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Notations

Throughout this work, we adopt the following conventions:

No, N

Ny denotes the set of natural numbers {0, 1,2, ... }, while N denotes the set of posi-
tive natural numbers {1,2, ... }.

T denotes the one dimensional torus R/27Z.

Given X,Y C Z, we denote the set of sequences with finite support as:

X0 .= {()\k)key P M EXVEEY, A=) Ml < oo}.
keY

Multi-index notation for a list z = (z)gcy € C¥ and A € X);

A Ak
A T

keYy
Forany z € CY, n € N, the list: 2] := (|2x|") ey
For j € N, the standard basis vector ¢; = ((e;)r)ren Where (e;)r = 0.

Given a normed space (X, | - |x), the open ball of radius 7 centered at the origin is
U (X) :={x € X : |z|x <r}. Its closure is denoted by 7% ,.(X).

For X C C% and g € CZ, the open ball centered at zg is:
Ur (X)) = w0+ U(X) = {2 € CP : |2 — x| x < 7}

The closure is denoted by % ;. z, (X).






Introduction

The primary objective of this thesis is to generalize ideas and techniques from the theory of finite-
dimensional Hamiltonian systems to the infinite-dimensional setting. We focus specifically on con-
cepts related to Liouville-Arnold integrability, with particular emphasis on systems on infinite lattices
and PDEs on the circle. Although several results concerning the complete integrability of infinite-
dimensional Hamiltonian systems have been established (see for e.g. [ZE71] for seminal results on
the KdV, [AS81] for the IST method, or [KPO3] for a modern approach), none of them provides a de-
composition of the phase space as rigid as the one provided by the Liouville-Arnold theorem in the
finite-dimensional case. This is largely due to the choice of the topology for the phase space, a crucial
issue that will be discussed in detail later on.

In this context, the present work aims to fill this gap. To the best of our knowledge, the results
presented in this thesis provide the first instance of analytic invariant foliations by infinite tori for infinite-
dimensional Hamiltonian systems, alongside the first construction of action-angle coordinates that are
analytic in an open neighborhood of the phase space (see Theorems [2.6.1] and 3.1.4). These results
establish a more faithful analogue of the Liouville-Arnold theorem in the infinite-dimensional setting.

Specifically, this work addresses the following questions:

e Foliation into infinite-dimensional tori (Theorem [1.3.2): When do the level sets of a family of
analytic Hamiltonians induce a regular foliation of an open subset of the phase space into infinite-
dimensional invariant tori?

e Action-Angle variables (Theorem 2.5.12): Assuming the family of Hamiltonians is in involution,
what additional analytical regularity assumptions are required to construct a set of action-angle
coordinates adapted to the foliation?

e Liouville-Arnold integrability (Theorem [2.6.1): When the integrals of motion induce both a
regular foliation and a set of action-angle coordinates, is it possible to establish an infinite-
dimensional analogue of the Liouville-Arnold theorem for a given analytic Hamiltonian commut-
ing with the family?

o Applications to Hamiltonian PDEs (Theorem [3.2.7): Are there Hamiltonian PDEs for which a
complete family of first integrals in involution is already known and to which our results can be
applied to prove Liouville-Arnold integrability?

The simplification provided by the Liouville-Arnold theorem shifts the analysis of the dynamical
properties of an integrable system towards the characterization of Kronecker flows, whose properties
in finite dimension are well understood through the lens of arithmetic relations between frequencies
(see Properties |A| and [B| page 9). However, extending this analysis to the infinite-dimensional torus
introduces a significantly higher level of complexity. As suggested by recent results in [SV24], the
behaviour of linear flows in infinite dimensions can be far more involved than in the finite-dimensional
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case, exhibiting phenomena that lack a direct finite-dimensional counterpart, such as the existence of
orbits whose closure is not a torus (contradicting Property |B| page 9).

