1 -
S NSNS A e < NOTHO(ST NGO R N Ay u | e e
s T ST
Nze2W N3e2N 3
S N6_8+0”NSSAN3€UWHL%1+247\]§2Lg+2 S N(S_S—H)HN?fANgEuwHLer?g?VSLng? )

and we deduce from Littlewood-Paley’s inequality (3.2.19) and probabilistic Strichartz estimate (3.3.6)
that for w € Q. g,

>0 NSNS AN e g S NV e g2 S NTTOR. (3.4.16)
t,x t,z
N3e2N

Hence,
=2 w 0—s+0 % %
S VAT (wrvacuunldedt £ N ORINE oallyg) (N3 lloalyg) v -
N RxR
It follows from the Schur’s test (see [BOP15a], Lemma 3.6) that

d—2 d-2 d=2
AZ/RXRd (VH) = (viveeuf)wa|dadt < R|IN, ? U1||g?VIVI_21||N22 712H£§V2V,3Hw4|‘f?v4‘/13’
N

and the contribution of the integral (3.4.11) in this case is less than

d—2 d—2

sup  R|(VH) = vllfz [wllvz € RIVH) 2 vl .

”wnvégl

Remark 3.4.11. As observed in [BOP15a], there is at least a portion of ||<\/ﬁ)55u‘”||Lf that

bounds from above the multilinear integrals where u* occurs, with p € {4,d + 2, 6%} (see for

instance (3.4.16) where p = d+2). Hence, it follows from the probabilistic Strichartz estimate (3.3.6)
and from the monotone convergence theorem that for all w € ,

&}go”guwHL{z(lde) =0.

In the vvv-case, we also have

d— d—
sw | [ [ LOUE) S vudedt] < [VE'F0l san ol (3417
IJR4 4 (IxR9) tw (IXR?)

llwlly 2 <1 b

where the right-hand side of (3.4.17) is uniformly bounded by the global-in-time critical X N (R)-
norm. Hence, the left-hand side of (3.4.17) also goes to zero when |I| — 0 (in order to prove
continuity or local well-posedness) or when I C [t,00) with ¢ — 400 (in order to prove scattering).
Consequently, we have in case that

li}n N (v +eu)l pyz ) =0  whenever |I| = 0 or I C [t,00) with £ — 400. (3.4.18)
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3.4.3 Proof of Theorem 3.1.5

We are now ready to extend the probabilistic global Cauchy theory for (NLS) to the case where
we have a short-range potential, and when the equation is projected onto the continuous spectral
subspace.

Global existence We denote the interval [0, 00) by I and we introduce the Banach space

a—2

Br={veX T (I)nCU,HT) <R}

ol g2
,00

for a fixed small R > 0, as well as the operator
. t .
T:v€DBgw (t—e Hyy— z/ emit=nH Po(N (v +euv))dr) .
0

It follows from the a priori estimates collected in Proposition 3.4.10 that for all v in Bp,

oy TIP W@ eIl ae < lYoll, a2 +2C1R7,

ITolagz ) < e il aze

and that for all v,v" in Bp,

IT) =Tl a2 < IPe(N(' +eus) =N (v+eu?))|| | oz

§3C'2R2Hv'va d—2
X 2 (0,00 2 (0,00) X 2

(0,00)

Hence, T is a contraction mapping on Bgr provided that
2C1R <1/2, 3CoR <1/2 and H’(Z)()HH% < R/2.
With this fixed R = Ry, we write Q. = QE,RQ the set defined in (3.3.8). It satisfies
P(Q\ Q) < Cexp(—ce?[luoll?)

where ¢ = cR 2 is a universal constant.

Continuity and scattering : Let v be a solution to (NLS.) with random initial data associated
with an w € 2. . We need to show that the limit of Z(¢) exists in 2" when t goes to infinity, where

Z(t) = /Ot ™ P (N (v +eu?))dr.

We use the Cauchy criterion, and chose t1,t2 € (0,00) with, say, t; < t3. We denote the interval
(t1,t2) by I. Tt follows from (3.4.18) in remark 3.4.11 that

IZ(t2) = Tl g2 < [ Pe(N (0 +eu) a2, = 0.

This yields scattering with

vy = / eiH P.(N (v + eu?))dr € ’H%(Rd) ,
0

and the same argument applied when || — 0 proves that 7o is in C([, ’H%)
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Uniqueness : We use a connectedness argument. Let v1,ve be two solutions to (NLS.) in the
space X% [0,00). Define A= {t €[0,00) | v1(t) = v2(t)}. By continuity in time, A is closed. Let
t € A and, for small 7, we define I = (t —7,t+7) if t > 0, or I = [0, 7) otherwise. It follows from
remark 3.4.11 that

vz — UlHX%(I) =o(7) ||lv2 — Ul||X%(I) :

Hence, vy = v1 on I if 7 is small enough, which proves that A is open. We conclude that A = [0, c0)
whenever A is nonempty, and this finishes the proof of Theorem 3.1.5.

3.4.4 Local smoothing and the critical weighted strategy

First, we transfer in U%I the local smoothing effect stated in Proposition 3.2.5

Proposition 3.4.12 (Local smoothing in U?). The local smoothing estimate reads in Uz (H'/?):

/R I Pe(u) e lt Sl - (3.4.19)

The proof is straightforward and follows from the transference principle and from Proposition 3.2.5
with F' = 0. Note in particular that the result is true when V' = 0 and when the space U%I is replaced
by Ui.

Remark 3.4.13. Estimate (3.4.19) means that U7 (#'/2) embeds into L?(R; HY~1/27(R?)), and we
can deduce from this and from the duality argument (3.4.6) that

L2(R; L2V/*) — DVA(HY?). (3.4.20)

Indeed, provided that f € LY(R, L2), we have

IV 2 o = s | [(VEDV2f [wdtl = sup | [ (71 (VI
lullyz, < a3, <
<, ﬁup<1\|<$>1/2+f||ng”<$>_1/2 (V) (VI M)z

< sup (1@ fllg lullog, < 1N e g, p20res -
lullyz <1

The general case follows from the density of step functions in V? (see the proof in [Gril3], Lemma 4
p.56). Furthermore, embedding (3.4.3) directly yields the other dual embedding

DU} (HY?) — DVA(HY?). (3.4.21)

Remark 3.4.14. In light of the nonlinear analysis performed in section 3.4.2, we shall use the slightly
better estimate

/ | Pe ullgg1,-1/2-dt < sup NY2|Tyul|pe -
R oN H
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Let us denote the Schwartz class by S(RY) and the space of tempered distributions S’(R?), and
deduce the above refined estimate from (3.4.19) and duality. Given u € #5112~ we have

IPcullgro- = sup  |(Peu| ()" > (VH)p)|.
veS,lell 251

Since ()2~ (VH)p € S(R?) and u = A}im Iyu in 8'(RY), we have

— 00

[Peullyrre- =  sup |(lim Tyu | (@) Y27 (VH)e)| < sup |[Tyullyi-1/o- -
9ES,|lplla<t N0 oN

Critical-weighted strategy The next Proposition details the critical-weighted strategy. As ex-
plained in the introduction, this strategy makes it possible to handle both linear and nonlinear
terms that arise in the stability equation around a ground state. We state two versions of this
strategy. The first one is suited to the operator —A and has an interest in itself. One can use it
when Vu is not absorbed by the linear operator, but when it is seen instead as a source term. The
second version is suited to the dynamic around the nonlinear ground states, when V is absorbed by
the linear operator so that e ®# preserves Ran P, and the decomposition of the phase space from
Lemma 3.5.4. This second version plays a key role in the proof of Theorem 3.1.1. See also [KM12]
for a similar approach in the context of Korteweg—de Vries equation.

Proposition 3.4.15. Let u be a solution to the forced © Schrédinger equation

{i@tu +(A-V)u =f+yg, (3.4.22)

u]t:(): uQ -
There exists C = C(V') depending on weighted Sobolev norms of V' such that for all u € RanP.(H),

lullvz a2y + ull L2172y < C(lluollgrz + Sup N2y fll g + 191l o g, p2i2)) - (3423)

|’UHV13(H1/2) + HUHLf(R;Hlfl/?*) < C(HUOHHI/Q + S;Np Nl/QHHNfHDUEI + Hg”L%(R;Li’l/QJF)) . (3.4.24)

Remark 3.4.16. We prove the estimate with sup || Iy f|| pp2 instead of || f|| py2 in order to use (3.4.15).
2N

Proof. Estimate (3.4.24) is slightly easier to prove since we don’t have to control the term Vu which
is absorbed by the left-hand side in (3.4.22). Also, the local smoothing estimates we use are the
same for —A and —A + V provided that » in Ran(P.) so we only write the proof of (3.4.23). To
that end, we pass the term Vu on the right-hand side of equation (3.4.22)

{i@tu—{—Au =f+g+Vu,

U|=0= ug.

" Here, f (resp. g) has to be thought of as a nonlinear term controlled in the critical space (resp. a linear
and localized term controlled in a weighted L? space).
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By definition of the space DV, Duhamel’s formulation gives

ullyz a2y S SUP N fllpvz ey + Mgl pvz sz + IV ull pyz ey

(3.4.25)

S sup N2 fllpu, + gl 21724 + ||V

L2(R;L2 L2(R;L2Y/2Hy -

Note that we used the dual embedding (3.4.21) to control Iy f in DUZ and the local smoothing
dual embedding (3.4.20) to control g and Vu. As for the weighted norm of u, we decompose it into

u = v+ w where v,w € RanP.(H) and are solution to

{i@tv—}—Av:f, iw+ (A —=V)w=g—"Vu,

V|t=0= 10, wli=o= up .

To control u in L?(R; /27 (R?)) we first control the weighted norm of v and then the weighted
norm of w. To do so, we apply the transferred local smoothing estimate (3.4.19) with V' = 0.

1Vl 22 @iar -1/2-) < sup vl @p-1/2-) S Sup NIyl = sup N2\ fll pus - (34.26)

Afterwards, we use the fact that w € P.(H) and we apply the local smoothing estimate for H:
lwllz2aer-172-) S llwollggrre + 19l o 202y VOl 20724 - (3.4.27)
To estimate the second term in the right-hand side, we use the fact that V is localized.

IVl S K@)V | e ey 1]

L2(R;L2Y/2H) ~ L2(R;L2TY27)

< CWV)Iloll 2 ipr-1/2-) < C(V)S;Np N2 fllpyz » (3.4.28)

where we used (3.4.26) to get the last inequality. By collecting estimates (3.4.27) and (3.4.28) we
obtain

lwll 2 e -1/2-y Sv [luollrz + sup 2V (1N fll g + 191 2 g, 22 (3.4.29)
Finally, we deduce from (3.4.26) and (3.4.29) the estimate for u in the weighted space.

N
lull L2 mepgr—172-) S lluollzgrz + sup 2 Ix fllpuz + 9l o g 2172+ - (3.4.30)

It remains to control Vu in VZ(H/2) to close the estimate (3.4.25). This is again a consequence of
the fact that V' is localized, and we proceed as in (3.4.28) to get

IVl 2oy S el zgaa-va - (3.4.31)

We conclude by injecting (3.4.31) and (3.4.30) into (3.4.25) to control u in VZ(H/?). O
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3.5 Probabilistic asymptotic stability for small ground
states

For now on, we fix the dimension d = 3 and we make the extra assumption that o(H) = {eg} Uoc(H)
where ey < 0 is a simple negative eigenvalue with positive and normalized eigenfunction ¢g. We
recall that o.(H) = [0, +00), with no resonance nor eigenvalue at zero.

Since complex conjugate and numerical constants play no role in what follows, we might sometimes
drop them from the notation for the sake of clarity. We will also drop the dependence on time in
the notation and write || D Q|| := sup|| DS Q(z(¢))|l, as well as O(z) := O(sup|z(t)]).

t t

3.5.1 Local existence

First, let us briefly transpose the probabilistic Cauchy theory, at least locally in time, to our setting
where the Schrédinger operator —A + V' has some discrete spectrum. More precisely, we prove that
under smallness assumptions on the H/2-norm of the initial data 1o, (NLS) still admits a unique
local solution under the form

V(t) = eu’(t) +v(t), veHY?.

Indeed, the discrete part of the solution does not contribute in short time, and we shall be able to
reproduce the scheme developed in section 3.4, with the same gain of regularity for the nonlinear
part of the solution. Note that by time reversibility, we only consider forward-in-time solutions in
what follows.

Proposition 3.5.1 (Local existence). There exist 5o > 0 and ¢ > 0 such that for all T < 1, all
ao € C, vy € Ran Pe NHY/2 with
[[voll1/2 + |ao] < do

and all w € SNI&R with R = ¢dg, the Cauchy problem (NLS) with data
P(to) = euf + vo + oo
admits a unique solution 1 on [ty ,to + 1) under the form
Y(t) = eu(t) +o(t), v e Cllto,to+T); H'?).
Uniqueness holds for Pov € XY/2(0,T) and (v | ¢o) € L°(0,T).

We recall that the set of random initial data with improved Strichartz estimates defined in (3.3.8).
In light of the above Proposition, we fix R = cdp for now on, and take an initial value ug that
corresponds to some w in {1 .5,. We also recall that ¢ is much smaller than R.

Proof. For simplicity, we assume that tg = 0. At each time ¢, we decompose v(t) into v(t) =
v(t) + a(t)po, with v(t) = Peo(t), and a(t) = (v(t) | ¢o). Then, 9 is solution to (NLS) if and only if
(v, ) are solution to the coupled system

{i@tu + (A =V)v =P N(cu® + v+ ag) , and {id +epar = (N (eu” + v+ ago) | ¢o),

v(0) = o, a(0) = ag.
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It follows from the Duhamel’s formulation that solving the above system reduces to find a fixed
point for the map I' = (I'1, I'2), where

Ti(v)(t) =e "y —i /0 t e IH P N (eu (1) + v(T) + alT)do)dr
Ty () (t) = ™t g — i /O e =N (eu (1) + v(T) + al(T)¢o) | do)dr .

Given T > 0 and A to be chosen later on, we search a fixed point for I" in the Banach space

5T,A = {(l/, a) € X1/2(O,T) X LOO((O,T);C) | ||V||X1/2(O,T) +0211€1£)T|Oé(7f)‘ < A} .

In this setting, we have the following a priori estimates: given (v, «) € 7,4,

IT1 ()l x120.0) < Cllvollggarz + C(1+T7) (A* + R?), (3.5.1)
and
sup [Ta(a)(t)| < ap+C(1+T)(A° + R%). (3.5.2)
0<t<T

Under our assumptions, we now fix A = R = 2Cydy =: cdp and the above estimates yield

1T () x 1720,y + OZ‘UET!H(O&)(W < Co(8o + A* + T/?) < 2Cod
<t<

provided that doCy < 1/2, and where Cy = Co({|¢o||1, |||x\_1/2_¢HLgo). This proves that I" preserves
the space Er 4. Let us briefly explain how we obtained estimates (3.5.1) and (3.5.2). To prove (3.5.1),
we first note that the terms without the discrete part agy are handled by the analysis conducted in
section 3.4.1, globally in time. Therefore, by dropping the complex conjugate from the notations, it
remains to control some terms of the form

(o), (ago)?(eu® +v), agpo(eu” +v)?.

To handle the terms without any power of the linear part u“, we use the Leibniz rule and we obtain

160017200y + 1@60)2¥ 1720 1y + 162000721 1720

3 3 5
: T(Oztlg:r’a(t)' I@oll302 + W20 1)) STA-

As for the terms with some power of u¥, we can use the Leibniz rule and the local smoothing
estimate (3.2.7) as follows. We do a Littlewood-Paley decomposition of each term in the definition
of Writing the definition of the X/2-norm: given a fixed N € 2V, we denote by Ny, Ny, N3 the
frequencies at which ¢g, u“, u“ are localized.

Case agy (u“)2: We consider the worst case where ¢, which is the smoothest term, comes with
the lowest frequency Ny < Ny < N3. In the high-low-low case, when we have Ny < N3, An,u®
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cannot absorb all the derivatives, and we need to use the local smoothing effect. To that hand, we
apply Holder with 1 =1 + 1 + 3 and get

T ~ o~ ~
Nl/QHPN(ozqﬁg(su‘”)?)HUIQ{(O’T) < 62N31/2 sup |/ /3 a(t) AN, doAn, u” A n,u®wdzdt|
<1 Jo Jr
>7

HwHVI?I(O,T

1/2, X ~
N OiltlET|a(t)‘N3/ ||AN1¢OAN3€ULUHL?,I[O,T) HsuwHL?J[O,T) ||w||V£,
1/2 _ _
< Al ) ol 1o Ny 2| () 2 Anzeulizz omllew®liny o) -

Then, we use the probabilistic Strichartz estimate (3.5.14) for the Lix norm and the local smoothing
effect (3.2.7) to get

N2 [Py (ago(eu®)?) 2 o) S Al Angeus| 2R S AeR S A + R?,

since € has to be chosen much smaller than R in (3.3.8) for the probability of the bad set of initial
data to be small. 8

Case (apg)?u”: Similarly, we assume that N; < Ny < N3 ~ N and do the same computations
with a(t)¢pp instead of eu®. The only difference is that

lagoll s jo.ry) < AT?llgoll s -

This yields
NY2| Py (ago)?eu |y, o) S TP A% S TV3(45 + BY).

Then, we obtain (3.5.1) by summing over N1, Na, N3 and N as in section 3.4.1. To get estimate (3.5.2),
we just use Holder, the endpoint Strichartz estimate and the embedding L3((0,7); L1) < X%(0,T)

t

sup | | "IN (eu(r) + v(7) + a(T)o) | do)dr]
o<t<T

0
T
S /0 /]Rg(‘V(T,m) +6uw(7-,x)‘3 + ‘a(T)¢0($)’3)’¢0($)’dxdT

< lenllzz (| U ) + eu ) + T sup Jo(t)doll
S C(00) (V) 40113 0 + 110V /a3y + TA%)
By the embedding L3((0,7T); LL) < X%(0,T), the right-hand side is less than
S CO0) (M1 gy + <ol +74%)
S C(go)(1+T)(A* + R?).

This finishes the proof of estimates (3.5.1) and (3.5.2). The proof of the Lipschitz estimates for I
follows similarly, and establishes the contraction mapping property for I'. ]

8 In this case, note that the estimates do not depend on T'.
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3.5.2 Nonlinear ground states

Before we dive into the proof of asymptotic stability we establish the main global estimates on the
local flow constructed in the above paragraph, we collect from [GNT04] some properties of the curve
of nonlinear ground states that bifurcates from the eigenspace spanned by ¢g. In particular, we will
be able to decompose the solution into a ground state plus a radiation term at each time, where the
radiation term will be shown to scatter in the last paragraph. First, we recall how the ground states
are constructed.

Lemma 3.5.2 (Nonlinear ground states (Lemma 2.1 in [GNTO04])). There exists 6 > 0 small enough
such that for all z € C with |z| <6, there exists a nonlinear ground state Q and E solution to

(A-V+1QP)Q =EQ (3.5.3)
under the form
Q(z) =290+ q(2), E(z) =eo+e(z).
We have uniqueness for (q,e) in the class
{(g.¢) € (#2 NRan(Po)) x B | ]z < 6, le| < ).
Thanks to the gauge invariance of the nonlinear part,
Q(ze') = Q(2) e,  B(2) = B(|z)).
In addition, q and its derivatives are small in H?(R3):
q= 0(23) ., D.Q=0(?*), DIg=0(z). (3.5.4)
The first two derivatives of e are also small and satisfy
|D.e| =0(2), |D%e|=0(1). (3.5.5)

The following elliptic estimates on some Sobolev weighted norms of the ground states and its
derivatives with respect to the parameter z are crucial, and our arguments heavily rely on the
smallness of these quantities.

Lemma 3.5.3 (Weighted elliptic estimates for the derivatives of ground states, see [GNT04]). There

exists § > 0 such that for all |z| < and all k € {1,2} we have
{z) allgz sy = O(=%) ,
1{z)* D Qa2 (rsy = O(2?) .

We recall that the generalized continuous spectral spaces H.(z) parametrized by z were introduced
to encode orthogonality conditions (3.1.7):

(3.5.6)

He(z) = {17 € L2(R3) | /R3 (in, 0., Q) dx = /R3 (in,0,Q) dx = O}.

In particular, note that Ran(P.) corresponds to #H.(0). The following result (Lemma 2.2 in [GNT04])
yields a bijection from H.(0) to H.(z). This useful correspondence reduces the dynamic of 7 in
ansatz (3.1.9) to the dynamic of its continuous spectral part v.
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Lemma 3.5.4 (Continuous spectral subspace comparison). There exists § > 0 such that any function
Y € L2(R?) can be uniquely decomposed into

Yv=Q(2)+n, n€H).

If ||Y||ls < 9 for some s >0 then n € H® and ||n||ws + 2] < ||]|ns. Moreover, for all |z| < § there
exists a bijective operator

R(z) : H(0) — He(z)
= u+ a(z)(u)do .

Here, a(z)u is solution to

A(z)a(z)u = (iu,D, Q) ,

= () (@ o) = () e

Finally, R(z) — I is compact and continuous in the operator norm on any space Y that satisfies
H2CY CH

with

3.5.3 Global a priori estimates

Now that we have a local in time solution ¢ for small initial data, we need to obtain some global
estimates on ¢ to extend it as a global solution and understand to its asymptotic behavior. First,
we recall that in a small neighborhood of 0 the solution can be uniquely decomposed into

Y =Q(2) +n,

where 7 satisfies the time-dependent orthogonality conditions 7(t) € H.(z(t)). In what follows, the
continuous spectral part of the nonlinear part ? of the solution is denoted by v:

v ="P(n) — e culy € H.(0).
Then, we deduce from Lemma 3.5.4 that n = R(2) (PC 7]) so that the solution decouples into
¥ =Q(2)+n=Q(~2) + R(z)(ev” +v) .
In particular, we note that
Pe(n) = cu® + v, Py(n) = (R(2) = I) Pe(n) = a(2) Pe(n)do = alz) (u® +v)o.

In what follows, we fix § > 0 as in Lemmas 3.5.3, 3.5.4 and dy > 0 as in the local existence result
from Proposition 3.5.1. Then, we take € and ¢ < § such that

[Vllz2 + 2] < 0" = [[¥lln <.

9 We emphasize that the so-called linear part of the solution u®(t) = e~

since ug is in H.(0) and the randomization preserves this space, as well as the flow e~

uf lies in H.(0) at each time ¢,
itH
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The goal is to obtain some global bounds on 7 in a critical space contained in Lffo?-[glg/ % and on z to

prove that the solutions stay small. Then we bootstrap the local existence result to obtain global
existence, and further exploit the global estimates to prove asymptotic stability. We denote by m
the following gauge transformation of the parameter z

m(z) = zexp(i/o E(2)()dr) . (3.5.7)

It turns out that m is the interesting evolution parameter. Indeed, if we assume orthogonality
conditions (3.1.7) to hold then m solves the ODE

%m(z) =z2+4+iE(z)z = —A(Z,n)_1 (F,D, Q) , (35.8)
m(2)|t=o0= 20,
where for j, k € {1,2} we have
A(z,m)j = (iD; @Dy Q) + (in,D; D, Q) = j — k+ O(5°) . (3.5.9)

The forcing term is
F=F(z,n) = N(@Q+n) - |QPn - Q7.
Remark 3.5.5. As a consequence of (3.5.4), the matrix A is invertible provided that § is small enough.

Remark 3.5.6. If we drop numerical constants and complex conjugate in the notations, we can write
F=1+Qn.

In particular, we observe that orthogonality conditions (3.1.7) cancelled the terms which are linear
in 7. Since we do not control the L'-in-time norm of the radiation term, we couldn’t have handled
these linear terms. That’s why the time dependent orthogonality conditions are crucial.

Remark 3.5.7. Since E(z) = E(|z]) = E(|m(z)]) we have that Z = m(m(z)). Hence, m is a bijective
operator, so we can recover z from m(z).

To get the evolution equation for v, we inject the ansatz (3.1.9) into (NLS) and we use the fact
that @ is solution to (3.5.3). This yields that the radiation term 7 solves the equation

0+ (A =V)n=N(@Q+n) -N(Q)—iD, Q(¢ +iE=2).

By projecting the above equation on the continuous spectral subspace, and noting that P.(D, Q) =
D, q, we get

{i@tu +(A=V)y =P (N(Q+n) —N(Q)) —iD.qm(z) = f+g, (3.5.10)

V== 10,

where we decomposed the forcing term into the sum of a nonlinear term f and a localized term g.
More precisely, we chose to collect in f the higher order nonlinear terms N (v + eu®) as well as the
modulation term:

f=P(N(v+eu?)) —iD, gm(z).
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On the other hand, g contains the localized lower order terms which involve at least a power of () or

of Py (n):
g= Pc(QQW +Qn* + |Pp(77)|2 Pp(n)) .

To get some global in time bounds on v, we then follow the critical-weighted strategy detailed in
Proposition 3.4.15, and we are reduced to control f in DUZ(H/?) and g in L(R; L2Y2+) . Hence,
given an interval I C R where the solution is defined, we will control v in the critical-weighted space

X(I) = Va(I;HY?) N LE(LHY P (RY), (3.5.11)
endowed with its natural norm, and 7 in L} (I). The aim is to get bounds that are independent of I.

Global-in-time a priori estimates on v and 7 In the following Lemma, we prove some
preliminary estimates on the radiation term n that will be needed in the analysis. We recall that
657650 is the set defined in (3.3.8) made of randomized initial data which display some improved
Strichartz estimates, with R = ¢dp (see Proposition 3.5.1).

Lemma 3.5.8 (Preliminary estimates). Take w € (NZE’R and let n, z,v be as in ansatz (3.1.9). For
any interval I C [0, 00),

190l 2 7.2 =172y S IVllxey + elluoll L2s), (3.5.12)
Inllzazarxrsy S vl + R (3.5.13)
Proof. We can estimate the discrete part of n by its continuous part. Indeed, we recall that
[Pp(n)] = [R=D(z)(v +u*)| S |dol|(v +u* | D: Q)] (3.5.14)
Hence,
1Pl o p g2 172y < 1z~ ol L2 [| () /** D. Q| oo llv + e oy 212y

< 1) D= Qllzze ey v + 20 2o

x

S vllx + elluoll e

where we used the local smoothing estimate (3.2.7) to control the weighted norm of the perturbed
linear propagation u* in the last inequality, as well as the fact that |lugl/z2 ~ [[ug]| 2. To prove (3.5.13)
we apply Hoélder in (3.5.14) and Sobolev embedding for ||¢o||p4(gs). It comes

IR=D( +eu)pars S ldollpsallv +eul|papal| D2 Q pass -
Applying Hélder once again, we get
_ 1/3
ID: QU < (] o)) @) D Qllg < 11e)* D- Qs
Then, it follows from (3.5.6) that

IR =) (v + eu)pars S 1@)* Dz Qllgerz v+ ewllpaps S Iwllpass + ellu®llops -
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Note that we used the Sobolev weighted estimate (3.5.6) on D, Q. To control the deterministic
term v in Lix, we use Sobolev embedding, Strichartz estimate for the admissible pair (4, 3) and

the transference principle in VE,. Since we chose w € QE, r we can use the improved global-in-time
Strichartz estimate (3.3.6) to control the random term u“ and obtain

v +eull pars S IVE) V] g + RS IWVH) *vllye + RS V]2 + R.

This gives both the desired estimate for the discrete part of n and its continuous part v + eu®, and
finishes the proof of Lemma 3.5.8. O

We can now state and prove the main global-in-time a priori estimate.

Proposition 3.5.9 (Global a priori estimates). There exists C' = C(¢o) such that for all interval
I CR, for allw € Q. g and g € HY/?, if

Y =Q(2) +1=Q(z) + R(2) (eu +v), s, = ug + 7o,

is solution to (NLS) on I with |[vo|l3/2 + |20l < 60, [Vl < &, suplz| < &, then
tel

Wllxery < C(IWll3ecr + B + |20 + [lm(2) 121y + [v0llr2) (3.5.15)
(i) < C(IW 1%y + B + 20l + li(2)l|70p)) - (3.5.16)
Proof of (3.5.15). It follows from weighted-critical estimate (3.4.24) that

¥l % voll s +sp N2 T L pu + ol 20720,

We recall that f = N (v + u®) + i D, gri(z) and we observe that Iy f € L'(I,H/?) as explained
in (3.4.12). Hence, we apply the probabilistic nonlinear estimate (3.4.15) on the continuous spectral
subspace stated in section 3.4 to get that for all w € Q. g

sup NV ONN (v +u)lprz, S IvI% + B
2

To handle the modulation term, we observe that P.(D, Q) = D, @, and we deduce from the duality
argument between U? and V? detailed in remark 3.4.13 that

1D Q@) < sw [ (D.@in(z) o)

Iollyz <1

< sup |jvl|ggerz2|| Dz Q(2)| o2 [lrin(2) | 11
Iollyg <t

= [ID: Q(2) [zl (2) 1y »
where we used the embedding V2 < L{°(R; L2). Consequently,

Sup NY2|TIn D2 Q(2)1(2) | prz. S D= Qllagrszlrin(2)lly = O(2%) llia(2)]l ;-

10 We recall that ¢’ < § is chosen such that ||¢)|s < . This forces the solution to remain small and allows
us to apply Lemma 3.5.3 and Lemma 3.5.4.
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Note that we used (3.5.4) to control || D, Q|[,;1/2. Now, we need to estimate the localized lower order
terms collected in g, defined in (3.5.10).

ol s ziae) < IPe@QM) aqmgzires, + I Pel@nP) g gzras, + I Pom) 2 Po(ml s gz
It follows from (3.5.6) and (3.5.12) that
I Pe@l yztieey < 1@ QU Iy gy 1203 (17l + elullzz)
Similarly, (3.5.6) and (3.5.13) yield

2
IPe(@n)I] gy 2172+ < 1) QU g 7 a0 S lzllzge (Ivllac + R)” S ll=liZee + lvli% + BP.

To conclude we recall that
| Po(n)| < looll (v +u*,D. Q) |,

and therefore

w 1/2
1P Pl gz, S ol ([ v+, D2 Q%)

A

([ v+ 0D Q) sup (v + ¥, D. @) P
R R
S ) Dz Qllzally + w5y 2172 [V + 0| o 2] D2 Ql 2
3

S (Ivllx +elluollzz)” < vl + €2lluollzs - M

Proof of (3.5.16). We recall that
()| S 1{n°, D= Q) | + [(Qn*, D Q) |
We apply Cauchy-Schwarz inequality firstly in space and then in time to get that
1D Q) lat < 1) 2D Qs [ W)™l il

S 142) D= Qllsez 17l 2 g, 2172 1175 -

By using estimate (3.5.6) on the weighted norm of D, Q = J¢o + D, @ and estimates of Lemma 3.5.8
on 7, we conclude that

2
/R | (7%, D2 Q) ldt < (Ivllx + elluollz2) (Il x + R)™ S Ivll} + e*lluoll. + R
Similarly, we have

/R {QiP. D= @) ld < [[{a) >+ Qll e | (2) /> D Qo< | (x) 1220
2
S @@zl @) D Qllea 2 v
S zllaze (0% + < luoliZ) < Nzl + 1% + eluoli -

This concludes the proof of Proposition 3.5.9. O
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3.5.4 Proof of Theorem 3.1.1

Now that we have a local solution with some global a priori estimates both on the radiation term
n and on the modulation parameter z, we shall be able to prove global well-posedness, and then
deduce from these global estimates asymptotic stability.

Global existence and uniqueness It remains to finely tune the parameters that appear in
Proposition 3.4.10. First, we take §p such that the local existence result of Proposition 3.5.1 holds
true, R = c¢dg. Then, if the solution exists up to a certain time T we prove that

. . o'
[0l 2o,y + 112 1o,y <6 = vllajor) + ()| 1oy < 3" (3.5.17)
Indeed, we have from (3.5.15) and (3.5.16) that
1¥llx0,7) < C(2(8") + () + 85 +00) . llrie(2)ll o,y < C(2(8)° + (edo)® + 65) -

The a priori estimate (3.5.17) follows if we chose dy even smaller, say such that 5y < (4C)~'¢’, and
< (030)_1/ 2, Then, we use a continuity argument (see Lemma 3.4.4) and prove that the solution
is global, with the bounds

[l 2y + ()| Loy < 0"
Since 71(2) lies in L'[0, c0) the convergence of the modulation parameter follows immediately. There

exists z; € C such that

tiuinoom(z)(t) =z.

Note that |z| converges, and hence E(z) is also convergent.

Scattering We turn to the proof of the so-called completeness property of the flow, that is the
fact that the radiation part 7 scatters. To this end, we first prove scattering for v = P.(n) — eu® by
following the proof of the scattering from Theorem 3.1.5 we made in section 3.4. We recall that v is
solution to (3.5.10), and we prove that the Cauchy criterion is satisfied:

lim H e—itl(A—V) I/(tl) - e—itQ(A—V)

t1,ta—+00 V(t2)”7.[1/2(R3) =0.

Indeed, by the Duhamel integral formulation,
[e= ™AV (ty) — e AV u(ty) g2 msy < I1F + 9l Dy a) -
As observed in remark 3.4.11, it follows from the proof of Proposition 3.5.9 that there exists a
constant C' depending on some norms of the solution such that
1f + 9llpvz @) < I+ 9llbuz e,
< C (Il er, 400y 1 L3 (11 o) 10N L3 (0, 00)i)) » (3:5.18)

and C' goes to zero when t; goes to +00. Hence, the Cauchy criterion is satisfied and there exists
vy € HY? N Ran(P.) such that

lim ||v(t) —e

—itH
t—+o00 l (

E'LLL(‘)J + V+) ||H1/2(R3) =0.
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It remains to prove that the discrete part of 1 goes to zero when t goes to infinity. First, the weak

convergence of A
e itH (eu§ +v) — 0 in HI/2(R?)
t——4o00

follows from the Riemann-Lebesgue theorem and the Plancherel formula for the distorted Fourier
transform. Then, we use the compactness of the operator R —1 from H!'/?(R3) to C stated in
Lemma 3.5.4 to get that

lim Py(n) = lim (R—1I)e " (eug +v) =0 in HY/2(R?).

t——+o0 t——+o0

This concludes the proof of Theorem 3.1.1 with ny = v4.

3.6 Appendix. Weighted elliptic estimates for the ground
states

We show how to prove estimates of Lemma 3.5.3 for the ground states Q(z) and its derivative. For
the convenience of the reader we recall the equations satisfied by e,q,De, D, g (see A.4 in [GNT04]),
and we omit numerical constants as well as complex conjugate from the notations. The nonlinear
ground state Q(z) = z¢g + ¢ and E(z) = eg + e are solution to (3.1.1), and they satisfy

(H —e0)g =—Pc N(Q) +eq,
ez = (¢o | N(Q)) -
We recall that N (u) = |u|?u, D, = (0,,,0.,) and we use the notation J = D,(z) = (1,4). Then, if

we differentiate the above expressions with respect to z we obtain
(H_BO)DZQ = —Pc DzN(Q) +qgD.e+eD.Q,
zD.e+Je= (¢ | D:N(Q)),

(3.6.1)

(3.6.2)

with
D. N(Q) = Q*(Jdo +D. Q) = O(2?) in H*.

Proof of Lemma 3.5.3. We first prove the estimate for ¢ in H! with weight (z). Given a Schwartz
function ¢, we have

22-Vo 342z
(z) (x)?

Then, we multiply (3.6.3) by ()% and we integrate over R3 to obtain

(H —eo)(@)p = [=A, (x)]p + (2)(H — eo)p = @+ (x)(H —eo)p. (3.6.3)

3+ 2|z|?
(x)?

Since the first term on the right-hand side is equivalent to [|¢[|3., it suffices to handle the second
term. Formally taking ¢ = ¢ and using (3.6.1), we have

() (H — eo)q | (2)q) = (=P N (Q) + eq | (x)%q)
= —(NV(Q) [ (&)%) + (b0 | N(@))(¢0 | (x)%q) + ell(z)qll L2 -

IV (2)e) 72 —eoll(z) el 72 = /R3(<fv>2V(x)+3+ (@) Pdz+(2)*(H —eo)p | ©). (3.6.4)
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Since ¢ = O(z*) in H? (see (3.5.4)), we have
(V@) | (@) )| + (90 [ N(@) (9o | (2)?a)] S I21°(I[{@)all 72 + Cll(x) ol =) -
Therefore, we deduce from (3.6.4) that
IV({@)a)lI72 — (eo + e+ Clz*)[{z)qll72 < llall7 + [21°C ([l @) dol| <) -

To conclude we observe that there exists v > 0 and ¢, > 0 such that F(z) = eg + e(z) < —cs for all
|z] < 4. Next, we just mention that the estimate for the weight (x)? follows similarly, using that

(A, (2)?]p =4z - Vo + 6.

Let us now derive the estimate with the weight (x) in H2 for D, q. To this end, we first differentiate
(3.6.3) with respect to xj and we get

(H — e0)Ok((x)p) + (0:V) (@) = Ok ([=A, (2)]) ¢ + O((2) (H — e0)p) -

In addition, we multiply by dx({z)%) on both sides, and we integrate over R? to see that

IV @k {))lI72 — eollOnia)elf = — /RS(V%(@M) + 0k ([=A, (2)]) ) O ((2)P)dx
+ (Ok((2)(H = eo))p | Or((2))) . (3.6.5)

8k<p+x-8ngo_$ x -V
() () F ()3

2
)+ 3+ 2P) s —

we have that

| RS(Vak(@)sO) + 0 ([=4, (@)]) ) O ((2)P)da] S [[{x)ell3n + eIl -

Moreover, by using (3.5.4), (3.5.5), (3.6.2) and the estimates for ¢ and D, ¢ with weight (x) in H*
already proved in the first part of the proof, we show that

|k (@) (H — e0))# | () )| < Clebo)l2|*.

Hence,
IV (81 (z)@)[172 — (e + e(2)) |0 {x) 72 S Cleo)l2l"

This concludes the proof since ey + e(z) < —c, < 0 for v small enough and |z| < 7. O
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Chapter 4

Refined probabilistic well-posedness
for the Schrodinger half-wave equation

joint work with Louise Gassot and Slim Ibrahim [CGI22].

Résumé. Nous montrons le caractere localement bien posé en dessous de I'espace d’énergie pour
I’équation de Schriédinger-demi-onde avec une non-linéarité cubique pour presque toutes les données
initiales. Pour cette équation, qui est énergie sous-critique, la théorie de Cauchy dans ’espace
d’énergie n’a pas encore été établie. En outre, nous montrons que le flot ne peut pas étre régulier en
dessous de 'espace d’énergie. Afin d’établir une théorie de Cauchy locale probabiliste, nous devons
utiliser le calcul paracontrolé en ’absence d’effet régularisants non-linéaires la deuxieme itération
de Picard. La preuve est une adaptation de la méthode de Bringmann [Bri21] développée pour
une équation d’ondes. Nous discutons par ailleurs du caractere mal-posé de cette équation a basse
régularité.

Abstract. We obtain almost-sure local well-posedness below the energy space for the Schrédinger
half-wave equation with a cubic nonlinearity. We need to use a refined probabilistic ansatz because
of the lack of probabilistic smoothing in the second Picard’s iteration, due to the high-low-low
nonlinear interactions. The proof is an adaptation of the method of Bringmann [Bri21]. In addition,
we discuss ill-posedness results for this equation.
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4.1 Introduction

We consider the Cauchy problem at low regularity for the cubic Schrédinger half-wave equation on
R2

{iatw(am—\Dy\)uzuw\Qu, (t,9) € RS2, [Dyfu(en) = WliEm). g )

Ut=0 = Uo ,

with g € R*. The study of this equation is motivated by mathematical interests, as a model for
understanding weakly dispersive equations that are not completely integrable, but for which some
global solutions have unbounded Sobolev norms.

Background on the Schrodinger half-wave equation This model was first introduced by
Xu [Xul7] to evidence weak turbulence mechanisms. In the defocusing case (> 0), global existence
and modified scattering is obtained for a class of sufficiently smooth and decaying small initial data
on the wave guide R, x T,. In addition, the author shows that the limiting effective dynamics is
governed by the Szeg6 equation on the torus. As a consequence of [GG12a; GG17], this analysis
provides arbitrarily small initial data such that for every s > % and N > 1, the solution u exhibits
weak turbulence in the sense that

liﬁgpw =00, lig(i)glf Hu(t)HLEHj < 00.
Subsequently, Bahri, Ibrahim and Kikuchi consider in [BIK20; BIK21] the focusing case p < 0
and study traveling wave solutions on the wave guide R, x T,. They obtain orbital stability and
transverse instability results, subject to the condition of a good Cauchy theory in the energy space.
Unfortunately, such a Cauchy theory is yet to be addressed, and not much is known about the global
existence of smooth solutions in Sobolev spaces.
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The main concern in this paper is to address the local Cauchy problem at low regularity, for
initial data in a statistical ensemble. Before presenting our results, let us recall that (NLS-HW) is a
Hamiltonian system with a conserved energy

1 2
H(u) = 2/[R2 |Dpul® + ‘|Dy|%u‘ d:l:dy—FZ/R2 lu[*dz dy .

The L? mass is also formally conserved by the flow, and the solutions are left invariant by the scaling

symmetry
u i up(t, x,y) = M\t Az, \%y) . (4.1.1)

In light of the conservation laws and of the scaling invariance, the relevant regularity spaces for this
equation are the following anisotropic Sobolev spaces H?® defined by

S ._ 127178 2s 12 YS . 12778 128 12
M= L2H; N HPL?, H* = L2Hn H¥L2.

The scaling (4.1.1) leaves the #i-norm invariant. As a consequence, when 0 < s < i, a low-to-high
frequency cascade occurs and there is a short-time inflation of the H*-norm for the regularized
solutions [Kat21]. We make precise the type of ill-posedness by describing a pathological set in
Appendix 4.8. When % < s, the equation is scaling-subcritical. Yet, semilinear local well-posedness
is only known in H® when % < s. Specifically, semilinear well-posedness is obtained in [BIK20] from
Strichartz estimates with a derivative loss. Furthermore, we prove in Appendix 4.8 that the flow map
cannot be of class C? when i <s< % To do so, we consider a one-parameter family of traveling
wave profiles for the one-dimensional Szeg6 equation to invalidate some relevant Strichartz estimates.
It is therefore not possible to run a contraction mapping argument when i <s< %, since otherwise
the flow-map would be analytical. The state-of-the-art Cauchy theory results for (NLS-HW) are
summarized in the following diagram:

(NI

L2 Hi H

L

’HS

Norm-inflation [Kat21] BGT0Jalcal well-posedness [BIK20]

Figure 4.1: Cauchy theory for equation (NLS-HW) in the scale of Sobolev spaces.