In this setting, the choice of the topology is not merely a technical detail but a pivotal matter. Indeed,
key dynamical properties, such as the continuity, density, and ergodicity of the flow, depend heavily on
the specific topological framework. Our study is based on a topological setting designed to allow for
direct applications to Hamiltonian systems in Hilbert spaces, as well as to spaces modelled on £°° but
endowed with the weak™* topology. In particular, we tackle the following issues:

e Generalization of Kronecker flows (see Chapter[d): 7o what extent can the dynamical properties
of finite-dimensional Kronecker flows be extended to infinite tori, and how does the frequency
module determine the topology of the closure of the orbits and their homeomorphism classes?

¢ Exotic orbits in Hamiltonian PDEs (Theorem [BO): Are we able to exhibit examples of Hamil-
tonian PDEs admitting almost-periodic solutions whose orbit closures exhibit a more complex
topological structure than the usual invariant tori encountered in finite-dimensional integrable
Hamiltonian systems?

The rest of this introduction is dedicated to providing a historical and theoretical context for these
topics, tracing the evolution of integrable systems from their classical roots to the modern infinite-
dimensional framework.

1 Historical Perspectives on Integrable Systems

In the immediate aftermath of the publication of Newton’s Philosophiae Naturalis Principia Mathemat-
ica, which introduced the fundamental principle of dynamics F' = ma, and despite a calculus not yet
established on rigorous foundations, the scientific community began to tackle the challenge of finding ex-
act solutions for non-trivial mechanical problems. While Newton himself analytically solved the Kepler
problem on planetary motion, it became clear that such cases were exceptional. Beyond this example,
only a handful of problems could be treated exactly, i.e., avoiding intermediate approximations, addi-
tional modelling hypotheses, or numerical methods, all of which inherently introduce approximations.

Thus, despite the publication of Lagrange’s Mécanique Analytique and the establishment of the de-
terministic mechanistic paradigm, by the early 19th century, the examples of dynamical models with
solutions known in analytical form were few: the aforementioned Kepler problem, the systems of har-
monic oscillators, the rigid body with a fixed point in the absence of external forces (Euler’s top), and
the Lagrange top. Their solvability was guaranteed by the existence of a sufficient number of analytical
conserved quantities, which allowed for the reduction of the problem to the computation of integrals, a
process known as reduction to quadratures.

Throughout the first half of the 19th century, Hamilton, Jacobi, and Liouville refined the notion of
integrability for what are now termed Hamiltonian systems. These systems are of great relevance in
physics, as they describe the evolution of mechanical systems obeying Newton’s laws. In this context,
the Liouville theorem, later generalized by Arnold, represent the cornerstones of the theory, leading to
what is known today as complete integrability a la Liouville-Arnold, which constitutes the primary focus
of this thesis.

In such integrable systems, the dynamics is characterized by the superposition of periodic motions.
This specific type of evolution is said to be quasi-periodic and can be modelled as a linear flow on a
compact torus, that is, a Kronecker flow. The existence of these tori ensures that the trajectories remain
confined and predictable, representing the highest degree of order within Hamiltonian mechanics.

However, H. Poincaré in his Les méthodes nouvelles de la mécanique céleste called the task to study
perturbations of integrable systems the Probleme général de la dynamique. The scientist was motivated
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by the celestial mechanics, where perturbed integrable systems play a very important rol Poincaré
proved that the three-body problem lacks a general analytical solution in terms of algebraic expressions
and integrals. He further showed that many scenarios exhibit a sensitive dependence on initial conditions:
by studying motions near periodic orbits and employing first-order approximations, Poincaré observed
that the generic situation involves an exponential divergence from regular motion. He thus provided the
first description of a dynamics that, nearly a century later, would be termed deterministic chaos.