Main result As mentioned above, it turns out to be quite challenging to prove semilinear local
well-posedness in the energy space, or to run a quasi linear scheme in H* when i <s < % Instead,
our goal is to study the probabilistic local well-posedness of equation (NLS-HW) in this range of
regularities. Given f; € H*(R?) and a sequence of independent normalized Gaussian variables
(9x(w))kez on a probability space (92,4, P), we define a random variable

weN— fi = ng(w)Pkao,
keZ

where P ;, is the partial Fourier projector (in the y-variable) on an interval of unit length centered
around k € Z. We refer to (4.2.1) for the precise definition of the relevant anisotropic Wiener
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randomization procedure we employ, and to Figure 4.2. The considered probability measure on H?
is the induced measure by the above random variable.

However, due to the lack of dispersion and to the absence of regularizing features (such as
bilinear estimates or local energy decay), Picard’s iterations have the same regularity as the initial
data and the standard probabilistic method, which is discussed below, fails. Instead, we need to
consider a refined probabilistic ansatz adapted from the probabilistic quasilinear scheme developed
by Bringmann [Bri21] to prove probabilistic well-posedness for a derivative wave equation. For T' > 0
and some s and ¢ in R, we denote

X5 = Ci([=To, To]; H'(R?)) N L ([~ To, To] s LyWy ™= (R?)) . (4.1.2)
We also denote the truncated initial data as

Penf§ =Y ge(w)Piifo.

|k|<n
Our main result reads as follows.

Theorem 4.1.1 (Probabilistic local well-posedness). Let s € (13/28,1/2], some suitable 0 < o < s
and fo € H*. There exist Ty > 0 and a sequence (up)n>1 € C([~To, To]; H®)N converging in
expectation to a limiting object denoted u

lim E [Hun - u||%(%o] ~0, (4.1.3)

n—o0

i such a way that, almost-surely in w € €2, there exists T > 0 such that for alln € N, u, and u
exist in C([—=T,T*]; H®) and solve (NLS-HW) with initial data P<, f§ and f§, respectively.

Remark 4.1.2 (Time of existence). Theorem 1.1 provides a uniform time of existence 7% > 0 for
the smooth solutions u, initiated from regularized initial data (P<y f§), in the statistical ensemble.
This is not a consequence of the known local well-posedness result from [BIK20]. Then, the main
claim of Theorem 1.1 is the convergence of (uy,), to a strong solution u in H?®, on the time interval
[—T%,T%].

Remark 4.1.3 (Regularizing sequence). Note that the regularizing sequence is general and not dyadic.
Actually, we first prove the result for dyadic frequencies NV and deduce the convergence for general
approximations by adapting an argument from [ST21].

Remark 4.1.4 (Other models). Theorem 1.1 is an adaptation to Schrodinger-type equations of the
quasilinear scheme from [Bri21], and allows addressing in the same way other weakly dispersive
models. For instance, the case of the one-dimensional half-wave equation and of the Szegd equation
are both contained in our analysis by simply forgetting about the variable x everywhere.

Remark 4.1.5 (Nonlinearity). We decided to only consider the cubic nonlinearity on R? for simplicity.
But up to some technicalities, other nonlinearities p > 5 and other geometries (e.g. on the wave
guide R x T) would work.

Remark 4.1.6 (Sobolev threshold). The threshold s > sg with so = 13/28 is a convenient fractional
approximation of the exponent sy we will actually get in (4.6.1). This is by no means optimal, and
it would be interesting to go all the way down to sy = 1/4 to cover the whole quasilinear range of
exponents.
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Background This work is part of the study of nonlinear weakly dispersive equations, in the
presence of randomness.

Weakly dispersive equations. There has been a rich activity on the qualitative behavior of
solutions to nonlinear evolution equations with weak dispersion. Examples are the half-wave
equation [Pocll; Gér+18a] and other fractional Schrodinger equations [FL13; GPH15; ST21], the
Szeg6 equation [GG10; GG12b], the Schrodinger equation on compact manifold [BGT05a], the
Schrodinger equation on the Heisenberg group [Gér06] for which there is a lack of dispersion in one
direction, the Kadomtsev-Petviashvili equations [HHK09] and many other models. It is in general
quite challenging to solve the Cauchy problem for these equations at low regularity. The reason being
that in such contexts, dispersive estimates come with a derivative loss. In some special cases where
the Hamiltonian equation is integrable in the sense that it has a Lax pair structure providing infinite
conservation laws, methods from integrable systems are substituted for the analytical perturbative
approach, to study both Cauchy theory and the long-time dynamics.

A first illustrative example one can think of is the Szegé equation, which is known to be globally

1
well-posed in H} (T) since [GG10]. Using the Lax pair structure, the flow map was extended to BMO
in [GK16], then the Cauchy problem was recently shown to be globally well-posed even on L2 (T)
in [GP22] also by using integrable techniques. Note that the cubic Szeg6 equation is invariant by a

1

L4 (T) < H(T)-critical scaling. Another model is the derivative Schrodinger equation on the line,
which is L?-critical with respect to the scaling, but the flow map fails to be uniformly continuous in
H*(R) when s < 3 [BLO1; Tak01]. Nevertheless, [Har+22] recently proved from integrable techniques
that the equation is globally well-posed in L?(R). Previously, integrable techniques were combined
with concentration-compactness argument in [BP20] to prove global well-posedness in H %(R) A
third model is the Schrédinger equation on the Heisenberg group, for which local well-posedness
is only known to hold in adapted Sobolev spaces H*(H') for s > 2, but is H > scaling-invariant,
moreover, the flow map is known not to be of class C3 for % < s < 2. The lack of dispersion comes
from a special direction, the vertical direction, where the equation is a transport equation rather
than a dispersive one.

For the Grushin Laplacian (a simplified version of the Heisenberg Laplacian), a probabilistic
approach was attempted in [GL21], proving almost-sure local well-posedness according to a specific
randomization procedure which penalizes the direction where there is no dispersion, and gain
derivatives in LP spaces. Finally, we stress out that it is sometimes possible to close the derivative
gap (namely 1/4 < s < 1/2 in our situation) deterministically by considering more general function
spaces than the Sobolev spaces, such as Fourier-Lebesgue spaces, see e.g. [Grii05] for the derivative
NLS equation, and [Griill] for the wave equation.

Probabilistic Cauchy theory and its limitations. The so-called probabilistic Cauchy theory was
initiated by Bourgain [Bou96] and Burq, Tzvetkov [BT08a; BT08b], and can be sketched as follows.
When s < s, is below a critical threshold s, so that instabilities are known to occur, a general initial
data in ‘H® may have better integrability properties than expected by the Sobolev embedding. In
contexts when the dispersion is strong enough to give some local energy decay or bilinear estimates,
or for wave-type equations where the Duhamel formula gains one derivative, one can exploit such an
enhanced integrability property to prove that the Picard’s iterations are smoother than the linear
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evolution of the initial data. A rigorous analysis of this observation makes it possible to evidence
strong solutions initiated from statistical initial data, according to a non-degenerate probability
measure which charges any open set in H?®.

A randomized initial data is typically defined from a given function ¢ € ‘H® and its unit-scale
frequency decomposition (¢%),, in the frequency space (or according to a spectral resolution of the
Laplace operator in compact settings), where each mode is decoupled by a sequence (g, (w)), of
normalized independent Gaussian variables, defined on a probability space (2, F,P):

weQ»—>¢“’~Zgn(w)¢n, WhereqﬁNZqﬁnE’HS.

Then, for many initial data ¢“ in a statistical ensemble ¥ C H* which has full measure, one expects to
observe a nonlinear smoothing effect for the recentered solution around the linear evolution thanks to
the combination of space-time oscillations (dispersion) and probabilistic oscillations (randomization).
Namely, the goal is to show that for some v > s,

o(t) = u(t) — "2 ¢¥ e C([-T,T); HY) for all ¢¥ € B.

The above recentered solution v is obtained from a fixed point argument at subcritical regularities
in H” and solves the original equation perturbed by stochastic terms stemming from the linear
evolution e”? ¢, We refer to [BT08a; BT08b] for an introduction to the probabilistic Cauchy theory
for dispersive equations.

Nevertheless, to observe the aforementioned probabilistic smoothing effect, we need to exploit
dispersive properties of the equations to gain decay without trading regularity. In equation (NLS-HW),
however, there is no dispersion in the y-direction. Therefore, in the low Z-frequency regimes, the
Strichartz estimates come with a derivative loss, so that we have neither usable bilinear estimate, nor
local smoothing estimates at our disposal. Besides, the second Picard iteration of the randomized
initial data does not have a better regularity than the initial data. To see this, we consider high-
low-low type interactions in high y-frequencies |n| > 1, for an initial data ¢“ projected at low
z-frequencies |¢| < 1. For simplicity, we assume that there is no dependence in the variable x, then
the high-low-low interactions take on the form

¢
/0 DI P T g P DL e Py TP g dr.
Such interactions are basically transported by the half-wave linear flow, so that every derivative
of the second Picard’s iteration can fall onto the first linear term. Hence, one can only handle s
derivatives instead of the desired v derivatives. Similarly, Oh [Ohlla] considered the Szegd equation
on the circle and proved that the first nontrivial Picard’s iterate does not gain regularity compared
to the initial data.

To undertake this type of issues, Bringmann [Bri21] developed a refined probabilistic ansatz in a
quasilinear setting thanks to paracontrolled calculus. In the present work, we adapt the strategy
from [Bri21] to prove almost-sure local well-posedness below the energy space, in the quasilinear
regime. We conclude this paragraph by mentioning that the paracontrolled approach was further
developed in a spectacular way in a series of papers of Deng, Nahmod and Yue [DNY19; DNY21] and
Sun, Tzvetkov [ST21] bringing tools from random matrix theory and introducing powerful methods
such as the random averaging operators and the random tensors. More recently, the paracontrolled
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approach has taken a step forward, and were successfully implied in the resolution by Bringmann,
Deng, Nahmod and Yue [Bri+22] of the ¢} problem for NLW.

Consequences of Theorem 4.1.1 and perspectives

- From the perspective of probabilistic Cauchy theory, equation (NLS-HW) is the first dispersionless
Schrédinger-type equation for which we prove probabilistic well-posedness in a quasilinear regime,
where the second Picard’s iteration does not gain any regularity. Indeed, we provide a measure
induced by a mild unit-scale and one-directional randomization procedure in part 4.2.1. In contrast
with [GL21] on the Schrodinger equation on the Heisenberg group, the randomization does not
gain any regularity in LP-spaces and does not penalize the dispersionless direction. We believe
that the present approach would also be successful in this context.

- From the deterministic perspective, Theorem 4.1.1 yields a statistical ensemble ¥ (a dense full-
measure set) of initial data leading to strong solutions, in regimes where we show that the equation
is semi-linearly ill-posed. The theorem also provides strong solutions in the energy space, which is
a first modest step in the comprehension of the long-time Cauchy theory of (NLS-HW), motivated
by the rich possible asymptotic behaviors of solutions studied in [Xul7] in the defocusing case
and [BIK21; BIK20] in the focusing case. In contrast to the half-wave equation or the Szegd
equation on the line, local existence in the energy space H% does not follow from a Yudovich
argument since the L?-norms are not controlled by the energy when g > 6. We cannot use the
conservation of the energy together with a Brezis-Gallouét estimate either in oder to show that in
the defocusing case, smooth solutions extend globally in time, since H?® is not an algebra when
§ < %, and there is no conservation law that controls the H1-norm.

- In addition, equation (NLS-HW) can serve as a model to study the long-time behavior of proba-
bilistic solutions generated by the paracontrolled decomposition, in the absence of an invariant
measure. Indeed, we construct a probabilistic solution in the presence of a conserved energy
which is not enough to globalize the solutions since probabilistic information is crucial in the
iteration scheme. However, to understand how this information is transported by the flow and to
prove quasi-invariance of the measure, one needs dispersion ( [OST18]). Hence, understanding the
long-time behavior of the solutions provided by Theorem 4.1.1 requires the combination of energy
methods with some measure-theory argument. This is a challenging but interesting problem.

Strategy of the proof The proof amounts to show the convergence of (uy,)nen (Whose existence
is ensured by Theorem 1.6 in [BIK20] recalled in Proposition 4.2.2), on a fixed time interval. First,
we establish the convergence along the subsequence (uy)yeon by adapting the iterative scheme
from [Bri21], which is made up of an induction on frequencies. At every step N of the induction, we
consider separately the problematic high-low-low frequency interactions, absorbed in the adapted
linear evolution Fy studied in Section 4.4 and solution to

10¢Fn + (8%1 — |Dy|)FN = N(FN,PSN'YU%,PSN’YU%) .
Fn(0) = Pnf§
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We get probabilistic Strichartz estimates for small times, controlling the L* norm of Fy with a
loss N3~ instead of N2. To achieve such a goal, we exploit the probabilistic structure of the
initial data f§’, which the sum of terms frequency localized in unit-scale intervals and decoupled by
independent Gaussian variables. A key ingredient is the independence between the approximate
solution u N, which is constructed from the low modes P N f¢ of the initial data, and Py fy. As
for the remainder wy, it solves the equation with zero initial data and stochastic forcing terms but
without the singular interaction

NS(FN,U%,U%) = N(Fijgqu%,PSqu%).

In order to get convergence on a fixed time interval, not depending on the iteration step N, we
follow [Bri21] by making use of the truncation method from De Bouard and Debussche [BD99]
sketched in Section 4.3.3. We stress out that we only do this in the half-wave variable y, whereas a
deterministic analysis is performed in the Schrédinger variable x. Namely, we exploit the dispersion
materialized by the Strichartz estimates and use mixed Lebesgue spaces and TT*-type argument
instead of Gronwall inequalities and energy estimates obtained in [Bri21].

Outline of the paper The paper is organized as follows. We first introduce the unit-scale
one-directional randomization of the initial in Section 4.2, and prove refined Strichartz estimates
for frequency localized functions. Then, we define in Section 4.3 the dyadic subsequence of smooth
approximate solutions vy and set up the truncation method. The adapted linear evolution is handled
in Section 4.4, and the a priori bounds for the nonlinear remainders are established in Section 4.5.
These bounds rely on paracontrolled trilinear estimates that are detailed in Section 4.7. Since the
nonlinearity is cubic, we have to control more various types of interactions than in [Bri21] where
the nonlinearity is quadratic. Finally, in Section 4.6, we show convergence of the approximating
sequence (uy)y to a limit w on a fixed interval, and we prove that it solves the equation (NLS-HW)
on a smaller time interval, which is almost-surely nonempty. Then we deduce the convergence of the
whole sequence (uy),. We conclude by detailing some ill-posedness results for equation (NLS-HW)
in Appendix 4.8.

Notation We denote the linear operator A = 92, — | D, |, and the interactions stemming from the
cubic nonlinear term by

N(u) = |U!2U, N (u1,uz,u3) = Urugug + u1Uaus + wuUs3 -

We write F or F,_,, the partial Fourier transform with respect to the half-wave direction y, by
n = ¥ the corresponding Fourier frequency, and by F~! or f{_l,y the inverse Fourier transform. For
fixed a € R, a parameter  satisfies the relation 8 = « — 0 if there exists € > 0 such that = a — ¢,

where £ > 0 can be chosen arbitrarily close to zero independently of the parameters.
Given two Banach spaces E, F', we denote B(E — F') the set of bounded operators from E to F.
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4.2 Set up and preliminaries

Since the standard Strichartz estimates for the one-dimensional free Schrodinger evolution provide
control on the norm L$°(R) without losing derivatives, we only need to consider randomized initial
data in the y-direction as in Figure 4.2. We fix ¢ € C°(R, [0, 1]) supported in [—1, 1] and equal to 1
on [—3, 3] such that {p(- — k): k € Z} form a partition of unity, and set 1(z) = ¢(z) — ¢ (%). For
dyadic M, the spectral projector Py around k € Z of size M for y-frequencies is defined as follows
(see Figure 4.2). For fy € L*(R?) we set

Py fo= fy__lm (¢(n — k)Fy—nfo) .
Parifo = Fy k(v (M~ (n— k) Fysnfo) -

Given a dyadic integer N > 1, Py := Py denotes the Littlewood-Paley projector at frequencies
% < 1n < 2N in the y-direction only, and ]3]/\/ denotes a similar fattened projector using a function 1;
with a slightly larger support. Let (gx)r be a sequence of complex-valued independent normalized
Gaussian variables. Given fy € H*(R?), we associate a random function obtained by the Wiener
randomization

5= grw)Piifo. (4.2.1)

kEZ

This randomization induces a non-degenerate probability measure on H*(R?), densely supported
(see [BT08a] Lemma B.1). In addition, for and N € 2V, we set

Pif§ =gow)Pifo, Pnfe= D a(w)Pirfo, Pnfe =Y Pulfg.

N <|k|<N M<N
Finally, we emphasize that the family {PN fg’} N> 18 jointly independent.
n
+He 14 |om

£

Figure 4.2: Support of the projection Py in the frequency space (R¢, R,)).
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4.2.1 Dispersive estimates with a derivative loss
We say that the pair (p,¢q), with 2 < p,q < oo, is admissible if it is a Schrédinger-admissible pair in
dimension 1, i.e.

ER—— (4.2.2)

SRS
Q|
V)

Lemma 4.2.1 (Bernstein - Strichartz estimates). Given a Borel function m : E — C with support
in a bounded measurable set E C R of finite Lebesgue measure |E| < oo, we define Tg to be the
linear evolution frequency-localized in E:

Ty =™ F, L (m(n)Fyoy) € B(L3 ,(R?) — L2 (R?)), teR.

Given (p,q) and (p,q) two admissible pairs as in (4.2.2), and r € [2,00], we have the following
Strichartz estimates with a derivative loss:

e Bernstein-Strichartz estimate
1_1
ITefollrrary S B2 follez, » (4.2.3)
o T™*_estimate

B - 1_1
H / T A ]:77—>y (n)fy_m)fg(T) dT”L%y S ‘E‘2 r Hfo”LfILZ/LZ/ s

o TT*-estimate

11
H/10<T<te DA F L (m(n) Fysn) fo(7) drllrrrary S 1EJ2 THfOHLf/LZ/LEI' (4.2.4)

Notice that when r = 2 there is no loss in the Bernstein estimate and we can choose £ = R.

Proof. In the mixed Lebesgue norms, we first use the unit-scale Bernstein estimate in the y-direction
to pass from Ly to L27 and then the unitarity of elDyl on LZ to reduce the matter to the free
Schrodinger evolutlon on the line. There holds

ITefollrrary S B2 r | it follprare = B[ 27 ] et Jollezllrprs -

Subsequently, we use the Minkowski inequality and the Strichartz estimate for ¢!'%= in the z-direction

to conclude that

1_1 ito2 1_1 ito2 _1
B2 1% follzallprs S [EI27|l]| €0 f0||Lqu||L2<|E| [l foll 2

Ty'

The T*-estimate follows from duality, and the TT*-estimate is a consequence of the first two estimates,
by using the T™ estimate with r = 2. We also need an application of the standard Christ-Kiselev
argument to localize in time 0 < 7 < t. ]
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4.2.2 Local existence above the energy space

We recall the best know local well-posedness result for equation (NLS-HW).

Proposition 4.2.2 (Local well-posedness above the energy space, [BIK20] Theorem 1.6). Let s > 3.
For every fo € H*(R?), there exists T = T(||foll#s) > 0 such that equation (NLS-HW) admits a
unique local solution in C((=T,T),H*).

It is shown in [BIK20] that local well-posedness actually holds in L?CH?‘JS The proof follows from a
fixed point argument in L ([~T,T]; H*(R?)) N L{([~T,T7; L2, (R?)), for some T’ > 0 depending on
the H*(R?)-norm of the initial data. The use of the Strichartz space L} ([T ,T7; Lg?y(Rz)) requires
that s > % because of the lack of dispersion in the y-direction. Consequently, we have no control
on the growth of the Hs—nlorm of the solution since we do not have access to the conserved energy,
which is at the level of H2. As discussed in the introduction, local existence for smooth solutions
to (NLS-HW) is an open problem.

4.3 TIteration scheme

4.3.1 The refined Ansatz

We construct the solution to (NLS-HW) by iteration on the frequencies, that we regroup as dyadic
packets. Let N € 2V, and let ux be the maximal solution! to (NLS-HW) with initial data localized
at frequencies at most N

UN(O) = P§Nf6) .

We write uy = ux + vy, so that vn(0) is localized at frequency ~ N, and vy solves
2

{(i@t + Auy = |uyPuy,

{(z’@t + Aoy =N (vn +uy) = N(uy),
un(0) = Py 3.

Then, we consider at each step n the adapted linear-nonlinear decomposition vy = Fy +wpy, defined
as follows.

e The adapted linear evolution Fy is solution to a linear Schrodinger half-wave equation that
encapsulates the bad nonlinear interactions, with initial data Py f§ localized at frequency
~ N:

{(iat -+ A)FN = N(FN,PSqu%,PSNvu%) ,

Fn(0) = Pnf§ .

The parameter 0 < v < 1, to be determined later in the analysis, separates two ranges of
frequency scales N > N7.

LObserve that the local well-posedness result from [BIK20], recalled in Proposition 4.2.2, implies existence
and uniqueness for uy in HzT(R2) up to a time T'(n) > 0. In Theorem 4.1.1 we claim that (uy) converges
almost-surely in H*(R?) to a strong solution to (NLS-HW) up to a time 7% > 0 almost-surely in the
randomization.
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e The nonlinear remainder wy is solution to (NLS-HW) with a stochastic forcing term and zero
initial condition:

{(iat +.A)wN ZN(UN) —N(u%) —N(FN,PSNVU%,PSNWU%),

(4.3.1)
w N(O) =0.

The key point is that the singular interactions between the high frequencies of the initial data and

the low frequencies of the approximate solution uy/o are removed from the equation satisfied by wy.

Therefore, we can expect that a smoothing effect now occurs on wy. Note that at each step we can

decompose the solution as a series

N
uNZUQJrFNjL’wN:uNOJr Z (wLJrFf) . (4.3.2)
2 L=2Ng+1

The goal is to prove that the series with general term (wy)ny>n, almost-surely converges in a
subcritical space C([—Tp ,Tp]; H” (R?)), for some v > £ and some 0 < Ty < 1, and the series with
general term (Fiv)n>n, converges almost-surely in C([—Tp , To); H*(R?)). In addition, we prove that
there exists a time 7% > 0 such that the limit of (uy) solves (NLS-HW) in C([—-T%,T]; H*(R?)).

4.3.2 Functional spaces

In the nonlinear analysis, we need to keep track of the frequency localization of the adapted linear
evolution Fly. Specifically, in order to avoid the high-low-low interactions in the nonlinear analysis
that are responsible for the lack of nonlinear smoothing, we want to ensure that for a given NV, the
y-frequencies of the functions wy and Fi are localized at size |n| ~ N. To capture such a frequency
localization, rigorously stated in Lemmas 4.4.1 and 4.4.2, we fix a parameter D > 0 and some weights

N M\" M\"
Cn,p(M) :zmax(M,N> , C<np(M) ::max<1,N> .

Then we set the weighted norms

lull Xy pi-r.11 7= Y, On,p(M)||Parul| oo (—r11,2., (R2)) 5 (4.3.3)
M>1
lull X< pi-r.11 = Y C<n,p(M)||Paru]l poo(r,11,22, (22))
M>1

For some r € [2,00], we define as well some frequency-localized mixed Strichartz norms

lullsy, - = > Cn (M) Prrull s r), 1207 R2) »
M>1

lullsz , 1) = > Can.p (M) | Pyrull (-7 1), pa s (m2)) -
M>1

When r = co we simply write

. QX0 . Qoo
SN7D = SN,D’ SSNJ) = SSN,D
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The frequency localization of Iy around frequencies N stems from the structure of Fiy. Specifically,
each F is a superposition of functions (Fi j) N < [k<N decoupled by independent Gaussian variables.
We observe that Fy is solution to a linear Schrodinger equation with a potential truncated at
frequencies of size S N7, with initial data P i fo for some |k| ~ N. Hence, at least in short-time, we
expect Fy i to be localized at a distance < N7 from the frequency k. In particular,

|supp F(Fyx)| S N7 as. (4.3.4)

This key frequency localization would reduce the derivative loss in the Strichartz estimates from
Lemma 4.2.1 for Fyy i, and therefore for Fiy by using probabilistic decoupling. To encapsulate (4.3.4),
rigorously stated in Lemma 4.4.1, we follow [Bri21] and we consider the recentered Besov spaces

D
1A Bp -7y = > RO Prrpf e (—riiez w2y hp(M) = MP max<1, %) _
M>1
(4.3.5)
The weight M? accounts for an extra gain of derivative p = 0 — 0 on Fy; that comes from the
frequency localization of Py Fi . In Section 4.6, we implement a fixed point argument on the
nonlinear term w in the space associated with the norm

lwllvy = {Dy) " wlixy o + (P " wlixan p + [{(Dy) wllsy o + (D) wllsy p

where o, D are parameters, v > % is the regularity of the remainder wy determined by 0 < ¢ =
v — 1 — 0 from the Sobolev embedding Hy — W,

4.3.3 The recurrence and the truncation method from de Bouard
and Debussche

In contrast with the standard probabilistic well-posedness argument implemented in [BT08a], which
consists in a single fixed point argument for a fixed w € €2, we cannot solve the equation pathwise.
The reason is that we need to perform a fixed point argument at each step of the iteration scheme,
leading to a sequence of times (T (w))x that would depend intricately on w. In particular, we
cannot ensure that this sequence is uniformly bounded from below in n. Instead, we do have to work
in a space LP(, &) for some p > 1, where £ is the space-time functional space in which we establish
local existence.

To handle a similar problem arising in the study of a Schrédinger equation with a multiplicative
white noise [BD99], de Bouard and Debussche truncated the nonlinearity. This allows to perform
a fixed-point argument in some space L”(€2, £) despite the absence of gain of integrability in the
w-variable. We refer to [Bri21] for some discussion on motivation for the truncation method of
de Bouard and Debussche. The method consists in fixing a smooth function 6 € C°(R, [-1, 1])
compactly supported in (—2,2) and such that # = 1 on [—1, 1], and to essentially reduce the matter
to a linear problem by assuming most of the terms to be at most 1 in the nonlinearity. Let Fiv g and
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wpre to be determined later as the solutions to some equation. The cutoff functions are denoted

Orn (1) = 0 (1D Fxcalls.py gl 1) -

Ou(7) = 0 (D) wnallyg e )
N/2

o i (4.3.6)
e(z 1D Férglls.., oicrrt + 1D wrr0l 5 o
M

Op

w; < ()

+ ||<Dy>”wM,e||X<M,D[—T,T]> :

We define by induction Fivg and wy g as solutions to the following truncated equations. First,

t
Fno(t) = A Pyfy + i /0 A e

[z

(7)°N (En g, Penvuy g, PSN'Y’U’%ﬁ) (r)dr, (4.3.7)

and similarly, the blockFy x ¢ is solution to the decomposed truncated equation

w2

t
FN,k,g(t) = ¢tA Pkao—i-i/ lt=m)A 0F,w;< (T)QJ\/’(FN7;€79,P§N7U%79,PSNWU%VO) (r)dr, (4.3.8)
0 <

so that
Fno = 9k (W) F o - (4.3.9)
<|kl<N

N

Then, the truncated nonlinear remainder wy g solves
t ~
wn(t) = i / AT (o) (7) dr, (4.3.10)
0

where the nonlinearity /\Nfg(w N,0) is given by
No(wng) = 03 N (Fng) + 03 N (Fng, F g, W) + 0n0usvN (Fivg, wiv g, wive)
+ 05 NN (wne) + Giﬂ,w;S%N (uy grun g wNp) + 0p e 8O NN (un 5, N0, W)
+ 205, X OR NN (un g, w0, FN ) + 0, 8 OF NN (F g, Fnp, uy )
+ Hé’wé% (N(FNﬁ, u%ﬂ, u%ﬁ) — ./\/’(FNﬁ, PSqu%ﬂ, PSN’YU%’Q)> .
(4.3.11)

Finally, we denote the truncated approximate solution
Uung = u%ﬂ + FNﬂ + wWng -

We prove the convergence of (uyg)n on a time-interval [—Tp, Tp]. Subsequently, we use a priori
estimates and a continuity argument to remove the truncation, and to get a solution to the original
equation (4.3.1) on a sub-interval [-7%,T*] with 0 < T% < Ty almost-surely. This is the matter of
Section 4.6, once we solved the fixed point for the truncated equations and proved the convergence
of the approximate solutions (uy )y in L*(Q;€).
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4.4 The adapted linear evolution

From now on, and until Section 4.6, we often drop the index 6 for simplicity in the notation. At
each step n, the adapted linear evolution is decomposed as (4.3.9)

Fy= Y gu(w)Fng,
N<lk|<N

where each unit block Fyy  is the solution to the linear equation

’w,S%N(FN’k’PSN’YU’%7P§N’YU%);

{(iat + .A)FN’]C = 9%
Fni(0) = Py fo.

We denote the potential by ¢ := 0, ..~ P<yyuny, and we use the following features of ¢ in this
Wiz = 2

section:
e ¢ is localized at low frequencies < N7;

e ¢ satisfies the following a priori estimate, encoded in the truncation defined in (4.3.6)

Z ||<Dy>g¢||SM,D[—T,T] < ]-7 T E Ra
M

® ¢ is measurable in the o-algebra B_n generated by the random variables (gk)‘ Jj< - Therefore,
2 2

¢ is independent of the Gaussian variables (g) N k<N

4.4.1 Almost frequency localization

In what follows, we fix n > 1, N = 2" k € 7Z with % < |k] < N, and the potential ¢ =

05 <N P<nvun is as above. First, we prove the key frequency localization of Fy . at distance
W=m = 2

< N7 from k, with a gain of p = ¢ — 0 derivatives captured by the recentered Besov spaces B,’z%

defined in (4.3.5). This stems from the localization of the initial condition P ; fy in a unit-scale

interval around k, together with the localization of the potential ¢.

Lemma 4.4.1 (Frequency localization of the individual blocks). Let D" > 1. Then, for 0 < p <o
arbitrarily close to o, there exist 0 < Ty and 0 < C' such that for every N and % < |k| < N the
solution Fj, to (4.3.8) satisfies

IEN kB2 -1y, 0) < CllPLESON 2, - (4.4.1)

As a consequence, -
Iy eIl @sry, -nm) < ClPN follzz, - (4.4.2)

The proof follows the same lines as the proof of Proposition 4.1 in [Bri21]. Nevertheless, we use
the Duhamel formula and the Strichartz estimate in place of a Gronwall argument in order to avoid
using the quantity Lg%, (R2) that we do not control.
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Proof. The estimate (4.4.2) follows from (4.4.1) by using that
1y cyenPrifolleziz w2 S P8 follz, -

We prove (4.4.1): given 0 < Ty < 1, we show that for all D” > 0, there exists C' > 0 such that for all
keZand 0 <T <Tp,

1
||FN,k||BZ:}),, [-T,T) < ||P1,k:f0HLg,y + T HFMkHBg:g,,[—T,T]”(Dy>a¢”%§L§CL5o . (4.4.3)

We then use the truncation 0 to see that the norms of the potential is less than one, and we chose

1
Ty > 0 (independent of N) such that CTZ < . Let us establish (4.4.3) for fixed k € Z. First,
observe that
1Pk follBey, (—ray S I1Pukfollz, -

Next, it follows from the definition of the Besov norm (4.3.5) and from the Duhamel formula that
we need to estimate

t .
S A (D [ AP (N (P 6.6)) () i,
M

We choose the Strichartz admissible pairs (p, q) = (00, 2), (p,q) = (4,00) and r = 2, then we apply
the TT*-estimate from Lemma 4.2.1 (recall that when r = 2 there is no need to apply the Bernstein
estimate, and there is no derivative loss). For fixed M, we have

t .
H/O e’(t_T)APM,k(N(FN,k7¢a ¢))(T) dTHLgOL%y < HPM7k(N(FN,k7¢7 ¢))H

4 .
L3LLL2

We do a Littlewood-Paley decomposition of Fy ;(t) with frequencies K centered around k, and a
standard Littlewood-Paley decomposition of ¢ with frequencies L1, Ls. Without loss of generality,
we assume that Ly < Ly. There holds

[P (N (F s 65 </>))HL§L1L2 SO D> Pur N (PrgFwgs Prid Prad)) |

K Lo<LiSNY LPLLLY
Then, the interactions that contribute to the above sum are the following:

e K ~ M,

e K< Mand L ~M,

e K> M and L ~ K,

Hence,

N[

2
< g
| Prr (N (Fiv e, 6, 0)) ”Lt%LiLZ ST (S%PL ||PL¢||L§L3L5°)

( D oPkFNkllierz,+ Y LI PeFNkllierz,+ Y Ll_UHPK,kFNkaLfOL%’y)-
K~M K:K<M~Ly K:K~Li>M
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It follows from the definition (4.3.5) of weights CZ:%,,(K ) and from the truncation (4.3.8) that
sup L[| PLé| pspape S 1
L Y
Therefore,

1
1Pare N (Fnes 0, )| 4 ST2 Y 1PraFna®lez,

Lt%L;:Ly P
. KN\
5 —pr—0 —p S =
+T2< Z KL% + Z K" max (1, N’V) L; >|yFN,k(t)\|B£:}w[T7T].
K<M~Ly Li~K>>M
Next, we multiply by ¢]'},, (M) = M* max (1, %)D and we sum over M to obtain
1EN k()] o SIPukfollza, +T% D b (M) PassF il o2
N,k Bk:D,,[—T,T] ~ 1,kJO LLy k,D" M kLN E Lt Lz,y
M~N
1
1 —o
+ T Z M HFNJCHBE,’Z),,[fT,T]'
MSNY
The assumption that o > p allows us to conclude. O

Now, we prove that F is essentially localized at frequency N. This turns out to be crucial
in the estimates for the remainder wy, in the situations when we want to avoid the high-low-low
frequency interactions. We recall that such a frequency localization is captured by the weighted
norm (4.3.3).

Lemma 4.4.2 (Frequency localization for the adapted evolution). Let D” > 0. There exists Ty > 0
such that F satisfies

KDy F I x y p=10.10] S 1PN S 1302 (2) -

Proof. Given M > 1 and 0 < 7T < 1, we need to estimate

MPCn,p (M)|| Py FN || Lo ((—r,17:22 ) -

2
z,y

We recall that Fly is solution to the truncated equation (4.3.7), and that ¢(t) = GF,w;S%PSNV u%(t)
-Case when M ~ N. In contrast with [Bri21], we do not use an energy estimate. Instead, we proceed
as in the proof of Lemma 4.4.1 in order to avoid using Lz° . We start from the Duhamel formula,
and we estimate

t
Fx(t) = Py e™ 5 4 / AN (Fy, 6, 6)(7) dr
0

From the Bernstein-Strichartz TT*-estimate in Lemma 4.4.1, with (p, q) = (o0, 2), (p,q) = (4,0)
and r = 2, we obtain

1Exlrz, S 1PN IS L, + N6, g
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Thanks to Holder’s inequality and to the truncation, we know that on [T, 7],

1 1
ST HFN”L;’OL;ZJ”@f’H%tSLgLoo ST2|FNllzeerz, -

4
Lt3 Ll L% Y

Choosing Ty small enough we conclude that if T < Tp,
IENNzgerz, S IPNfGllz2, -
Therefore, when M ~ N, we deduce that

M2\ Py ENNreorz, S NOIENNLpor2, S IKDy)° Py f5llrz,, -

-Case when M ~ N. In this case, we first fix k with & < |[k| < N and we perform a dyadic
decomposition in frequency around k for F ;. We see that when M < N,

Py ,
By pr

1"
NP
1Py FNkllLgerz, S KZ;V 1P FNgllgerz, S (NV> IEN &

whereas when N < M, we have

1"
M —-D
1Ptz £ 3 WPabualiesz, < (55)  1onalagg,
K~M
Hence,

max (M, N) ) -0

ors <
[1PrvFNkllrerz, S ( N7

1EN k5o,

We deduce that if D" is large enough with respect to D’, then

Cnp (M) Pr PN ()2, S (MN)™” > 9k (@ Enkllsry, -
N<k<N

Using Lemma 4.4.1 we deduce that

O D) ParFy ()l erz, S IN)™ 7 [ge@)l1Pradolzz, -

F<k<N

From the Cauchy-Schwarz inequality and using that D’ can be taken large enough to control the
extra IN2-loss coming to the sum over k and the factor M?, we conclude

D'~
M*Cnp(M)||[PrFn ()]l 2, S (MN)" 2 [|Prf5 2, - O
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4.4.2 Strichartz estimates for the adapted linear evolution

In this part, we undercut the derivative loss in the Strichartz estimates (4.2.3) for the adapted
linear evolution Fy. To do so, we take advantage of the frequency localization of the function Fjy
together with probabilistic decoupling.

Lemma 4.4.3 (Strichartz estimate for the individual block). Let 0 < p < o as in Lemma 4.4.1, let
d =~(c — p) >0 (arbitrarily small as p is close to o), and let Ty > 0 small enough. For all D' > 0,
there exists D" > D' such that for all ' > o and % < |k| < N, 0<T <Ty, we have

/ ’ 1 ’ 1_1y_
D) Fxillsy, oy Sr MDY Puafollze, + TENT G0 Byl gon
Proof. We need to estimate

> Cnp(M)M? || Py Fy lLs(—rm)LaLr (R2)) -
M

Given a dyadic integer M > 1 and 0 <t < T, the Duhamel integral formulation of the truncated
equation (4.3.7) reads

t
PyFyy(t) = ™ Py Py fo +2/0 DA Py (N (Fiy s 6, 0)) (1) dr

First, we estimate the linear evolution of the unit-scale block PP i fo, which is nonzero only
when M ~ N. To do so, we use the Bernstein-Strichartz estimate (4.2.3) from Lemma 4.2.1 with
(p,q) = (8,4) and |E| < 1. There holds

1Par ™ P follpsrary S Tumn [ Pricfollzz, -
To handle the nonlinear part, we perform a Littlewood-Paley decomposition of ¢:
o~ > Pro,
1<L<N7Y
and a Littlewood-Paley decomposition of Fyy ; recentered around k:
Fnjg ~ Z PrpFny .
1<K

In what follows, without loss of generality, we assume that L; > Ls. The frequency support in the
variable 7 of the Duhamel term has length

| supp,, Fy—n (N (PgxFy i, Py ¢, Pr,¢))| S max(Ly, K).

We use the Bernstein-Strichartz TT*-estimate (4.2.4) from Lemma 4.2.1 with (p,q) = (8,4), (p,q) =
(4,00) and |E| < max(L1, K), and get

> le/ H=DAPy (N (P P o, Pry 6, Pry @) (T) A7l zspary

Lo<L1<N7" K

< Z Zmax L,K %%”PM( (Pr kFN o, Pr,d, Pry@)) (1) d7]| 4

Sri2°
Lo<Li;<NY K L LL L
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Let us first consider the contribution of the terms with K < V. In such a case, only the terms with
M ~ N contribute. Moreover, using the truncation (4.3.8), so that H(DyY’QZ)HL?L%L? <1,

~

! 1_
M° Z Z max(L1, K)2 || Par (N (Pr s F gy Pryé, Prod))||
Lo<L1<NY K&KN t Mty

_D"

4 1_ — K —or7—0

S 1yonN°? E E max (L, K)2 e Pmax(l,]\m> Li°L,
Lo<L1<NY KKN

oo (B Pr e Fnell ooz, -

When K < N7 we get by comparing K and L; that

Lyun N7 3" max(Ly, K)3F KLy Ly || Fa gl
K,L1,La<N"Y '
S Ly NG54 By s

k,D!'

On the other hand, when K > N7, taking D" > 1 yields

N7<K<KN

so that

L L K 7D”

/

1y NN E E K2 P — L7°L° | ||F ,

ne NY<K<N Lyi,Lo<N7 N P | N’kHBz’E“
= 12>

5 IMNNNU,—FY(%_%_J)—HS||FN7]§||BPW .
k,D

Summing over M ~ N, in which case Cy p/(M) ~ 1, and taking the L3-norm in time for T <1, we
obtain the desired bound for the contributions with K < N:

/ 1_
> Cyp (MM > > max(Ly, K)2 || Py (N (Pr k Fv i Pry 6, Pryd) ||L%L1L2
M~N L1,Lo<NY K&KN t Try

STENT G By

‘ oo RPYY .
L Bk:D,,

Next, we handle the contribution of the terms with K 2 N, where only the terms with
K 2 max(N, M) actually contribute. We shall use the localization around frequency K ~ N7 of
Fx 1, imposed by the norm By}, to prove smallness: for sufficiently large D" depending on D,
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there holds

M7 ST ST K | P (N (Pra Fvg, Prad, Prad)) |

4
37172
Lo<L1<N7Y KZN Li Laly

1
< i Z K3 r [ Pre i FNgllLgorz

KZmax(N,M)
K 7D//
1 / 11
< T3 MO s—rr—r(
<T:M ' KK (N7> I1FxkllBpy,
KZmax(N,M)

1 —10(D’+1
ST (NM) ™ Bl g

D
Hence, the weight Oy p/(M) = max(2, 2)D" and the term M7 are absorbed by the factor

M®'N
(NM)_IO(D . we can sum over M to get

4
LELLL2

S onp M ST ST K| Pu (N (Prk Fas Pry 6, Pryd)) |
M

Lo<Li<N7 KzN
1
STz Enkllpey, -
This concludes the proof of the refined Strichartz estimates for the unit blocks Fly . ]

Next, we infer probabilistic Strichartz estimates on the whole adapted linear evolution Fj from
the above estimate on the individual blocks Fiy 1, combined with probabilistic decoupling (we recall
that the high frequencies of the initial data are independent of the low frequencies). The proof
follows the same lines as in [Bri21], Proposition 4.4.

Proposition 4.4.4 (Probabilistic Strichartz estimates). Let Fiy be a solution to the truncated
equation (4.3.7), s > 0, D' > 0 and Ty be as in Lemmas 4.4.1 and J.4.2. There holds that for all
0<T<Ty,p>1ando >0,

/ 1 T+ g D
DY) Fxll 1.5y pr(—rpy+ S6 VBTN 275072 Py fo 2 (4.4.4)
where § = y(o — p) > 0.