This led to a conceptual crossroads: if mechanical systems generally tend toward chaotic behaviour
and integrable systems are a rarity, are the latter merely mathematical curiosities? The question then
becomes: to what extent can an integrable system be deformed before its integrable structure breaks
down? The theory initiated by the seminal work of Kolmogorov (see [Kol54]]) and later extended by
Arnold and Moser (see [Arn63]] and [Mos61, Mos66], respectively), now widely known as KAM theory,
establishes that most of the recurrent motions exhibited by an integrable system persist under small
perturbations. This result validates the use of perturbative methods and demonstrates that the dynamics
is not necessarily lost to chaos even under perturbation, provided the underlying integrable structure is
sufficiently robust. This, however, also implies the challenge of identifying integrable systems to serve
as starting points for such analysis, beyond the classical examples already established. It suggests that
the study of integrable systems is far from being a closed chapter; rather, it remains a fertile field of
research.

This perspective remains equally relevant when moving from finite-dimensional mechanics to the do-
main of field theories and continuum mechanics. Indeed, many physical systems with an infinite number
of degrees of freedom admit a Hamiltonian formulation. During the sixties, a significant breakthrough
occurred with the realization that some of these models possess an infinite number of independent con-
stants of motion in involution (see, for e.g., [ZS] and [Gar71]). This suggests that the dynamics is
constrained to specific invariant subsets of the phase space which are homeomorphic to tori of pos-
sibly infinite dimension. In this setting, the resulting motion is characterized by an almost-periodic
behaviour, that is, a generalization of the quasi-periodicity observed in finite dimension to cases involv-
ing an infinite number of combined frequencies. These structures appear in continuous models, such as
the Korteweg—de Vries equation for shallow water waves, as well as in discrete systems like the Toda
lattice [[Tod89]]. The study of such systems has been intensively pursued using techniques ranging from
algebraic geometry to Riemann-Hilbert problems, depending largely on the topology of the manifold of
independent variables (see, for e.g., [AS&1]).

While KAM theory does not generally guarantee the persistence of quasi-periodic solutions in the
infinite-dimensional setting, the study of the complete integrability and the search for almost-periodic
solutions is an active and challenging topic in the study of global solutions for evolution Hamiltonian
PDEs.

2 Finite-Dimensional Completely Integrable Hamiltonian Systems:
the Liouville-Arnold Theorem

In the seminal work [Lio55], Liouville identified that the common denominator of most of the systems
that can be reduced to quadratures, such as the aforementioned Kepler problem, the harmonic oscillators,
the Euler’s top and the Lagrange top, was the existence of a sufficient number of constants of motion
independent and in involution. He further proved that, under such conditions, the equations of motion can
be solved through elementary formulas. This result was significantly advanced by Arnold [[Arn89], who
unveiled the underlying geometric architecture of such systems. The synthesis of these two contributions

"For example, the solar system, regarded as a system of 8 interacting planets rotating around the Sun, is a small perturbation
of the Kaplerian system. The latter is integrable.
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is now known as the Liouville-Arnold theorem, which constitutes the foundational framework of the
present thesis. Indeed, the present work is motivated by the aim of extending this classical result to
Hamiltonian systems with infinitely many degrees of freedom.

Let us recall the basic definitions and statements of the theory of Hamiltonian mechanics of finitely
many degrees of freedom. Throughout this discussion, we shall work within the real-analytic setting.
Nevertheless, we emphasize that all definitions and results remain applicable to the > (smooth) regu-
larity class.

A symplectic manifold is a real analytic manifold M of even dimension 2N, with N € N, endowed
with a closed, non-degenerate differential 2-form «.. According to the Darboux theorem, any symplectic
manifold is locally indistinguishable from the standard symplectic manifold (R?Y . w), where w is the

(p,9)’
standard symplectic form given by
N

w:= Y dpi Adgg, (1
k=1
meaning that there always exists a system of Darboux coordinates such that « takes the form (TJ.
Given a real-analytic function H on M, which we shall refer to it as Hamiltonian function, there is
an associated Hamiltonian vector field Vi defined as follows through the symplectic structure:

w(-, V) = dH[ - ]. 2

The existence and uniqueness of this vector field are guaranteed by the non-degeneracy and skew-
symmetry of the symplectic form.

We now introduce another structure intimately connected to the symplectic form. Given a real-
analytic manifold M, let A(M) denote the space of real valued analytic function. Then, a Poisson
bracket on M is a bilinear, skew-symmetric map

{+} - AM) x A(M) — A(M)
that obeys both the Leibniz rule and the Jacobi identity.

Remark 1. Crucially, the non-degeneracy of the symplectic form allows for the definition of an associ-
ated Poisson bracket:

{f,9} =alVy,Vy),  forall f,g € AM).
Explicitly, by setting a Darboux coordinate system (py, qk)fcvzl, one has
N
B of dg  Of Og >
o= ; (apk dqr  Oqx Opr.)

Notice that, by virtue of (2)), the Lie derivative of a real analytic function f in the direction of the
Hamiltonian flow ¢ induced by a Hamiltonian vector field Vi can be equivalently expressed as

d
e ¢1) = df[Vir] o oy = a(Var, Vi) 0 ¢y = {H, f} o ¢y 3)

The Hamilton’s equations for a /N-degrees of freedom Hamiltonian system with Hamiltonian H,
defined on a simplectic manifold of dimension 2N, describe the flow ¢%; induced by the Hamiltonian
vector field V7. In a Darboux coordinate system (py, qk)szl, these equations take the form:

. OH
Pr = {H,pr} = ~San
ak B
. k=1,....N
) OH
a =1{H,q1} =

Ipi



Section 2. The Liouville-Arnold Theorem 7

These equations are invariant under symplectomorphisms, namely coordinate transformations that pre-
serve the standard symplectic form w, or, equivalently, the Poisson bracket {-,-}. While physicists
typically refer to the variables g as positions and p as conjugate momenta, there is no fundamental math-
ematical necessity to distinguish between them, as they can be interchanged via symplectomorphisms.
Generally, this system of first-order ordinary differential equations is non-linear and can be arbitrar-
ily complex. However, if the Hamiltonian depends solely on the conjugate momenta, the Hamilton’s
equations reduce to:
oOH
i’
In this case, the system can be integrated directly, leading to the following solution:

O (p,q) = (p, g+ Ap)t),

where the frequencies A\;(p) = 0,, H are clearly constant. Moreover, if the motion is constrained to
compact level sets, the ¢ coordinates are identified as angles, and this dynamics is equivalent to a linear
flow on an N-dimensional torus.

An illustrative example is provided by the system of uncoupled harmonic oscillators, which is de-
scribed by the Hamiltonian H o given by

Pr=0, gx= k=1,...,N.

AP\
k
H 2k
no(p,q Z 5 (o7, + 43)-
k=1
Although this Hamiltonian depends on both positions and momenta, it can be reduced to the previously
discussed integrable form through the symplectomorphism that defines the so called symplectic polar

coordinates (I1,0):
P =/ 2[cosb, qr=/21sinb.

In these new variables (1, 6), called action-angle coordinates, the Hamiltonian takes the form H(I) =
Z,iv 1 M1y Since H now depends exclusively on the actions [}, the equations of motion become linear:
I, = 0and 6 = Ay. Consequently, the dynamics is a linear flow on the N-dimensional torus TV :=
RYN /(2w Z)N, with constant frequencies given by A\, k = 1,..., N.

In order to produce symplectomorphisms, one often employs the generating function approach. In
this framework, a generating function S(/,q) of the coordinates ¢ and the new actions I defines the
transformation (p, ¢) — (I, ) through the relations:

_ oS _ oS
p - aq 9 - 8[7
whenever they are invertible. To verify that this transformation is indeed a symplectomorphism, we
check the invariance of the standard symplectic form:

N N
Zdlk/\de Zza aIdIk/\dqg Zzgidlk/\dqg

k=1 (=1 k=1 /(=1
N (N g N LA
-3 (X ) mau =3 (a3 )
=1 \k=1 'k =1 =1 Yk
N N N gg
= dpendgr =YY ——dgi N dg
=1 = = OnOa
N
= dpi Ndg
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The last step holds due to the symmetry of the second derivatives of S and the skew-symmetry of the
wedge product, which causes the corresponding term to vanish. This approach becomes extremely pow-
erful when the Hamiltonian system possesses a sufficient number of analytic constant of motions inde-
pendent and in involution, and it plays a crucial role in the Liouville-Arnold theorem.