The contributions to the power of N can be explained as follows:

NO'/7$+%*’70' — NO’*S . N% . N*'yo
— S——
difference Strichartz with freq. gain frequency
of derivatives localization localization

Proof. The idea is to use the independence between {g;: § < |I| < N} and Fly, which is By =
2

o(gi: I < %)—measurable thanks to the assumptions on ¢. In order to use Minkowski’s inequality

in the large deviation estimates, we first prove the result with the norm 5’}"\,’ pr With 7 > 1 instead

of Sy,p/ (which denotes S35 ,,,). We condition on By, take p > r and deduce from Minkowski’s
’ 2

BQH’I’

. }
1
ZJML?L;%LZ

inequality that

/ o / p
1) Flizsy, ,, = E[E[ICno M)(Dy)” PrFNI s,

=

< B[[E[|n.0 0D PrcEx [y ]
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Since

Fv= > glw)Fyu,
S <kl<N

The conditional Khintchine’s inequality and the mutual independence between the (gi)’s and the
(FNJC)’S yield

1
E (D) PaFul?|Bay|" < bl gy antDy)” PrrFville
Plugging into (4.4.2),
KDy Enllrnsy |, S 11y <penOn o (M)(Dy)” PruEnllize, csrarye -

Thanks to the Cauchy-Schwarz inequality, we can go from ¢}, to £3, up to replacing the weight
Cn,p by Cn,pr41. Using the Minkowski inequality again, we obtain

1(Dy)” Enllzpsr S V/PICND+1(M){(Dy)” Py Fy g

N,D’

Lo6, LSLALL (2
!

S VPICN D1 (M)(Dy)” PrFnkllerre srary

S VPICN D1 (M)(Dy)” PrrFi gl o s

N,D’+1

In the last estimate, we used that f}\/.r C K?V[. Finally, we apply the refined Strichartz estimate for
the individual blocks Fiy j (Lemma 4.4.3). The frequency localization stated in Lemma 4.4.1 yields
1

/ / 1 / 1_1)_ )
IKDy)” Fnllrzsr, , S VPI(Dy)” Prifolle + T2 N? i) e 1N klle2 o,

~ 1 e (1 1) et
< VBB follpa g + vETENT 722740 B ol

Meanwhile, the estimate for p < min(4,r) follows from Holder’s inequality. Next, we pass from Sy, pr
to S\ pr with 7 > 1 by using the Sobolev embedding in y, and by loosing therefore an arbitrarily

small power of N v (see Step 3 in the proof of Proposition 4.4 from [Bri21]). Here we can choose
N°. O

4.5 Estimates on the nonlinear term wy

For fixed N, we construct the local solution to the truncated equation on a time interval [—Tp, Tp]
that does not depend on V.

Proposition 4.5.1. Assume that 0 < o0 < v — %, 0<o<o <sand0<vy<1. Fiza >0 such
that max(v — o’,0) < a < v. Let D = D(s,v,0',0,a) > 0 and D' > D'(s,v,0’,0,a,D) > 0 be
sufficiently large. There exist Ty = To(s,v,0’,0,a, D, D") > 0 smaller than the Ty in Lemmas 4.4.1
and 4.4.2, and a unique solution wy € Y ([—To,To]) to the truncated equation (4.3.10). In addition,
for all 0 <T < Ty,

1 o / 1 e ’
lwnllyy -y Ss T2N"7 7 [(Dy)” Fnllsy p +T2N""277 [(Dy)* Frllx p - (4.5.1)

To prove such a proposition we do a contraction mapping argument, which is a consequence of
the a priori estimates stated below.
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4.5.1 A priori trilinear estimates

We denote the Duhamel integral by

Zf(t):= /Ot ei(t_T)Af(T) dr,

and we write

Tw(t) := INy(w)(t), (4.5.2)

where we recall that Ny was defined in (4.3.11). Applying the trilinear estimates from Section 4.7,
together with the truncation of the nonlinearity, we obtain the following a priori estimates on the
nonlinear component wy.

Proposition 4.5.2 (A priori estimate on wy). Under the same constraints on the parameters as in
the statement of Proposition 4.5.1, for 0 < T < Ty, there holds

1 l v —~u / 1 s—~o!
lwnllyy -1y S T2llwnllyy e +T2N"7 77 (Dy)” Enllsy p +T2N">777 [(Dy) Fnllxy -

Let us briefly comment the proof of the above estimate. Notice that the new terms of the
approximate solution uy constructed at step N, which are either I’ := Fy or w := w,, appear at
least once in the nonlinear forcing term (because N (uw ) is removed from the nonlinearity).

Then, the strategy to obtain optimal a priori estimQates on wy is to use the TT™* estimate from
Lemma 4.2.1 and the refined probabilistic estimate from Proposition 4.4.4. Specifically, when we
have trilinear mixed terms (i.e some functions of type Fi interact with others of type wy), we place
Fy in Lj? and wy, in Lz, respectively. Surprisingly, we do so even if Fiy has the highest frequency, in
order to reduce the loss of derivatives from the deterministic Strichartz estimates of Lemma 4.2.1.
This is implemented precisely in the paracontrolled trilinear estimates collected in Section 4.7.

Proof. Up to permutation, we always assume that a term of type wy or Fy is at the first position.
We collect the different contributions depending on the nature of the terms. We place the terms
un/p (denoted ¢ in Section 4.7) in the last position. Thanks to the truncation, they satisfy

H<Dy>a¢HS§N,D 5 L.
Contribution of FyFynFy. We have from (4.7.3), (4.7.8), (4.7.12) and (4.7.16) that

1 arv—s—o’ s
HI(G%;NN(FN,FN,FN))HYA”, ST:N I{Dy)* Fillxy -

Contribution of wyFnFy. We have from (4.7.4) and (4.7.6), (4.7.10), (4.7.14) that

I (63NN (i, Py, Fx)) vy S T llwnllyg -

Contribution of wnwyFn. We have from (4.7.5), (4.7.7), (4.7.11) and (4.7.15) that

1
IZ (0w n 0NN (wn, wy, Fn) vy S T2 lwn|lyy -
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Contribution of wywywy. We have from (4.7.5), (4.7.7), (4.7.11) and (4.7.15) that
1
”Z(ei;NN(wN’ wWnN, wN)) ”Yﬁ 5 T2 HwNHYﬁ .

Contribution of wyunun . We have from (4.7.4), (4.7.6), (4.7.10), (4.7.14) or from (4.7.5), (4.7.7),
2 2
(4.7.11), (4.7.15) depending on the nature of the first factor ux that

1
HI(QF,w;S%N(wN’ u%,u%)) HY]G STe H'U)NHYJQ’, .

Contribution of wywyux . We have from (4.7.5), (4.7.6), (4.7.10) and (4.7.14) that
2

1
I (Gus O x N (e e, ) g S T3 v

Contribution of wnFun . We have from (4.7.4), (4.7.6), (4.7.10) and (4.7.14) that
2

1
(0O x N (e, Frv, )l < T2 ol

Contribution of FyF{un . We have from (4.7.3), (4.7.8), (4.7.12) and (4.7.16) that
2

1 ’
(03O e 5 N (v, o))y S TENY ' [(D,)* Fulxy

Contribution of Fyun_1un. It follows from the definition of the adapted linear evolution F that

2
these terms only contribute to the equation satisfied by wy when one of the two terms uy/y is
truncated at frequencies > N7. We split this term into

P>qu% = P>N7’UJ§% + P>N"/FS% .
There holds

1Z(6%

1 4 /
e N (B, Porwsy uy)) g S TENY"7 20D, Pl -

Indeed, we use (4.7.1) for the high-low-low-type interactions. For the other interactions, we use (4.7.8),
(4.7.12), (4.7.16) when un is of type G, and (4.7.9), (4.7.13), (4.7.17) when uny is of type v,
2 2

respectively. Similarly, we have
1 e~
1Z(63, e w N (Fy Poso Fey ) vy S T2NY" 77 (D) Fv

which follows from (4.7.2) for the high-low-low type interactions, and (4.7.8), (4.7.12), (4.7.16), or
(4.7.9), (4.7.13), (4.7.17) depending on the nature of ux . O
2
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4.5.2 Contraction mapping argument

As a consequence of the a priori estimates (4.5.1), we see that I' (defined in (4.5.2)) maps Yy
into Yy. We now prove that it is a contraction mapping in the Banach space Y} i.e. that for all
z,w € YY[-T,T] when T < T,

1
IT(z) = T(w)llvy < Sllz —wllyg -

To achieve this goal, we adapt the proof in [Bri21], inspired by [BD99], to the trilinear case . Since
the linear terms are handled as above, it only remains to consider the quadratic and cubic terms. Let

toimsup{0 < ¢ < T zlyy(pg <2}

The time t,, is defined similarly. We observe from a continuity argument (both on the norm and
on z,w) that for all t > t, (resp. t > t,,), we have 6,.n5(t) = 0 (resp. Oy, n(t) = 0). Without loss of
generality, we assume that ¢, < t,, and we encapsulate the nonlinear terms under consideration in A:

A(z,w)(t) = A (z,w)(t) + Ao (2, w)(t) + Az(z, w)(t),
Aa(orw)(8) = Baiy (021222(8) — By (0 Pa0(2),

Mo )t) = Or(0) (B (ON (222 F)(0) — B (N (w0, () )
B 0)0) = Oz ) 0oy (DN 2110)(0) = B N (w000 )

Let us consider the cubic term A;(z,w). We decompose the nonlinear interactions as in [BD99]:

t t
‘/ ellt=m)A Aq(7)dT < ‘/ ez(t_T)Al[O,tz}(T)(ez;N(T) —Qw;N(T))’Z|22(T) dr
0 Y 0 Y%
t
+ ’ / e!(t=m)A 1[0,tz}(T)gw;N(T)(‘ZFZ(T) - \w[zw(r)) dr
0 Yy
t .
+ ’ /0 AL (T (08 (7) = O (7)) [w|*w(T) dT
v

Here, we used that 6,.n(7) =0 when 7 € (t,,t,]. Then, we deduce from the multilinear estimates
(4.7.5), (4.7.7), (4.7.11) and (4.7.15) that

t
‘/ ei(t_T)AAl(T) dr

1
; ST2|0.N _ew;NHL?o”l[O,tz}ZH%ﬁ

Yy

1
+ 77 (110,12013 + 11p0.1wl32) 12 — wllvy
1
+ T30y — Ousvll e 115, ywldy
STz — wllyy .

The quadratic interactions are controlled analogously. Hence, I is a contraction mapping on Yy; for
sufficiently small Tp, and this concludes the proof of Proposition 4.5.1.
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4.6 Conclusion

We now show that the sequence (un)y tends to a limit u on some time interval [—Tp, Tp], that u is
solution to equation (NLS-HW) on a random time interval [-T', 7], and therefore finish the proof
of Theorem 4.1.1. We refer to [Bri21], Appendix A regarding the measurability properties of the
functions Fy and wy.

4.6.1 Optimizing the constraints

We collect the main constraints resulting from the nonlinear analysis.
e Constraint coming from the adapted linear evolution Fly in Strichartz type spaces Sy pr:

0/+%—s—'ya<0.

e Contribution of term Fy(Psy+F_n)un in Y3:
— 2 2

v—s—v0 <0.
e Contribution of term Fy(Psyyw oy )un in Y¥:
— 2 2
v—o —~o<0.

This reduces to the minimization problem for s under the constraints

(0 —s—y0+2 <0

v—0 —s<0

v—o -y <0
c—v<—1%

lo—0' <0.

Discretizing v € (0,1) and using a linear programming solver leads to an approximate optimal
solution

(s0, 0%, 00, v0) = (0.464131,0.154581,0.077290,0.577291) , v = 0.732232. (4.6.1)

We chose s > s, 0 = 09—, 0/ = 0(— and v = vp—, and we now establish Theorem 4.1.1.

4.6.2 Convergence of (uy)ycon

First, we prove the convergence (4.1.3) in expectation along the dyadic subsequence (un)yeon up
to the time Ty > 0 which is chosen so that Proposition 4.5.1 holds true, and yields the a priori
estimate on the truncated solution. In what follows T is fixed, with 0 < T' < Tp, and the norms are
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taken on the slab Q x [T, T] x R%. We recall from (4.3.2) that for some Ny sufficiently large, the

approximate solution reads
N

un =uny + Y (wy + Fu) 5,
M=Np

We first prove the convergence of the series Y Fiyy and Y wyy in the space LZ(€2; X7:7), where the
Sobolev-Strichartz space X7:7 is defined in (4.1.2). Thanks to a completeness argument, it is enough
to prove that the partial sums form a Cauchy sequence. Let 0 < N_ < N, < co. We first address
the adapted linear evolution, controlled in L2 (%; Cy([~To, To]; L2 Hy)):

<Dy>sPNFM VS Py Fyy
L2 LOQL2 L2 L°°£2 L2 62 L°°L2

x,y ry x,y

|3 o
From the definition (4.3.3) of the spaces X/ pr, we have
Ny

e

m=N_

N M
sHZ max( ) D, Farl

L2 L°LZ ,

Applying Cauchy-Schwarz’s inequality, and then Lemma 4.4.2, the right-hand-side of the above
inequality is bounded by

SIS

Ny N M\ s
— D2
r.h.s SH Z max(M,N> HPMf(‘)'J”LgH; g S Z HPMfOHL?cHi
MZN_ wvN MZN_

Similarly, convergence in L2 (Q; LY ([~To; Tol; LW, ™)) follows from the probabilistic Strichartz
estimate in Proposition 4.4.4

1
(D) Farllza zsparse S T2 M7F27 0 ) Py folgge
where 0 + 4 — s —y0 + 2§ < 0 when p is chosen close enough to ¢ since o < ¢’. To establish the
convergence of the nonlinear remainders (wy )y, we use the a priori estimate from Proposition 4.5.1.
Namely,

1 P 1 _g—
HwMHY]\% §T2MV o ’YVH<DZJ>OJFMHSIV[’D/ +T2MV ° ’YJ/H<D?J>SFMHX1\/[,D/7

where v — 0/ — yv < 0 and v — s — y0’ < 0. Using again Lemma 4.4.2 and Proposition 4.4.4, we get
that for a very small parameter € > 0,

L
H<Dy>0wM||L5L§L§Lgo + ||<Dy>VwM||L‘%L§°L§7y S ||7~UN||YA”4 ST=:M SHPMfOHL%H; )

so that the sum over M converges.
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4.6.3 The limit is a strong solution

We now show that almost-surely in w there exists 0 < T% < Ty such that the limit u satisfies the

Duhamel formula for equation (NLS-HW) on [-T%,T“]. To achieve such a goal, we prove that the

truncation functions 0, . _n~, 0p,n and 0,y are actually equal to 1 at least until a time 7% > 0
b p— 2

almost-surely. First, we observe that the map

€ [-To, To] — Z H(Dy>UIFMHSM,D,([—t,t])
M>No

is almost-surely finite thanks to Proposition 4.4.4, in which case it is continuous. Moreover, it is
equal to zero at t = 0. Therefore, the random time 7} (w), defined by

1
T (w) = Sup{ —T0, o) = Y I(Dy)” Fulls,, pr(-tap) < 2},
M>0

is almost-surely positive. Then we deduce from Proposition 4.5.1 that for a very small parameter
€ > 0, we have

lwarllyy, ((—t) S T3 M~ (H(Dy>UIFMHsM,D,([—t,t]) + {Dy) Farllxy, po(1—t1)) -

the series being almost surely finite at least until the time 7j thanks to Lemma 4.4.2 and Proposi-
tion 4.4.4, and it is equal to zero at t = 0. Therefore, the random time T“ defined by

) 1
T :sup{ [~T1(w) CY Ol MHYA@([t,t])SQ}
M>Ng

is almost-surely nonnegative. Therefore, on the time interval [-7*,T“] one has 0,  _n~(t) =

k) p— 2
0p.N(t) = Ou:N(t) = 1, so that for every N, uy is an actual solution to (NLS-HW) with initial data
P<n f. We conclude by passing to the limit N — oo in the Duhamel formula.

4.6.4 The H§5L§ part

We prove that for each N € 2V the sequence (uy), a priori constructed in C([—Tp ,Tol; L2H),
actually converges to u in C([—Tpy,To]; H®). We simply use the TT*-estimate to have a priori
estimates of the H2°L2-norm of uy:

< ) 2s 2
ey S VENAS Nz + D Pl g o

1
S Pnf6l ez + T HUNHLgOHgng||UNHL§L§L50
1
< ClIPNf5 | rzerz + §HUN||L;>°H§SL; ;

for Ty sufficiently small, and where we used the truncation argument of De Bouard-Debussche to
control the L?LiLg"—norm of uy = un + Fy +wy. The rest of the argument follows as above.
2



4.7. PARACONTROLLED TRILINEAR ESTIMATES 229

4.6.5 Limit of the whole sequence

Once the sequence (un)pyeon is constructed and its convergence established, we define the general
approximating sequence (u,)nen by iteration: given n € N and N such that % <n < N, we set

up, =un + Fy +wy,
2

where the adapted linear evolution F}, solves
ZatFn + .AFn == N(Fn,PSNWU%, PSN’YU%) s

with initial data
F(0) :Pénf(b)u_ngf(‘f = Z gre(w) Pry fo -
N<lkl<N

Note that (un)n is a subsequence of (uy),. The truncated versions F;, g and wy, g are defined
as in (4.3.7) and (4.3.10), respectively. For fixed n € N and N € 2V such that § < n < N, we
can prove the same estimates for F), g and wy, ¢ that we get for Fyyg (in Section 4.4) and wy g (in
Section 4.5). We deduce from these estimates and from the convergence of (un ) yeon that (up g)nen
is a Cauchy sequence. Finally we conclude that the whole sequence (uy,), is convergent to the limit
u of (uy)n in X737, moreover it is a solution to equation (NLS-HW) with initial data P<,f§ on
[—T“,T*] by construction.

4.7 Paracontrolled trilinear estimates

In order to establish the trilinear estimates, we will perform a Littlewood-Payley decomposition.
After we cut in frequencies, we use in various situations the following decomposition.

Lemma 4.7.1. For every oM, ¢, ¢®) such that the upper bound is finite, we have

IZ(N (61,63, @) Iy

S (Canp(M) + Cya(M)) M| ParN (61, 62, )|

4 .
v; L3LLL2

Proof of Lemma 4.7.1. This follows from the definition of the norms in Section 4.3. To control the
Strichartz-norms we use the TT*-Bernstein-Strichartz estimate from Lemma 4.2.1 with (p, §) = (4, 00),
and either (p,q) = (00,2) and r = 2 or (p,q) = (8,4) and r = oo respectively. We have the y-
frequency localization on an interval £ = {% < |n| < 2M} of length |E| < M. Moreover, we use
that v =0 + % + 0 in the second case. O

We later use this Lemma for some given functions (;3(1), <Z>(2), ¢(3) of type F,G,w, v, where
F=Fy, G=FyorF_y, w=wN, U=wWNOlW_N.
— 2 — 2

Next, we perform a Littlewood-Paley decomposition of each function, and we conduct a case-by-
case analysis of each paracontrolled term defined below, depending on the nature of the functions
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(¢)1<i<3 occurring in the equation (4.3.10) satisfied by w,.

Hhi,lo,lo(d)(l)a ¢(2)7 ¢(3)) = Z N(PNl ¢(1)7 PN2¢(2)7 PN3¢(3)) )
N2,N3< Ny

Monito(0M, 6, 0) = >~ N(Py, ¢, Pr, 6, Pryo™)
Ni,N3< N2

Hlo,hi,hi(¢(1)a ¢(2)7 ¢(3)) = Z N(PNl ¢(1)7 PN2¢(2)7 PN3¢(3)) ’
N1<N2~N3

M (6,6@,6@) = 3" N(Py, 0D, Pryo?, Py, 6®).

N3SN1~No

4
To estimate the norm L?’LlL2 of the Duhamel term, we use the Holder inequality, putting one

term in L$°L2 » the other two in LSLiLZo, and gaining a factor T%. Recall that any small loss of
derivative in y is harmless, since our goal is to prove a result for some s > sg. We multiply by N 0¥
to account for such a 07-loss. At the end the loss are collected in the factor N9, where § > o —p > 0

is arbitrarily small.

Proposition 4.7.2 (Trilinear estimates with high-low-low type interactions). Let ¢ be of type v
or G, and assume that max(v —o’,0) < a < v, D > « and 2D + s + o' < D'. Assuming that
I{Dy)? Plls<np S 1, we have

~

1Z (M so 10 (F, Ponav, @) v S T2NY7 D) Pllsy o D) Vllxann,  (47.1)
1Z (Mt o1o(F, Pons G 9)) llvge S T2 N7 |(Dy)*Fllx,, KDy Glls_y (4.7.2)
IZ (Moo F Fy 0) vz S TN [(Dy) Flx 1 (D)7 Fllsy s (4.7.3)
17 (Mt o100, G, ) v S T2 (DY) 1l xy 0 o (D) Gllsy (4.74)
1 (Moo (w0, v, 8)) v S T2 (D) W] xy 0o | (D) 0l (4.7.5)

Note that by homogeneity, the above inequalities are still true without the assumption [[(Dy)7d|ls.y p <
1, up to multiplying the upper bound by [[(Dy)?$||s. y ,- We only make this assumption for shortness
of notation.