Definition 2. Given a symplectic manifold M of dimension 2N, a momentum map is an analytic map-

ping F : M — RN whose components (F (m))ﬁzl are independent and in involution:

o (Independence) The differential dF is surjective on a dense open set;
e (In involution) { F'™ F"Y =0 forallm,n=1,... N.

Consider an N -degree-of-freedom Hamiltonian system (M, o, H). We say that the system admits a mo-
mentum map if there exists a map F' as defined above such that the Hamiltonian H Poisson-commutes
with each component F(™) | namely {F(m), H} =0 forallm = 1,...,N. In this setting, the compo-
nents of F' are called first integrals or, equivalently, constants of motion. This nomenclature is justified
by the property described in equation (3).

A Hamiltonian system admitting a momentum map is said to be completely integrable. The following
celebrated theorem provides the motivation for this terminology.

Theorem 3 (Liouville-Arnold integrability). Consider a N-degrees of freedom Hamiltonian system with
Hamiltonian H and assume that it admits a momentum map F. Let ¢ € RN be such that the level set
F~Y(c) is non-empty, compact and connected. Then, the following hold:

(i) F~(c) is an N-dimensional Lagrangian tarmﬂ that is invariant under the Hamiltonian flow ¢';.

(ii) There exists an open neighborhood U C RY of c such that F~'(U) is analytically foliated by the
level sets of F', all of which are N -dimensional invariant Lagrangian tori. Specifically, there exists
a bi-analytic diffeomorphism x such that the following diagram commutes:

FYU) —— U xTV
P
U
where p1 denotes the projection onto the first factor.

(iii) There exist action-angle coordinates (1,0) adapted to this foliation and such that

N
a=Y dl,Adfy and H =H(I).
k=1

As a straightforward consequence, Hamilton’s equations simplify to

OH .  OH

meaning that the Hamiltonian dynamics is conjugate to a linear flow on the torus TV

A Lagrangian submanifold I C M of a symplectic manifold is a submanifold such that al, = 0 and dim(L) =
%dim(M ). Namely, any Lagrangian submanifold has maximal dimension, which is exactly half the dimension of the manifold.
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The proof of Theorem[3|also provides a prescription for constructing this powerful set of action-angle
coordinates via the generating function method, provided that a momentum map and a parameterization
of its compact fibers are available. In particular, the fact that the level sets are Lagrangian submanifolds
allows for the construction of a generating function by integrating the Liouville 1-form Zgzl prdqy, along
paths lying on the invariant tori. The canonical transformation induced by this generating function maps
the original system into a framework where the Hamiltonian depends exclusively on the new momenta,
effectively reducing the motion to a linear flow. Explicitly, the Arnold formula defines the action variables
for a Hamiltonian system with momentum map F' as:

1
Ii(c) : §1§ pdg, “4)

:27r

where {0 }7_, is a basis of cycles for the fundamental group of the invariant torus £~ (c).

It is therefore evident that the problem of integrating Hamilton’s equations is reduced to the task of
identifying a momentum map for the system and characterizing its level sets. To date, no general method
exists that is applicable in every context for this purpose. Later, we shall discuss a modern approach
widely used in the infinite-dimensional setting, known as the Lax pair method.

The significance of the Liouville-Arnold theorem lies in the fact that it provides a decomposition
of the phase space into simple invariant objects, each supporting an elementary motion. Indeed, the
Hamiltonian dynamics is conjugate to a linear flow on a torus; such a motion, often referred to as a
Kronecker flow, represents a radical simplification of the problem. Indeed, this reduction allows one to
translate the complexity of the evolution into the study of the arithmetic relations between the frequencies
A(I) = VH(I), as Kronecker flows on finite-dimensional tori satisfy the following properties:

A The (non-resonance) condition that the frequencies are rationally independent is equivalent to topo-
logical transitivity, to minimality, and to unique ergodicity (see [Laz93| for a modern exposition).

B Any Kronecker flow is topologically conjugate by an automorphism of the torus to another Kro-
necker flow having the property that the non-zero frequencies are rationally independent (see, for
e.g., [EFM10]). Consequently, by Property[A] the closure of any orbit is still a torus.

Remark 4. It is worth remarking on the quotient space structure of the level sets. This structure arises
from the fact that the Hamiltonian vector fields (VF(m))%:l associated with the integrals induce an
abelian, differentiable, and transitive action of the group RN on the compact level sets via the joint flow:
N -1 -1 t t
R™ x F (C)_>F (0)7 (tlu"'vtNa(pvq))H(I)\%;(]\U O--~O¢V1F<1>(p,q).
Consequently, the level sets of the momentum map are diffeomorphic to the quotient of the acting group
by the stabilizer subgroup.

The above remark highlights the algebraic nature of this notion of integrability. Indeed, the existence
of a momentum map effectively reduces the study of the solutions to that of the orbits of a specific
group action. Since the action is abelian and transitive, the stabilizer is necessarily a discrete subgroup
(specifically a lattice) which, under the compactness assumption, ensures that the resulting quotient
space possesses the topology of a torus. From this perspective, the fact that the Hamiltonian dynamics is
conjugate to a linear flow emerges as a direct consequence of compactness and the symmetries encoded
by the integrals of motion, which constrain the evolution to such a rigid geometric configuration.
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3 Infinite-Dimensional Integrable Systems

In the infinite-dimensional setting, the most effective method for producing an infinite family of first
integrals relies on the existence of a Lax pair (see the original contribution in [Lax68]]). This approach
consists in representing the equations of motion in the form

d

SL(E) = [BW®), L(1),
where L and B are operators, self-adjoint and anti-self-adjoint, respectively, acting on an appropriate
auxiliary Hilbert space. A fundamental property of this formulation is that the flow induced by the sys-
tem is isospectral, namely its spectrum remains invariant over time (actually, more is true: the L(t)’s
are unitary equivalent). Consequently, the spectrum of L provides a natural set of conserved quanti-
ties. This framework characterizes a restricted but fundamental class of infinite dimensional integrable
Hamiltonian systems. Notable examples of Hamiltonian PDEs admitting a Lax pair include the cubic
nonlinear Schrodinger (NLS) in dimension (14-1), the Benjamin-Ono, and the Korteweg-de Vries (KdV)
equations, alongside the Camassa-Holm and Degasperis-Procesi equations, and the Szeg6 equation (see
[2S], [BK79]] and [Nak79], [Lax68], [CH93l], [DHHO2]], [GG10]). Beyond the continuous setting, this
approach also extends to infinite lattice systems, such as the Toda lattice (see [Ela74]).

For instance, in the case of the Korteweg-de Vries equation in L?(R/Z, R)ﬂ

Ut + Upgy — Buu, =0, x € R/Z,

a celebrated example of Hamiltonian PDE, the operator L is the second-order differential operator
L = —0? + u, whose spectrum, known to be composed of bands and gaps, yields an infinite family
of integrals of motion. Typically these constants of motion are encoded in the lengths of the spectral
gaps, which, together with the mean value of the potential u, completely characterize the spectrum (see
[GT84]). A closer inspection of the isospectral sets shows that, for any finite N, they are compact ana-
Iytic submanifolds homeomorphic to N-dimensional tori, where N corresponds to the number of open
gaps. While this topological identification also holds for N = oo (see [MT76]]), such level sets cannot
be analytic submanifolds of L?(IR/Z, R) since an infinite-dimensional compact subset of a Banach space
can never be a submanifold (see e.g. Appendix C of [PT87]). If we vary the widths of the open gaps
(g1,...,9n8) € U C RN, we obtain a set of functions isomorphic to U x T*V. This subset is invariant for
the dynamics, and the restriction of the KdV system is a finite (2/N-)dimensional integrable system. In
[MT76], it was shown that the squared gap lengths gjz are real analytic functions of « that Poisson com-
mute with each other, representing the meeting point between the Lax pair structure and the Hamiltonian
framework.