Proposition 4.7.3 (Trilinear estimates with low-high-low type interactions). Let ¢ be of type v
or G, and assume that max(v —o’,0) < a < v, D > « and 2D + s + o' < D'. Assuming that
{Dy)7@lls<n.p S 1, we have

IZ (Mo i 1o (w0, G 6)) v S T2 D) wllxx 0 [ (DY) Gl (4.7.6)
IZ( (w,v,0)) vy S T2 (DY) wllsn o [ (Dy) vl xn (4.7.7)
IZ (Mo 1o (F, G, 6)) vy < TzN”—“’—SH<Dy>SF||XN,D,||<Dy>”’G||s§N,D, : (4.7.8)
IZ (o piso (Fy 0, 0)) vy S T2N"7 (DY) Flls, o (D) llx oy - (4.7.9)

ITi6 hi o
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Proposition 4.7.4 (Trilinear estimates with low-high-high type interactions). Let ¢ be of type v or
G, and assume that max(v—o',0) < a <v and 2D+s+0’ < D'. Assuming that |[(Dy)° d|ls.y , S 1,
we have

1 (Mois (w, G, 8)) v < THIDy wlxy o 1D Clls o (4.7.10)
1 (Mo i (w0, 6)) vy S T3 Dy) w5y (D) vl xcp - (4.7.11)
12 (Monini (F. G, 6)) vy S TEN""7 =D, Fllxy o (D)7 Clls_y 1 (4.7.12)
I (Monini (F, v, 8)) vy S TEN-4(D) Flls o, D) llx oy - (4.7.13)

Proposition 4.7.5 (Trilinear estimates with high-high interactions type). Let ¢ be of type v or G,
and assume that max(v—o',0) < a < v and 2D+v+s+o' < D'. Assuming that [[(Dy) dlls_y p S 1,
we have

1 o
I1Z (i ni (w, G, ) vy < T2 {Dy) wllxy o [{Dy)” Glls_y 1 »

(T ( )
1T (Wi i (w0, 0, 6)) vy S T2 (DY) wllx 0 X D) 0l 5 1 (4.7.15)
1T (Mini (F, G ) vy S TEN"7"0(Dy)* Fllx (D) Glls ( )

( )

IZ (T i (B0, 6)) vy S T2N"7H0|(D,)7 Fllsy 0 (D) 0l X -

The general strategy is as follows. The first term ¢(!) is of type w or F. Hence, it is always
localized at frequencies ~ N, in the sense that they belong to the spaces Xy o and Sy . When it is
of type F', and the other terms are of type w, we place F' it in L* to exploit the improved stochastic
bounds from Proposition 4.4.4.

Proof of Proposition 4.7.2. It is sufficient to put the third term in S<y p with o derivatives, and to
perform the same analysis as in [Bri21] Section 7 to handle the first two terms. We only detail the
first case.

e Proof of (4.7.1). For fixed M > 1, we have

MY || Prg (Hpi o1 (F, Psnvv, @) || a

L3L1L2
UL D D R Vo PKFNPLIWNPLQUN)H e
K~M NY<I1 <K Lok K Ty
N K
14 14 g —0
<MTQZ Z ZL L;°K m1n<K N)
K~M NY<L1 <M Lo M

Cn.o (K)[(Dy)” PrcFll s paree{Dy)” Pryvllger2  [(Dy)° Pro@llpsraree -

Therefore, we obtain from the definitions of the norms and the assumption D’ > max(a + o’ +
~vv, D + v), that

MY HPMthloloF P>N7U (l)H 4
LlL2

7D/
1 g — . ’
SThA e Omin( ) D Flls ol 0 0l D) s
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It remains to multiply by Cn (M) + C<ny p(M), and to sum over M. Since D > «, we get

, N\” M\~
ZMU—O’ —’YV—i-O(CN@(M) + C§N7D(M)) <1M§N <M> + 1prsN (N) )

M

, N —D' 4« M —D'+D
. v—o'—~yrv+0
el (5) " (%) ")

- Z NV—U/—’YV-FO 1 N —D'+a—v+o'+yv o M D'+ D4v—o'—w
N M MEN M M>N N

v—o'—yv+0
SN ey

Similarly, in all the other high-low-low-type frequency interactions estimated in Proposition 4.7.2,
we put the third term in L?LiL;", and we gain nothing from it. As for the quadratic interaction of
the first two terms, the analysis is exactly as in [Bri21], and we do not write it here. ]

Proof of Proposition 4.7.3. For fixed M € 2V, note that we have by definition

MY || Py nito (09, 62, )
| PriIhio pijo (0, ¢, ¢ )HLt%L;Lg

SMY Y Y ||PN1¢(1)PN2¢(2)PN3¢(3)||L§ e
No~M Ni,N3<K N2 t ey

(4.7.18)

e Proof of (4.7.6). In this case, $® = G and ¢(!) = w. On the other hand, the second term ¢ := ¢,
localized at frequencies < N, has no importance, and we always place it in L® with o derivatives in
y. We do not gain anything from it. There holds

> > IPnwPN,GPr 6P

L3 L1L2
Na~M Ni,N3< N2

i , N Ni\—«_ _
ST, ey, (3 e (5 51) " N)
Ni<M 1

S N7 D) PGl s rans D)7 6P 15
No~M
_D!

Ly r—o' ar—a M v o’ o
ST N (1 ) D 0l D Gl D6 s

Note that we used the assumption a < v to obtain

Zmax( N N1> NV SN, (4.7.19)

Then, we multiply by (C<n,p(M)+Cn,o(M))M", and using that & > v—o¢’, D > avand D' > D+v,
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we sum over M to conclude

, M\
Z(CN,a(M) + C§N7D(M))MV70 TN max(l, N)

M
M D-D’
< MV—J’—a+O N~ MV—U’+O el <1.
S 2 N ) ~¥) =
M<N M>N

e Proof of (4.7.8). We proceed similarly in this case, where #M) = F and ¢ = G. Once again, we
use the localization of F' at frequencies ~ N, which is stronger than the localization of w. There
holds

Z Z HPNIFPNQGPNJ ®) H

L3 L1L2
No~M Ni,N3< N2

N N\
(X max( o) M) Dl

N1<M
Z Ny ° +0][(Dy>‘7 PNQGHL;BL‘;L;OH<Dy>a¢(3)HSSNYD '
No~M

N

ST

Then, we observe that

N N\ 7Y , N,
M”( Z max(N1 Nl) Nl_s> Z N2_U+0max 1,N2>

N1<<M NQNM

, N\ M\
a1 (3) i v () )

, N D' —v+o0'—0 M —D'4+v—0'4+0
o) ()

—2D
< Nu—o”—s el

provided D’ > 2D + v 4 ¢’ 4+ s. Hence, we can multiply by (C<y,p(M) + Cn,o(M))M", sum over
M and obtain (4.7.8).

e Proof of (4.7.7). This case is easier since the derivatives fall onto the term v which is in H”. We
have ¢ = v and ¢(1) = w. We place the high frequency term in L? in order to absorb M?, and we
end up with

Z Z ||PN1pr2UPN3¢(3)H

No~M N1,N3<K N2
1
ST Z Z HPleHL§L§L5° HPN3¢(3)HL§L§.L§OHPNQ’UHL;”L;y
N1,N3<KM No~M

N N\ ® N\ P
STé( Z maX<Nl,N1> N10> Z max(l,N2> Ny

No~M

(D) wllsx o (D)7 6Pl 1Dy} Pyl x -

3L1L2
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Since o > o, we observe that the sum over N is bounded by N™*M®~7 when M < N and N9
when M > N, so that

N N\ 7* _ N\ P
Ml’ NZ<<:M maX(M, N> Nl UNZM maX(l, N) N2 v
1 2~

M _D
S1ysyN“ M7 + 1M>>N<N> N™°

N\ M\ P
§1M5N(M> MU+1M>>N<N> :

We deduce (4.7.7) after multiplying by (C<n,p(M) + Cn,o(M)) and summing over M, making the
norm [[{Dy)"v||x_y , appear.

e Proof of (4.7.9). This proof is identical than the one above. Observe that we only used the

localization of w at frequency NN in the Strichartz space Sy, and the localization of I is even
better. Indeed, we have

Z Z "PNIFPNQUPN3¢(3)“

4
L3LLL2
Nao~M Ni,N3< N2 & ey

. N N\ NP
§T2( Z maX<M,N) N10> Z maX(].,N> N2V
N1<<M NQNM
(Dy)7 Fllsy o 1(Dy)7 8P Nlscr o 1{Dy)" Pryvll x oy -
Since D' > ¢/, we have

N\ ,
I <N> N7 SN°7,
Ni<N V'

NP ,
Lusn Y (N) N7 SN°7,
N<Ni<M

Y
1 > <N> N7% < NP pP'=o
MSN N 1 ~ ’
Ni<M N1

N M\ _
(5 max( ) NT) X D Pt o

No~M

N\ PHeo o MNP
S lusw (M) N7 +1ysnN (N) N7 .

Since D' > ¢’ + a, we deduce (4.7.9) after multiplying by (C<n,p(M) + Cn,o(M)) and summing
over M, making the norm |[(Dy)"v||x_y , appear. O
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Proof of Proposition 4.7.4. In this situation, inequality (4.7.18) becomes restricted to the indices
Ny ~ N3 z M such that Ny < No:

S M Z Z |PN1 PN2 2)PN ¢(3)H 3L1L2'

M || Py pini (01, 62, 69)]| 4 3
LPLLL?
No~N3>M N1<No

e Proof of (4.7.10). Now, we observe that

3)
Z Z HPNlw]:)]\szP]\fs(Z5 HL?L;L%

No~N3ZM N1< N2
N N\ N\ Y
ST% Z Z maX<N7]\]1> maX(l,]\?) Nl_VNQ_O—
1
(D) Wl x5 [{Dy)7 3P 5 x o (D)7 Clls_y 1

Then, according to (4.7.19), the sum over Nj is bounded by N ™. Moreover, one can check that

N\ (M if M <N,
> max <1, 2) NyT <SS P (4.7.20)
N (M) D'y M M

M<N,
therefore we have

D’
MY Z Z max(N Nl) max(l,??) NI_VNQ_U/

Noz M N1<K N2
_D/

/ M /
S 1M§NN—OCMV—O' + 1y <N> N—@)MV—C

N\ @ , M\ “PHe ,
5 1MSN<M> MV—O' —Q + 1M>>N<N> Ml/—o' —

Estimate (4.7.14) comes from multyplying by (CS N.D(M)+ Cno(M )) and summing over M, using

that o > v — o’.

e Proof of (4.7.11). Similarly, we write
®3)
Z Z HPlePszPN3¢ HLt%LgIDL%,

Na~N32 M N1<K N2
N N\ @ No\ P
< T3 max —,—1 max 1,—2 NNV
~ Nl N N 1 2

||<Dy>gw||sN,a ”<Dy>o¢(3)||S§N,D H<Dy>VPN2v”XgN,D :

Since o > o, we observe that the sum over N; is bounded by (%)%YM*" when M < N and N7°

when M > N. Moreover, the sum over N is bounded as in (4.7.20) by replacing D’ by D and
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o’ — 0 by v, which leads to

N N Np\ P
M”Z Z max( NI> max(l,]\?) N{7Ny”

N2>M N1< N3
N\ ¢ M\ P
<1 — M™% +1 — N7,
~ M§N<M> + M>>N<N)

It remains to multiply by (C<n,p(M)+ Cn,(M)) and sum over M to get the norm [{Dy)" vl x <y -

e Proof of (4.7.12). We adopt the same strategy but we put the first term in the adapted space
Xn,pr after taking s derivatives:

Z Z |PN1FPN2GPN3¢(3)H

L3 LiL2
Na~N32>M N1 SN2

-D’ -D’
T3 Z Z maX<N Nl) max(l,?\?) NI_SNQ_U,

NozM N1SNo
” <Dy>sFHXN’D/ H <Dy>0¢(3) HSSN,D H <Dy>o— GHSSN,D’ :

Since D' > s, the sum over Nj is bounded by (%) "M% when M S N and N=° when M > N.
Moreover, the sum over Ny is bounded as in (4.7.20) and we get

D’
MY Z Z max(N Nl) max(l,??) NI_SN{”’

NozM N1SNo

N\ P , M\ P ,
§1M5N<M> MY +1M>>N<N> N=MUO

N\ ~D—vtsto’=0 ) M\ D vt ,
S lusw <M> N"777 + 1ysnN <N> NY—s77

Since D' > o+ s+ 0’ and D' > D + ¢, multiplying by (C<n,p(M) 4+ Cn,o(M)) the sum over M is
bounded by NV—5-7".

e Proof of (4.7.13). Finally, we put the term F'in Sy pr:

> Y IPv FPrxyoPN 6P| 4

L3 LLL?
Na~N3ZM N1SN2

-D’ —-D
T3 Z Z max(N Nl) max(l,?\?) Nl_U/NQ_”

NozM N1SNo
”<Dy>a FHSN,D/ H<Dy>a¢(3)HS§N,D||<Dy>VUHX§N,D :
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The sum over V; is bounded as above by (%) M~ when M < N and N =" when M > N, and
the sum over N3 is bounded as in (4.7.20) by Yif M < N and (%)_DM_” it M > N. We get

v N Nl o N2 -b —o! Ar—
M Z Z max( ) max(l,N> N7 Ny¥
Nz M N1 <Ny
N\P MNP
§1M§N<M) M~ ‘|‘1M>>N<N> N7

Since D’ > a + o/, after multiplying by (C<n,p(M)+ Cn,o(M)) the sum over M is bounded by
N~ m

Proof of Proposition 4.7.5. In this situation, inequality (4.7.18) becomes restricted to the indices
N1 ~ NQ Z M such that N3 S Nli

MY || PagTl i (09, 6, 03 || 4 S M Z Z 1Pn, 6 Py d®) Py ™| 4

LB‘LlL2 LB‘LILQ '
Ni~No>M N3<N;

e Proof of (4.7.14). Now, we observe that

Z Z ||PN1wPN2GPN3¢(3)H 3

L3L1L2
N1~N2Z M N3SNy EeTy

N N N\ ¢ N\
STz Z max(Nl N) max<1,N> N{VNy°
N1i~Ny>M

KDy Wl xx o [(Dy) 8P (52 1{Dy) 7 Clls_y. 1 -
Then, since N» ~ N; and o < v, we observe that

N -« v 0./ / N @ !
v —v—a' < ny-apra—v—o’ _ [ 1 M~V
> ) s (3r) e

M<Ni<N Nt

N\ oY o o N\N"Y.
-l < NV — [ = M YN—©°
Z <N> Nl ~ M

M<N<N,
—a—D’ —a—D’
M
) NV < < M

>

N1 ZM>>N

==

therefore since D’ > D, we have
N N\ N\ Y ,
MY Z max(N Nl) max(l,Nl> N7

Ni>M
N\ MNP\
S <1M§N<M> +1M>>N<N> >M 7.
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Estimate (4.7.14) comes from multyplying by (C<y,p(M) + Cn,o(M)) and summing over M.

e Proof of (4.7.15). The proof is identical as the proof of (4.7.14), indeed we only need to replace G
by v, D' by D dans ¢’ by ¢ in the argument.

e Proof of (4.7.16). We adopt the same strategy but we put the first term in the adapted space
Xn,pr after taking s derivatives:

Z Z ||PN1FPN2GPN3¢(3)HL§L
Ni1~N22 M N3Ny t

1 N N\ Y NN\
< T2 Z maX<N1, N> max(l, N) N{*N;
Ni~No>M

172
zLy

IKDy)* Fllx o (D)7 6Pl s - o (D)7 Glls s -
Then we have
N\ , ,
1M§N Z <> Nl_S—U S, N—s—° ,

M<Ni~No<N N
N\ T / ,
]‘M,SN Z <]\;> N;S*U 5 N—s—©C 7
N<Ni~N;
Nl 72D/ e~ M 72D/ e~
1M>>N Z (N) leag F MSU,
M<Ni~Ny
so that
N N\ Y S
Ml’ Z maX<M’N> maX(].,N Nl 5N2O'
Ni~No>M

—2D'+v—s—0o’
N M) s

—a
5 1M§N <M> MufaNafs—o/ +1psN (N

After multiplying by (C<n,p(M) + Cn,(M)) the sum over M is bounded by NVY=577" gince
2D’ > D + v — s — ¢/ by assumption.

e Proof of (4.7.17). Finally, we put the term F'in Sy pr:

> X IPmFPyePye?

3L1L2
Ni~N22ZM N3<Ny t ey

f N N\ Y NP
< T2 Z max(M,N> max(l,N> N7 N,V
Ni~No>M

(DY) Fllsy (D)6 sy 1Dy 0l o

Then we have
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N 7D/7D / !
1M§N Z <1> Nl—U —v S N—° —v 7

N
N<Ni~N
N -D'-D , A\ DD /
1M>>N Z <> N;U 4 5 - M—o’ —v ,
M<N,~Na N N
so that
N N\ Y S
MY Z max<jvl, N> max(l, W ]\/‘1 o ]\/'2 v
Ni~N2>M

N\ ¢ / M\ PP
< 1y<n (M) MY7ENY""7 + 1ps N <N> N .

After multiplying by (CgN,D(M) + C’N’Q(M)) the sum over M is bounded by N=7'.

4.8 Remarks on ill-posedness

4.8.1 Semilinear ill-posedness

From the traveling wave profiles for the Szegd equation, we cook up a one-parameter family of
profiles from which we deduce that the bilinear estimate only holds when s > % Then, we proceed
as in Remark 2.12 from [BGT05a] to deduce that the flow map cannot be of class C® at the origin
when 1 < s < 5. We recall that H* = H%SLi N Lg%HyS

Theorem 4.8.1 (Semilinear ill-posedness). If there exists a local in time flow map on H® with
reqularity C> at the origin, then s > %

Proof. As a corollary of [BGT05a], Remark 2.12, if there exists a C? local in time flow map at the
vicinity of the origin in the space H?, then the following bilinear estimate holds:

€™ f | Lagoxezy S I1F 115 - (4.8.1)

As usual, we use a one-parameter family of stationary solutions to evidence the instabilities of the
flow-map. Namely, we consider a Gaussian distribution G, a family of traveling waves profiles for
the Szeg6 equation K,(y), for p € (0,400), and set

1

Cytip

f(z,y) = G@)K,(y),  Kp(y)

First, let us look at the scaling of Lf}x—norm of f, as p goes to 0. Since K, is a traveling wave for
the Szegd equation on the line [Pocl1], and in particular a traveling wave for equation (NLS-HW),
one can see that for every t, there holds

it|D,

e P Kol 1 my) = 1Kl i v,
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with
1Klbsey = [ =0 [ i
N A A eV
This implies that as p — 0,

i O _3
"4 fllLao,yxrz,) = €% Gl Lagoxra) 1Kl La,) ~ Cp ™7 -

Next, let us look at the LiHE component of the H5-norm of fp- It reads

AN s = IG5

L2H7?

and we compute

Koy + ) — Kp(y)?
Il s = [ [ B anay,

Since
—h

y+h+ip)(y+ip)’

Koy +h) = Kply) = (

we deduce that

2 1-3 1
1%, H //'h’ ((y +h)2+ p?)(y? +p)dhdy

We make the change of variable y = pu and h = pv to get

1
K 2 _ —1-s 1-s d d ~ C/ —1—
| ” /R/Rlv (uto2+ D2+ 1) TP

Moreover,

it0p _1 1 1 1
1/ sz = €% Gl g 1 Kl g = 72 ( / W)~

so that

s

1
oo~ Clpa7s,
£l s, €73

Since inequality (4.8.1) has to hold as p — 0, we see that necessarily, p 1 < pféfs, therefore

<;+

A~ w
N =
NG VA

leading to the result % <s. O

4.8.2 Pathological set

An adaptation of the arguments from [BGTO05a] implemented in [Kat21] implies the following
ill-posedness result.
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Theorem 4.8.2 (Norm inflation [Kat21]). Let s < i. For every bounded set B of H® and for
every T > 0, the flow map cannot be extended as a continuous map from B to C(|-T,T|, H*).

More precisely, there exists a sequence (t,)nen of positive numbers tending to zero and a sequence
(un(t))ns1 of C°(R?) solutions of (NLS-HW) defined for t € [0,t,], and as n — oo

|un (0)3s — O,
l|tn (tn)|l2s — 00

Non-uniform continuity of the flow map for s = i. has also been investigated in [Kat21]. Using
the method of Sun and Tzvetkov [ST20a] adapted to Schrodinger-type equations in [CG22], we make
precise this norm inflation result in the context of probabilistic well-posedness. We fix p € C3°(R?),
valued in [0,1], such that [, p(x)dz =1 and p vanishes for 22 +y% > #. Due to the anisotropy,

we define an approximate identity (p¢)e>o of the form
1 Ty
pe(,y) = —p (g, §> :
Theorem 4.8.3 (Generic ill-posedness for (NLS-HW)). Let s < 1/2. There exists a dense set
S C X* such that for every f € S, the family of local solutions (uf)e>o of (NLS-HW) with initial
data pe * f does not converge. More precisely, there exist ¢, — 0 and t,, — 0 such that u**(t,) is

well-defined and
lim. [[u" ()| = o0

Since the argument is the same as in [CG22], we only make a sketch of the proof adapted
to the anisotropy. We construct unstable profiles with growing H® norm based on the bounded
time-periodic solution V (t) = €' to the ODE

iV +|V|?V =0,

V()=1.
Let ¢ € C°({x? 4+ y* < 1}), radial such that 0 < ¢ < 1. Let v to be chosen later, and
2s

kn = (log(n))™", Ap:= 2~

We define
un(0,2,) 1= Anp(nz, n’y) .