From a Hamiltonian perspective, the ultimate goal is to determine whether these spectral invariants
can be used to construct a bi-analytic symplectomorphism, often referred to as a Birkhoff map, ensur-
ing that, in the new coordinate frame, the Hamiltonian depends exclusively on the conjugate momenta.
The strategy can be understood through the lens of algebraic geometry, a perspective that is not ex-
plicitly developed in this thesis. We limit ourselves to briefly give the basic idea for the case of the
KdV. In [EM76], Flaschka and McLaughlin obtained an explicit formula for the action-angle variables
(I, Hk)gzl in a neighbourhood of any invariant torus of dimension N by interpreting the spectral data
as coordinates on a Riemann surface whose genus is determined by the number of open spectral gaps.
The action variables are then recovered as integrals of the Liouville 1-form along the cycles surrounding
these gaps as described by the Arnold formula (). Consequently, the Hamiltonian dynamics is linearized
on the associated Jacobian variety, which serves as the algebraic counterpart to the Liouville tori.

3The Hamiltonian structure of the KAV equation is a classic result in the theory of integrable systems; for a brief review,
we refer the reader to ChapterE} For a more detailed and modern overview, see [KP03]] and references therein.
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In [Kap91]| it was proved that in the neighborhood of any finite-dimensional torus associated with an
isospectral set with N open gaps, there exists a local fibration into tori of the same dimension N. While
this provides a beautiful geometric structure to the results of Flaschka and McLaughlin, the analysis still
remains restricted to finite-dimensional invariant submanifolds. Consequently, the codimension of these
tori within the Hilbert space L?(R/Z, R) is infinite, suggesting that such a description does not capture
the full complexity of the infinite-dimensional setting.

Topological obstruction. One might think of repeating the construction of Flaschka and McLaughlin
for all N and then taking the limit N — oo to cover the whole phase space. However, as pointed out in
[HK14], the limit is singular on the dense subset of L?(R/Z, C) given by

O :={u: gn(u) =0 for some n € N}.

This is actually a consequence of the topological obstruction imposed by the Hilbert norm, which pre-
vents the possibility of foliating an open subset of the phase space with infinite-dimensional tori. To
see this, let us identify L?(R/Z,R) with ¢*(N,C) via the Fourier transform u ~ (uy)ren. Given
I = (I)ren € £*(N,R) such that I, > 0 for all k € N, consider the torusﬂ

Tr = {u € *(N,C) : Juy| = /I forall k € N}.

Finally, note that for every ¢ > 0, there exists N € N such that every u € 77 is e-close in £? to the
N-dimensional truncated torus

T = {u € A(N,C) : |uy| = /Iy forall k < N, and uy, = 0 forall k > N}

leading to the conclusion that any neighborhood of an infinite-dimensional torus contains tori of finite
dimension. It is worth stressing that, since each 7}N is compact, this approximation property implies that
71 is a compact subset of the Hilbert space. Consequently, it cannot be an analytic submanifold, as any
infinite-dimensional compact subset of a Banach space fails to satisfy the definition of a submanifold
(see, for e.g., Appendix C of [PT87]).

The solution for overcoming the topological obstruction, as developed in [BKM96] (see also [KPO3]),
relies on the introduction of the so-called Birkhoff coordinates

T = \/2Ix cos(Or), yx = v/ 2Ixsin(6r),

which represent the Cartesian version of the action-angle coordinates. The Birkhoff coordinates are well-
defined and analytic on the entire phase space. In these variables, the symplectic form takes the standard
formw =), en Az A dyy, and the Hamiltonian flow is linearized on the invariant tori.