. 1 Ty
pi(xvy) T 673’0 (ga?> )

We recall that

and define
v;(0) := pe xv,(0).
The profile
g (t, 2, y) == 050, 2,9)V (tug, (0, 2, y) )

is solution with initial data v (0) to

i0ps, + [vS|*vE = 0.
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We now fix the parameters

1
En tn = log(n)?Pn2@s=3/2) = \~21og(n)?®=) | 0<y<pB<1.

"~ 1000’

Lemma 2.1 in [CG22] becomes as follows.
Lemma 4.8.4 (Growth of the ODE profile). Let 0 < s < 3.

1. For every e < ey, there holds
s (tn)ll 2o 2 2 knOAtn)® s 05 () L2y 2 Rn(Antn)®

2. For every k,l € N, there exists C > 0 such that for everyn € N, t € R and € > 0,

1 k+204-3
o Ol < Cran 2204 (X2 min (1, )

3. Moreover, with the same notation, we have

k+21+3
||8§8£vfl(t)HLoo < O P21+ (A2 min <1, m)

Let us denote by t — ®(¢)(f) the local maximal solution to (NLS-HW) with initial data f in
H™ when m > % In order to define a dense subset S of the pathological set

p= {f & H(B?) | limsup () (- * /)l — oo} ,

e—0,t—0

we apply the “tanghuru” construction. The k-th bubble vg j is centered at any point y; € R?, with
scaling parameter nj; = e for some 1 < a

_ 3/2—-2
Wnk/ "oz, i (y — yk)) -

00,k (2, ) = vn (@, y — y) = log(ny)
Then for k,1 > ko, we have that vg; and vg; have disjoint supports with radius of respective orders
n;l and nl_l, moreover,
1 1
d(supp(vo), supp(vo,)) ~ o = 7 -

Applying the convolution by the function Pen,, which has a support of size sgkl = 100/ny, we know
that

_ak
supp(pe,, *+vox) C {(2,y) € R | |y — il < Ce™* } .

Definition 4.8.5 (Dense subset of the pathological set). We denote by S the set of initial data f
which can be decomposed under the form

o0
f=u+ Z vk, for ki > 1 and ug € C°(R?).
k=k1
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One can see that S defines a dense subset of H*. We make use of the following precise upper
bounds in H™, m > 0, of the initial data regularized by convolution, see Lemma 2.4 in [CG22].

Lemma 4.8.6 (Norm inflation of the lollipop by convolution). Let mj,mqg € N, k > kg > 1. If
m1 = meo = 0, there holds

k—1 0o n %
m1+2mao—s k
5 ey *tnillps S0 3 Do, ol g S ™ (257
= ' — ' Nk+1
I=ky I=Fk
If mi +2mgo > 1, we have
k—1 (e’ n %
mi+2mao—s mi1+2mse,_—s k
E Hpenk * UO,lHjar;’LlH;”2 Sty ) E Hlosnk *”0,ZHH;”1H;"2 S ny, M1 (n > :
l=ko 1=k k+1

Note that this estimate is not valid for every ¢ < &, , but only when € > ¢,,. As a consequence,
we do not have a uniform control on the time of existence of the smooth solution with initial data
pe * fin LZH," for m > 1/2.

It remains to study the time evolution of Pen,, * f, by comparing it to the ODE profile Pen, * V0K
only. An adaptation of the proof of Proposition 2.6 in [CG22] leads to the following result. Let u®"&
be the maximal solution of (NLS-HW) with initial data p, = f in L%H;, and T (ep, ) the maximal
time of existence. Note that according to [BIK20], Theorem 1.6, the Cauchy problem for (NLS-HW)
is locally well-posed in this space. Moreover, T(ey, ) only depends on the norm of the initial data in
L2 H,,. Therefore, the norm of the solution must blow up when ¢ — T (e,, ). We establish that this
does not happen before the norm inflation time ¢,,, by running a perturbative analysis.

Proposition 4.8.7 (Growth of perturbed initial data). Fiz 0 < v < 8 < 1. Let 0 < s < %. Let
n = ng. Then the solution u™ is well-defined in C([0,t,], L%H?}) Moreover, there holds

tA

[0 (tn) — pe,, * € ug — v ()l 2y < C,

as a consequence,

™ ()l 2.5 2 log(m)? (3=,

As a consequence, the set S is a subset of the pathological set P.
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Chapter 5

Lack of Regularisation in the second
Picard iteration for NLS on S? with
random initial data

joint work with Nicolas Burq, Mickaél Latocca, Chenmin Sun and Nikolay Tzvetkov [Bur+22)].

Résumé. Nous considérons 1’équation de Schrodinger cubique avec une renormalisation de Wick
(NLS) sur la sphere bidimensionnelle, avec des données initiales aléatoires qui peuvent étre distribuées
selon la mesure de Gibbs. Nous montrons que la seconde itération de Picard n’améliore pas la
régularité des données initiales, a I’échelle des espaces de Sobolev classiques. Ceci contraste fortement
avec la méme équation de Schrodinger renormalisée sur des tores bidimensionnel, pour laquelle nous
savons grace aux travaux de Bourgain que la seconde itération de Picard gagne une demi-dérivée.
Notre preuve repose sur l'identification d’une partie singuliere de la non-linéarité. Nous montrons
que cette partie singuliere est responsable d’un phénomeéne de concentration sur un grand cercle (a
savoir une géodésique fermée stable), qui tout effet régularisant non linéaire dans la seconde itération
de Picard.

Abstract. We consider the Wick ordered NLS on the two-dimensional sphere, with random initial
data, possibly distributed according to the Gibbs measure. We show that the first nontrivial Picard
iteration does not improve the regularity of the initial data in the scale of the classical Sobolev
spaces. This is in sharp contrast with the Wick ordered NLS on the two-dimensional tori, a model for
which we know from the work of Bourgain that the second Picard iteration gains one half derivative.
Our proof relies on identifying a singular part of the nonlinearity. We show that this singular part is
responsible for a concentration phenomenon on a large circle (i.e. a stable closed geodesic), which
prevents any regularization in the second Picard iteration.

245
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5.1 Introduction

We consider the cubic Schrodinger equation on a compact surface without boundary (M, ¢), which
reads

{i@tu +Agu=ulu, (tz)eRxM. (NLS)

Uli=0 = uo ,

The dynamics associated with (NLS) formally conserves the energy and the mass of the solution
H) = [ T02a0np) + ~lolbany  and  M(w) = 02000 -
2 4
The Gibbs measure, which is formally associated with the Hamiltonian structure of (NLS), reads
dp(u) = exp (—H(u)) du.

From the Liouville theorem and the conservation of the Hamiltonian, we expect the Gibbs measure
to be invariant under the dynamics of (NLS). In particular, by using the so-called Bourgain
globalization argument from [Bou94|, we can deduce global existence of solutions and Poincaré
recurrence property from a local Cauchy theory on the support of the Gibbs measure. In order to
make sense of this measure, and to realize a typical function on the support of this measure, we see
it as a density measure with respect to the Gaussian free field:

1 1 1
) = exp (=l + gl ) exp (=519l + ul) ) du
1 4 1 2
= exp (gl + Sl ) dote).

The Gaussian free field dp is induced by random series

wem @) =Y 2y 0, (5.1.1)
neN <)\n>2

where {¢, } _, form an orthonormal basis of L?(M) made eigenfunctions of —Ag, and {\?},>o are
the associated eigenvalues, possibly with multiplicity

—DNgpn =N, 0=Xg <A <A <....
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The {gn}n>0 are identically independent normalized Gaussian variables with complex values. Ac-
cording to the Weyl’s asymptotics, we know that A\, = O(n) and, as a consequence, ¢* defined
by (5.1.1) converges in L?(Q; H'~(M)).

On the other-hand, local well-posedness a priori holds in H*(M) for s > %, and we do not know
how to construct a dynamics on the support of the Gibbs measure. In the case of the torus T2,
Bourgain prove local well-posedness up to scaling-critical space, namely for all s > 0, by using
bilinear estimates and Fourier restriction spaces. Then, Bourgain proved in [Bou96] well-posedness
for almost-every initial data on the support of the Gibbs measure, by using a linear-nonlinear
decomposition, and by observing a probabilistic nonlinear slmoothing effect. Specifically, Bourgain
showed that the second Picard’s iteration has regularity H2(T?).

The cubic Schrodinger equation on the sphere S?

In a series of works, Burq, Gérard and Tzvetkov [BGT02; BGT04; BGT05a; BGT05b; BGT10]
investigated the Cauchy problem for the cubic Schrodinger equation on S?. They proved the following.

Theorem 5.1.1 ( [BGTO05a]). The Cauchy problem (NLS) is uniformly locally well-posed in H*(S?)
when s > i. When s < i, however, instabilities occurs and the flow-map fails to be of class C3.

The positive result follows from a bilinear estimate that requires i—derivatives, and which is

optimal for the certain spherical harmonics. In the other hand, the instabilities are due to the
presence of spherical harmonics which concentrated on a great circle. The quasi-linearity of (NLS)
was further studied in [Ban04; BGT10], proving that oscillating H*-normalized sequences of initial
data are not linearly propagated.

Regularity of the second Picard’s iteration

In light of the above discussion, the deterministic threshold for the local Cauchy theory is far from
the regularity of the Gibbs measure. Moreover, it is not known how to construct strong solutions in
H*(S?) when 0 < s < 1. In this work, we consider randomized initial data, and we prove that the
second Picard’s iteration does not gain any regularity. This is in sharp contrast with the case of
the torus, and precludes the construction of strong solutions by using the Bourgain linear-nonlinear
decomposition.

On the other hand, we propose a self-contained proof of the gain of one-half derivative of the
second Picard’s iteration in the case of irrational tori.

In order to make our statement precise, we introduce some notation. Denote by

Hyu = Z (u, on) L2(0r)Pn
n: A <N

the orthogonal projection on eigenfunctions with eigenvalues < N. We shall write
2 2 2
= (julPu = 20ulag) v

the Wick-ordering nonlinearity in a renormalized version of (NLS). Note that we pass from the

itlul?

Wick-ordering equation to (NLS) from a gauge transformation e L2 by using the conservation of
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the mass. The randomized initial data

¢w = Z .?:\7(:;0)4 Pn

n

lies in ”Ha_%_(/\/l) almost-surely. The case of the Gaussian free field, and hence of the Gibbs measure,
corresponds to o = % Then, the first Picard iterate of ¢* reads

t
IM(t,qbw) _ / ei(t—t’)Ag (: |€it’Ag¢w|2eit’Ag P :) dt/,
0

where ¢* is given by (5.1.1). The subscript M marks the dependence of this object on the underlying
manifold considered. Let us denote by ’]I‘% the torus T? endowed with the metric dz? + f~2dy?, and

by S? the Euclidean sphere in R3. With these notations at hand, we prove the following theorem.

Theorem 5.1.2. Fizt € R. There exist No € N and n > 0 such that for all N > Ny and o > %,

w (|12
7|t In(N) <E [HISQ(t,HNqS )HHQ%(SQ)] : (5.1.2)

On the other hand, for all € > 0 there exists C' > 0 such that
E || Zp2 (t, TIny¢® ’ <C 5.1.3
New [H (e )‘Ha—smrgj s (043

We give some comments.

e The bound (5.1.3) should be viewed as a gain of 1/2-derivative by the Picard iteration,
compared to the H~ regularity of the initial data ¢*. Even if this result is contained in
the work of [Fan+21], it allows us to stress out the existence of radically different behaviors
for (NLS) with random initial data below L? on S? and on T2?. We propose a self-contained
proof of (5.1.3) in Section 5.5.

e In contrast to the case of the tori, the second Picard iterate for (NLS) on the sphere does
not improve the regularity of initial data in H a=5-0 (S?). Moreover, the divergence for the
quadratic moment of {|II N3t )| L2(Sz)} ~> 18 likely to yield the almost sure divergence
of this random process, but we do not have a self-contained elementary proof of this result.

Our result indicates that proving the existence of a dynamics below H T (S?) does not follow from
a linear-nonlinear decomposition. In addition, the structure of the solution associated to ¢* would
not be

u(t) = e ¢* 4 {more regular terms}, (5.1.4)

which is in sharp contrast with the work of [DNY19]. Nevertheless, we have hope to use the random
averaging operators to paracontrol the worst frequency interactions, and to prove almost-sure local
well-posedness for some a < %, breaking therefore the deterministic threshold.
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Organization of the article

The proof of Theorem 5.1.2 in the case of the sphere is given in Section 5.4 and mostly relies on a
concentration property of Proposition 5.3.1, which is proven in Section 5.3. We also recall preliminary
estimates and notations in Section 5.2. Finally, we prove (5.1.3) in Section 5.5.

5.2 Notation and preliminaries

5.2.1 Spherical harmonics

Spherical coordinates (p, 8, ¢) are defined by

(1,22, 23) = (psin(f) cos(p), psin(f) sin(y), p cos(h)) .

The polar coordinate 6 € (0, ) is the colatitude, ¢ € (0,2m) is the azimut and p € RT is the radial
distance, so that S§? = {z € R? | |p| = 1}. With this coordinates system, we have

T 2
(] 9)1oe) = /0 /0 £(6,0)9(0,9) sin(6)dbdy . (5.2.1)

Note that this system of coordinate is singular on the axis (Ox3). The Laplace operator on the

sphere writes

1 02 1 9 0
— —(sinf—) . 5.2.2
sin20 902 sinf 99 (sin65) (5.22)
It is a selfadjoint positive operator that admits the following spectral resolution. For n € N and
k€ {—n, . ,n}, we denote by Y}, ;. the spherical harmonics of degree n and order k, namely

—Agp = —

Yn7k(0, 80) = eikap Un,k(9)7 'Un,k:(e) = Cn,k:Ln,k(COS(Q))v

where Ly, j(cos(f)) is the associated Legendre function of degree n and order k, and ¢,y is a
normalization constant.

Proposition 5.2.1 (Spherical harmonics, see [SWT71]). Spherical harmonics {ank}l<n form

i|kI<n
an orthonormal basis of L?(S?) made of eigenfunctions of the Laplace operator on S?. They satisfy

_ASQYnJc = )‘721Yn,1€7 neN' ke {—n, RN n},
with A, = \/n(n +1). The multiplicity of the eigenvalue N2 is [n] = 2n + 1.
Let us now gather some results that we will use in the proof of Theorem 5.1.2.

Lemma 5.2.2. For any x € S? there holds

> War(@)? =[n]. (5.2.3)

k|<n
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See Lemma 2.1 in [BL14] for a proof. This crucially exploits the invariance by rotation of the
sphere S?. This indeed implies that the kernel

k|<n

~—

of the orthogonal projector on FE, is invariant under the action of any rotation. Since rotations
act transitively on S? we deduce that K, (z,z) does not depend on z, and the result follows from
integrating in = over S2.

5.2.2 Randomization : Gaussian measure on spherical harmonics
of degree n

Fix n € N and let E,, be the space of spherical harmonics of degree n :
E, = SpanC{Yn,k | ke {—n,...,n}}.

Recall that we denoted by A, = n(n + 1) the n'" eigenvalue of A2 with multiplicity [n] = 2n + 1.

Given { gn,k(‘*’)}l <n,|k|<n & SEQUENce of identically distributed standard complex Gaussian random
variables, the randomization

w

1 n
— Ik (W) Yk (5.2.4)
v2on +1
k=—n

induces a Gaussian measure on E,,. This randomization also yields a Gaussian measure on H*~ (Sz)

induced by the random variable

1
wer ¢ => = (5.2.5)

n=1

In what follows, and without any loss of generality, we do as if A, = [n] = n. By doing so, the

random initial data reads
In k(W)
Sy Ly ey

n=1 k=—n

Next we will prove that random spherical harmonics {eﬁ}l “n defined above satisfy some uniform
bounds in Lebesgue spaces. a

Lemma 5.2.3. Let g > 2, then there exists a constant Cy, not depending on n, such that for all
n > 1 there holds

E |llegl?s] < Co- (5.2.6)

Proof. Let n > 0. One observes that for fixed x € S?,

Z gn,k(w)Yn,k<x)

[kl<n

is a Gaussian variable of mean 0 and variance Y, . |Yy x(z)[?. It follows from (5.2.3) that e%(z) is
a normalized Gaussian variable. Therefore, there exists C' > 0 independent of ¢, n, z such that

len(@)llg < CVa-
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Then thanks to the Hélder inequality, Fubini theorem and that S? has finite volume, we obtain

E [llegl2] < et @) 300 < OV

This concludes the proof of (5.2.6) with Cy = C,/q. O

5.3 Concentration of spherical Harmonics

It follows from the expression of the Laplace operator on the sphere (5.2.2) that vy, is solution on
(0,7) to

dile)%n,k(@) + (k:2 —n(n+1) sinQ(Q))vn’k(O) =0. (5.3.1)

This equation turns out to display some ellipticity away from the equator, in the regime where |k| is
close to n. We shall exploit this property in a quantitative way by the use of semiclassical functional
calculus, and get a large family of spherical harmonics that are concentrated near the equator.

— (sin(0)

Proposition 5.3.1. Let 0 < § < 1. There exists Cs > 0 such that for all k € {—n,...,n} with

nyv'1— 62 < |k| we have
Cs

¥ gell 22 (s >26) < -

Remark 5.3.2. In fact, one has ||V, k|l £2(|zs)>26) < Csn~ K for all K € N, but we choose to present
a self-contained proof for the crude bound O(n~!), which already fits our needs.

Proof. In order to use semiclassical functional calculus and prove this proposition, we shall extend
Upk to a function defined on the whole real line R. One way of doing so would be to use the
symmetries of Y,, ;. to periodize vy, . Still, we prefer to avoid boundary conditions and we rather
make the change of variable!

y(0) = arctanh(cos(f)) .

Note that y : (0,7) — R is a C*°-diffeomorphism and that
sin?(f) = 1 — cos?(f) = 1 — tanh?(y) = cosh(y) 2.

This yields
dy = —sin() ~1df = — cosh?(y) sin(#)d6 . (5.3.2)

In light of the definition of the scalar product (5.2.1) on S?, we define
Unk(y) = cosh(y) " vk (0())

and (5.3.2) yields that ¥y, belongs to L*(R) with

/ " () 2y = /0 "o o (0) 2 sin(6)d0 = 1. (5.3.3)

—0o0

IThis change of variable can be deduced from the requirement of sin 9y = —9,,.
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We deduce from (5.3.1), the chain rule and (5.3.2) that v, j is solution in C°*°(R) to the equation
d? _ d. 9 o~
— dT/QU"’k -1+ 2tanh(y)d—y)vn,k + (k* = n(n+1)cosh(y) ")vp,, =0. (5.3.4)
Indeed, sin(#)dy = —9, and it follows from (5.3.1) and from the relation v, = cosh(y)v, ; that
—8§(cosh(y)'ﬁn,k) + (k* —n(n+1) cosh(y)*Q)(cosh(y)'ﬁn,k) =0.
Then, we obtain (5.3.4) by dividing the above equation by cosh(y) and by noting that
[85, cosh(y)] = cosh(y)” + 2 cosh(y)'d, = cosh(y) + 2sinh(y)d, .

We introduce the semiclassical parameter h ~ n~! and we multiply the above equation by h? to get
2

d* _ ~ d . - -
—th—yQUH,k—i—((k:h)2—cosh(y)_2)vn7k—|—h2i tanh(y)ihd—yvn,k—hcosh(y)_2vn7k—|—h20n,k =0. (5.3.5)

I

Thus, we introduce a = — = |k|h and we write P}, o = p(y, hD,, h, @) the differential operator of
n

order 2 with symbol
p(y> ga «, h) = pO(Z/v 57 Oé) + hpl(y7 g) + h2 )

where
po(y, & @) =& + o —cosh(y) >, pi(y, &) = 2i tanh(y) — cosh(y) 2.

Note that in the regime where V1—62 < a, we have
Char(Pha) = {(y.€) € R? | po(y, & a) = 0} € {(y,€) € R? | [tanh(y)| < 6} .
Indeed, if (y,§) € Char(Py ) then
po(y, &, a) = &2+ a? — cosh(y) 2 = 0.
By the assumption that v/1 — 02 < a we get
1—6%<a? <cosh(y)?,
and this leads to the condition

| tanh(y)| < 6.

Besides, observe that
|tanh(y)] <0 <= |cosf| <J <= |z3| <.

Hence, Char (P}, o) concentrates near the equator as ¢ goes to 0. By the use of semiclassical functional
calculus, we will deduce from this that v,, 5, which is solution to Py o f = 0 in L? (R), also concentrates
near the equator as 6 goes to 0. Denote by Py o = po(y, hDy, o).

Lemma 5.3.3. Let x € C*°(R) such that x(y) = 1 when |tanh(y)| > 26, and suppx C {y € R |
| tanh(y)| > \/gé} There exists a uniformly in h bounded operator Qy, such that

1@n © Pona — XllL2m)—r2m) < Csh. (5.3.6)
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Proof. The key point is that Py p,  is elliptic in the region |tanh(y)| > 2 and the proof follows from
the standard parametrix construction of elliptic operators. Since we only need to invert P} , in the
elliptic region up to order 1, the proof is more straightforward and self-contained. Recall that for all
y € supp(x), £ € R and v1 — 62 < a we have

pO(Z/: 57 CE) = 52 + 062 — COSh(y>_2 >

52
R (5.3.7)

Let us write
baly) = a* —cosh™2(y),  aly, 2z / oL (tz + (1 —t)y)dt

so that
oy, 60) =&+ day), da(y) — da(2) = (y — 2)@aly, 2).

We introduce the symbol

x(y)
q(y,§,a)

e )= e

It follows from (5.3.7) that for all k¥ € N there exists 0 < C} such that for all V1 — 0% < a <1 and
£ eR,
sup [0 q(y, &, )| < G~ ()=, (5.3.8)
yEsupp(x)
The semiclassical pseudodifferential operator (), o, associated with ¢ is defined via its Schwartz kernel

1 i(y—z2)¢€
Qnf(y / Ky, 2)f(2)dz, Koly,2) = —— [ ™5 q(y,)de .
27Th R

Observe that iy =2
(2 — y)e =) — ihde(e ). (5.3.9)

Hence, integrating by parts twice yields that

(y — 2)°K( z—/agqyé, e,

and we deduce from (5.3.8) that

—4 —4 h
(/R<£> d¢) < €6 TP

K <054 )
|K(y,2)] <Co y—2)?

(y — 2)?

Moreover, we have the trivial bound

K (y,2)] < h‘ld‘Q(/R(@‘zdf) <Cs*ht.

Therefore, there exists 0 < C such that for all z € R

/|K y,2)|dy < C§~ /mm{ 1}aly

§C<5_4(h/ d—§+h / ds)
|s|>h S |s|<h

<o
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Since the computations are the same when changing the role of y and z, we prove that there exists
C > 0such that forall0 < h<land 0<§ <1,

sup/ |K(y, z ]dz—i—sup/ |K (y,2)|dy < C§~ 4
yeR JR

It follows from Schur’s test that @, is uniformly bounded in L2(R) for 0 < h < 1, with
HQhHL2(R)—>L2(R) S 0(574. (5310)
Then we check directly from integration by part that the Schwartz kernel of the operator
Rp = Qno Poha— X

is given by
1 — i(y—=z
Kl = g [ SOl sy

2mh &+ ¢aly)
Integrating by parts according to (5.3.9) provides

zgoa y, z(u—z)s

K(y,z) = / 8 R
Besides, iterating the integration by parts leads to
h2
|K(y,Z)| §C5_4m1n{1,m}

Hence,

sup [ K(.: iy + sup p [ 1K)z < Coth
zeR JR

and it follows from Schur’s test that
| Rpll2—r2 < Csh.
This concludes the proof of Lemma 5.3.3 with C5 < C§ 2. O

Now we finish the proof of Proposition 5.3.1. Note that v,, ; solves the equation

Popn i = —(hp1(y, hDy) + h?)v, 1 .

Recall that pi(y, hDy) = tanh(y)hd, — cosh(y)~2. From the a priori estimate on ¥y, x, obtained by
multiplying (5.3.5) by the complex conjugation of v, and integrating over R, we have

[p1(y, ADy)0n k|l L2y < Ch.

for all 0 < h < 1. Therefore,
HPO,han,k”m(R) < Ch.

From Lemma 5.3.3, there exists Cs such that
IXVnkll2@®) = [1QnPopVnk — Rrnkllzmy < (Cs + C)h.
It follows that
1Yokl £2(2s)>26) = Vnk L2 tanh(y)|>26) < IXUnkll2®) < Csh,

which completes the proof of Proposition 5.3.1. O
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5.4 Proof of the main theorem in the case of $2

Recall that A2 = n(n + 1) is the n'* eigenvalue of —A2 with multiplicity [n] = 2n + 1, and that we
assumed [n] = A, = n. Following the notations introduced in part 5.2.2, we write

Ze”" —e =) ug(t) (5.4.1)
n>1 n>1
To give sense to the above series in L>°(R; L%(S?)) we consider
1<n<N

Let us expand the nonlinearity as follows :

N(@yu®)(t) = Myu®PTvu® — 2| Ty |72 g2 v

= > eittningend) 1w G g > HQ%L%Q(SQ)%.
1<n1 nan3<N (nanang)V/2 0 ey e
We decompose N (IIyu®) into three different regimes :
N(yu®) =1+ 11+ I
= Z eit(nf—n3+n3) 1 e e e

1<n1,n2,n3<N (n1ngng)®

na#ni,ng

+ 2 Z eitn% (|€‘ﬁ2|2 - Hen2||L2 SQ)) €

2a
1<ny,ne<N

n3 ny
2
eztn ‘6%‘26"‘)
n3c
1<n<N
Remark 5.4.1. We will see that the term II is responsible for the divergence of the first Picard

iteration clamied in (5.1.2).We stress out that this term vanishes in the case of the tori since the
eigenfunctions of Ars are the plain waves e, (z) = %, and satisfy |e,(z)| = 1 for all x € T2,

To prove Theorem 5.1.2 we proceed as follows. In Lemma 5.4.2 we use independence to reduce
the proof of Theorem 5.1.2 to estimates for the terms II and III. Then, we prove in Lemma 5.4.3
that III is in L?(S?) a.s. and uniformly in N. On the other hand, we prove in Proposition 5.4.4 that
the quadratic moment of the L?(S?)-norm of the Duhamel integral for II is bounded from below by
~ In(N) for large N.

Lemma 5.4.2. Given v € L°(R; L?(S?)) we denote the truncated Duhamel integral representation

t
for v at time t by In(t,v) = HN/ ei(t=t)A v(t')dt'. We have
0

2 2 )
WEN IO, oy oy — VIS ETIDIZ, oy TS N ) g e by (542
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Proof. Recall that if g is a standard complex Gaussian variable then

Elg’] = E[g°] = Ellg|*g] = E[lg[’7] = 0.

Since the u¥ ’s are linear combinations of independent standard complex Gaussian variables, we also
have
E[(u)?) = E[(u)?] = Eljuj; [us] = Elfuss[*ug) = 0. (5.4.3)

n

Moreover, we see from the definition of the random spherical harmonics {eﬁj}n>1 that
Ellugy|* — [[uf) 1 72(g2)] = 0- (5.4.4)

Therefore, we claim that for all t € R,

E [(I]11)2(s2)] = E [(I] III) ;2(s2)] = 0. (5.4.5)
To prove this, we expand
2 W T 2 2
E [(I ‘ H)LQ(SQ)] = Z / E [U%IU%QUZJ3U%’~L(\UZJ| - HUZJHLQ(S2)):| dx .
1<ny,n2,n3,¢;m<N /S
na2#ni,na

In light of (5.4.3), (5.4.4) and from the independence of the {u‘;{}n>1, we see from a case by case
analysis that expectation of each term appearing in the above sum vanishes provided that ng # n
and ng # ne. Similarly,

2
B[] = ) / E [uf, @@ w@ ] de = 0.
1<n1,n2,n3,m<N S
na#ni,ng

This proves (5.4.5). We deduce from this that

E [(IN(t,I) | In(t, H))LQ(SQ)] —E [(ZN(t, 1) \IN(t,II))LQ(SQJ —0.

Thus

T Zea 8, 6°) | = IZn(t. D + Ty ()

2 2
1 1
HL2(Q;H"’7(SQ L2(QHY 2 (S2))

and (5.4.2) follows from the triangle inequality. O

Lemma 5.4.3. There exits C > 0 such that for all N > 1 and t € R,
E ||ITINTIL(2)|? <C.
I, | <c

Proof. Recall that
2 w

w
11l = — § eitn% ‘enl enl
n13o¢ '
1<ni<N



5.4. PROOF OF THE MAIN THEOREM IN THE CASE OF S$? 257

We use the orthogonality of the spherical harmonics {Ynk} to expand

2
2 w
- Y Z len, (@) %€, (2) ——
HHN(HI)HL2 HIED) 1<n <Nn ® ni=1 S2 Tyn,k(f) dr ’
1<
Tk[<n

and further expand the square, which after an application of Fubini’s theorems leads to

O TED DD Dl /gQE[rem DEAGIAGEA]

1<n<N 1<nj,n]
k|<n

Yo k(2)Ynk(y)dedy.

By rotational invariance the law of e (z) and €%, (y) are the same. Hence, we obtain from the
1
independence of ¢} (x) and e‘;j,l (y) when nq # n} that

n w w N ()
NI 2 0ms g2y = D, D ol ”/82 e, () Pey, () Yo () da

1<n<N1<n; 1
[k|<n

=3 Y ZRE (Il e | Yar)raen [

1<n1 1<n<ny 1
[k|<n

We used that the contribution of the terms when n > n1, in the semiclassical regime, is negligeable.
Then, it follows from the Plancherel’s formula that

25—6a 2
TN (D) 132,70 52, Zn E@Iffm m“Hw(sa]
< pptog A
1<ni

As a consequence of Lemma 5.2.3, there exists C' not depending on p such that

E [lles I6e | < C-

Therefore the series converges provided that s < o — 5 + 2a, and the lemma is proved. Note that
this term gains one derivative when the initial data is Supported on the Gibbs measure. O

At this stage, we proved in Lemma 5.4.2 and in Lemma 5.4.3 that there exists C' > 0 such that

forall N > 1, tERands<a—§,

HIN(t, II)”L2(Q;HS(S2)) -C< ||HNI§(t7 ¢w)‘|%2(Q;H5(SQ))'

To get the dlvergence claimed in Theorem 5.1.2 it remains to estimate from below the quadratic
moment of the H*~ (SZ) -norm of the Duhamel integral Zy(¢,1I). To do so we shall use the
concentration property for high order spherical harmonics of Proposition 5.3.1.
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Proposition 5.4.4. There exist n > 0 and Ny > 0 such that for all N > Ny and t € R we have

1
77 Z E ||IN t II)||L2(Q;HQ7%(S2)) : (546)
No<n<N
Proof. Recall that we defined
t ) 1/2
IZn (8, D) | L2(eumrss2)) = B [IIHN /O AT () dt' |0 g2
We expand e~'A3(II) on the orthonormal basis of L2(S2) made of spherical harmonics :
HN (eflt A2 II Z Z eit/(n27’n%)
1<n<N 1<ni,no<N
k|<n
e |? = lles, (@ )||%2(§2) e (a:)
! d 5.4.7
(, o L V@) Vi (547)

By applying the Plancherel formula and using the fact that eitA3 s a unitary operator on L?(S?),

we have
t NA ) t SA 9
L A e N L IO

etm?=nd) _ 1 o lem? = llesm, ()17 22y €@ (2)
- Z n*| Z ) /Sz = n;L?a = nf,;oz You(@)dz?. (5.4.8)
2

_ 2
n<N 1<n1,na<N i(n? = ny) 1
|k|<n
Then, we expand e}, = Z Gnyr(w)Yy, » and we develop the absolute value in (5.4.8) :

”1 r|<na

inQ,nQ w2— bod 2 g
e B Yl O | B
S2 |

(2 2 2 a
1(n“—n ns n
1<ny,na<N ( 1) 1

1 |6 |2 ||6w ( )H%Z(gg) gnz,r(w) Ynl,r($)7
~ Z 2 ( 2 n20¢ 1 1 Yn,k($)d$) (5 4 9)
1<n1 na,m, b <N (n—mn1)""Js 2 B
|r|<nq, \T’\Sn’l

2
1 G '| e ( )7 (82) (W) €nt 1 (Y)
X s Y. d
<n2 _ n/12> (/S2 n/22a n’lé n/la n,k(@/) y)

Observe that
Egmr) =0, E(gh,) =0, E(es? - [le |22 e2) = 0.

and that the laws of ¥ (z) and e¥(y) are the same as a consequence of rotational invariance. Hence,
it follows from the independence of the { gmvr} that the only terms that remain in the series (5.4.9)
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after taking the expectation are the ones with ny = nf, ny =nl, r = /. To estimate from below
the right-hand side from (5.4.8), we are thus reduced to handle the series
2
2|

1 2~ e, 2 e -
B 1 (@) Yoy 2 (2) Yo o (2)dz
Z Z 2(&—1—%) <n2 _ n%>2 [’ /S2 n%a Gna, ((.U) 15 (l’) Jf(m) 1"

1<n<N 1<n1,n2<N Ty
|k|<n [r|<ni

> 3 pHeemdg [|gn,k<w>|2\ / (1651 = [l 2252)) rYn,m)?dxﬂ . (54.10)
2<n<N §2
[k|<n
where we made a crude estimate by keeping in the series the terms where n; = n,r = k and ng = 1.
Moreover, we only keep the terms where 2 < n to exploit the independence between e and gy, i (w).
Since the {g,x} are standard Gaussian variables, we have E [|gnk(w)|g] =1 and taking s = a — 3
yields

1
IZv (D e ooy 2 . B @ / (5P 15 en) as(@)Pdal?| . (5.411)
2<n<N S
[k|<n
Let us now estimate from below the right hand side of (5.4.11). We use the explicit expression of ey,
and we get rid of a well-chosen set in order to exploit the concentration of Y7 ; near the equator.

Besides, recall that
1

ef = %(91,1(00)5(%1 + ix2) 4+ g1,-1 (W) Y1,-1 + g1,0(w) Y1),

where > 1 is the renormalization constant such that 5 / |z +i1‘2]2dw = 1. Then, given 0 < e < 1
S2

we define
Se={we Q18 < g lgr-1(w)]* +lgrow)* <e}.

Note that P(S4.) > 0. Moreover, for w € S, we have

‘2

23221 + dwal? + O(e) — S (51 + 195 -1 + 1g0l?)

1
3
Q(ﬁQ\xl +izy|? — 1) +0(e).

1
le?]” — ||€°1J||%2(s2) = §|9‘f,1

1 w
= §|91,1

Write )
a= /S (le5 () * = lle5 | L2s2)) Yok () Pdz, b= O(e) A Yo k() [Pdz = O(e) .

2
Then, for w € S. the inequality |a + b* > C;‘ — |b]? yields

2
| /S (1) — [ s2(s) Yok () 22
w 2 2
2 |g1711<8)|‘/8 (,82‘51'1 + Z'CCQ‘Q — 1)|Yn7k(1‘)’2d1”2

2
—0(52)\/S Yor(2)Pdz®. (5.4.12)
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To handle the first term on the right hand side of (5.4.12), we observe that

B2lxy 4 ize? —1 =21 —23) —1> >0

23] < ;\/ﬁt Lo (5.4.13)

In section 5.3, we prove that in the regime where n is large and /1 — 62 n < |k| < n, the spherical
harmonics {Ynk} are concentrated near the equator, precisely in the region where {x € S? | |xs] <260 }
(see Proposition 5.3.1). We write

B -1
2

provided that

2 2 2
. 821
[ lar il = )Yaslo) ] 2 P [ ol Yasla) P

2
—c /S 1 ioas Yo ()P, (5.4.14)

where C' = sup{|8%(1 — z3) — 1| | 26 < |z3] < 1}. Then, Proposition 5.3.1 yields that there exist Cj,
and Ny(0) € N such that for all (n, k) in the set

Ay = {ky e N | Mo <m, Vi <M<y,

oS
we have

2
/ Ly 526 Yo (2)Pdz < Con ™"
s

Hence, it follows from (5.4.14) that for all (n,k) in A,

2 2 2 2 B -1 Br—1, [? 2
[, (Bl ol = 1) Yaa(@) Pl 2 =5= = (C+ Z5=) | Lagpasl Yo ()Pde

B—1,
5 )n

> —Cg(C—l—

B2 -1
2

-1
4 Y

>

provided that n is large enough. Taking € small enough such that 0(62) < )2, we deduce

L
-2
from (5.4.12) and from (5.4.14) that

4

Y

1,62-1
5( 4
=:alP(S;) > 0.

2
w w 2
E {155(@\/8 (le? (@)1 = Ne?ll72(s2)) Yok () [Pda]? ) P(S:)

(5.4.15)
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By collecting estimates (5.4.11) and (5.4.15), we obtain that
r t
||.’Z:]\](‘lf7 II)H%Q(Q,H‘S(SQ)) ZE 1S5(W)||HN/ ez(t—t )ASQ (II)(t/)dt/||%2(S2):|

L 0
1 [ w w
2 5 ksl [0 ~ It ) os(o) P

2<n<N
kl<n

1 [ w w
2 X B [t [ (7 - 16 ) Wania) ol
(n,k)EANO - S
n<N

It follows from (5.4.15) that

1
||IN(taH)||%2(Q;HS(SQ))zaP(S‘E) Z )

(n,k)EANO
n<N
1
L ICALEEY =
No<n<N

Indeed, we see from the definition of Ay, that for each n > Ny,

#{k| (n.k) € Any} > n(l—1-82) Znd°.

This proves that the right hand side in the above estimate displays a logarithmic divergence, and
concludes the proof of Proposition 5.4.4 by taking 1 ~ aP(S.)6% > 0. O

5.5 First iteration for the torus
In this appendix, we consider the cubic NLS on the general torus
T?% = R?/(277Z)?,
endowed with the metric g = dz? + 87 2dz3 for some 38 > 0. The cubic NLS on ’]I% is written as

i + Agv = |v]?v, (5.5.1)

where Ag = 92 + 3292, Hence from now on we will only concentrate on (5.5.1). For n = (k,m),n’ =

(K',m') € Z2, we denote by Q(n,n') = kk'+B>mm’ the associate quadratic form and Q(n) := Q(n,n).
Then
eitAﬁ _ f;le—itQ(-)fm )

In light of (5.1.1), we consider initial data of the form

@)=Y <jL>g::

nez?
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where (n) = (1 +Q(n))"/?, and

itQn)
gUJ mn-T
(n) “"

u“(t,z) = Z

nez?

We write the Wick-ordered nonlinearity

N = 3 ) o
UW t) = Gny (W) Gny (W) Gns (W) €
(n1 no nB)EZ2 <n1><n2><n3> 1 5 3

na#ni,ng

i(n1—na+n3)-x

eitq)(n)

= Z mgm (W) Gny (W) Gng (W) €™,

(nl,ng,ng,n)GF

where the constraint set is
I = {(n1,ng9,n3,n) € (Z)*:n =ny —ny +nz,ny # ny,ny # nz}.
and the resonant function ® defined on I' is
®(n) == Q(n1) — Q(n2) + Q(nz) — Q(n1 — n2 + n3) = 2Q(n1 — n2, Nz — n3).

The first Picard iteration is written as
t
Tya (t,¢) = / BN (e (1) dt
0

We shall now prove the gain of regularity (5.1.3) claimed in Theorem 5.1.2.

Proof. For fixed t, direct computation, independence assumption as well as the observation that
E[g%] = 0 for standard complex guassian functions yields that

ny — ng + ng)?s
E |:‘|I’]1‘%(tu¢w)”%[§] ~ Z (n1><2<1n2>2<271;3<34>>(n)>2’ (552)

n=(n1,n2,n3)el’

To compute the right side of (5.5.2), we decompose dyadically |n;| € N;, and assume that N ® >
N®@ > NG ig the non-increasing order of N1, Ny, N3. It would be sufficient to obtain an inequality
of the form

>2s

(N1N2N3)72 Z (n1 =z + s 5
s~ g=1,2,3 (Q(n1 — ng,ng — n3))

n2#ni,ng

The left side of (5.5.3) can be majorized by

(1)y2s
(N1 NyN3)~2 Z (N<ll>2)2
IEZ

< (N, (5.5.3)

Z 1\Q(n1fn2,n2—n3)fl|§5 (5.5.4)
‘nj|€Nj
n2#ni,ng
<(NiNoNo) (N2 sup D 0 1, —nang—n)—11<s (5.5.5)
leZ
In;|€N;
na#ni,ng
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for some number 0 < § < 1 to be fixed later. Now let us estimate the quantity (for fixed [ € Z and
0 <1/4)

MN17N2,N3 = Z 1|Q(n17n2,n27n3)fl\§5 : (556)
|rj |~ N
n2#ni,ng

e Case 1 N; > Ny, N3: in this case, (5.5.6) can be majorized by

(N2N3)2 sup Z 1|Q(n1fn2,n27n3)7l|§6'

n2,M3N2FN3 ni:|ni|~Ni,ni#n2

For fixed ng, ng, we denote by my = nj — no, mg = na — ng, |my| ~ N1 > |mg|. It is sufficient
to estimate the number of my € Z2%,|my| ~ Ny such that |Q(m1,mg) —I| < §. Denote by
mo = (£0,Mm0), if o = 0 or & = 0, Q(m1,mo) € B?Z or Q(m1,mg) € Z, with respectively.
Then Q(m1,mp) can only take a discrete number of values. In these situations, we have (the
same dimension treatment as in [Bou96])

#{ml S ZZ H |m1| ~ N17 ’Q(m17m0) - l| S 5} S/ Nl'

Therefore, without loss of generality, we may assume that both &y and 7y are non zero. Denote
by mg = (£, 8°n0) = diag(1, 5%)mo. Then it is reduced to estimate the cardinality of the set

mg l ‘ J }
Z - — < .

Imal |mgl] — |mg]
We observe that Sj is a rectangle with side length ~ N and width < 2. Since 2§ < 1/2, we
see that

35:2{2622:

#55 S N1
Thus the contribution of (5.5.4) in the sum is less then NZ*~!, and the associated dyadic
summation over Ni > No, N3 converges provided that s < %
e Case 2: Ny > Ny, Ns:

In this case, |Q(n1 — n2,ng — n3)| ~ N2. Coming back to (5.5.4), the range of the sum of [ is
I| > N2. Hence by the crude estimate My, n, N5 S (N1 NaN3)3, the contribution of (5.5.4)
is bounded by

N225 25—2
Z 12 SN 2 :
|U>N3
Then associated dyadic summation over Na > Nj, N3 converges, provided that s < 1.

For the rest situations, the argument is the same as for Case 1. For example, if N1 ~ Ny > N3
(Ng ~ N3 > Np), we can fix na,n3 (n1,n2), and do the same manipulation as in Case 1.

This completes the proof of (5.1.3) in Theorem 5.1.2. O
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