Nevertheless, the foliated structure provided by the Liouville-Arnold theorem is still far from being
achieved. This leads to a fundamental question:

is it possible to recover a version of the Liouville-Arnold theorem by weakening the compactness
requirement, namely by choosing a different topological setting?

The results presented in this thesis (see Theorems[1.3.2] [2.5.12] and [2.6.T)) give a positive answer to this
question by proposing a new construction for analytic invariant foliations and action-angle coordinates
in a more suitable functional framework.

“Note that 77 is indeed an infinite product of circles, as it is parametrized by (0 )xen where ur = /I etk
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4 Structure of the Thesis and Summary of Main Results

This section serves as a conceptual roadmap for the research problem and the primary findings of this the-
sis. The dissertation is organized into four chapters: the first three establish a progressive analytical and
Hamiltonian framework, whereas Chapter 4, which investigates Kronecker flows on infinite-dimensional
tori, stands as a self-contained study that can be consulted independently of the previous chapters.

Throughout this text, we adopt the following notation: Ny denotes the set of natural numbers, while
N denotes the set of positive integers {1, 2, ... }. The one-dimensional torus is denoted by T := R/27Z.

4.1 Analytic Foliations by Infinite Tori

The first part of this work addresses the challenge of the topological obstruction to the foliation by
infinite tori inherent to the L? setting. To overcome this issue, we shift the functional framework to a
phase space constructed as a generalization of the cotangent bundle of a finite-dimensional torus 7*T" =
R™ x T™. Specifically, we consider as phase space the product £5° x T°°, where £:° is the Banach space
of sequences:

£ = {u= (mhew € RV Iyl = sup sl < |
keN
and w = (wg)gen is a weight sequence of positive real numbers. The infinite-dimensional torus
T := ¢ /277N

is then endowed with the metric induced by the £*°-norm.

While the robustness of these foliations is a general property independent of the specific weights w,
a more delicate analysis is required when introducing a symplectic structure, as discussed in Subsec-
tion Roughly speaking, to ensure that

> dyy, A dey )

keN

gives well-defined (weak)-symplectic form, the weight sequence must satisfy the summability condition
Cw == . jEN w;l < o0. Geometrically, this requirement ensures that /3, embeds (compactly) into
¢1(N,R), which in turn embeds isometrically into the space of continuous functionals acting on /°° (the
tangent space at any point of T°°); in particular, this assumption implies that ¢35 x T is a sub-bundle
of the weak*-cotangent bundle of the infinite torus, which is an infinite-dimensional weak-symplectic
manifold when endowed with the weak-symplectic form @)E]

Since all the results only require the structure given by the Poisson bracket, we shall see that the
condition c,, < oo is not strictly required for our analysis in our functional setting.

In this framework, we consider a class of analytic functions representable as Taylor-Fourier series,
which are majorant-analytic in the sense of the functional setting presented in Section[I.2.1] The chosen
norm for such space of functions allows for effective Cauchy estimates, which are essential for the
analytical steps of our construction. In this framework, we prove that the trivial foliation of the phase
space induced by the projection onto the first factor, namely

p1 by X T — £, 1y, ©) =y,

is robust under sufficiently small analytic perturbations. Our first main result (see Theorem [I.3.2] for the
precise statement) can be informally stated as follows:

5In contrast with the strong-symplectic case, a weak-symplectic form w on an infinite-dimensional manifold M is not
required to be non-degenerate but only weakly-non-degenerate, meaning that the map w?® : TM — T* M defined by w™ V)=
w(-, V), forall V € T'M, is injective but not surjective.
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Theorem. Let I' : 03y x T — {77 be a sufficiently small real analytic perturbation of the projection
onto the first factor. Then its level sets are infinite tori analytically diffeomorphic to T and form a real
analytic foliation in a neighbourhood of {0} x T°.

We prove this theorem essentially by constructing a majorant analytic map A such that

Ly —=A(v,9),0) =~  VpeT=. (6)

In fact, the statement of Theorem [I.3.2]remains valid for more general functions of the form

Ly, ) = f(y) + Py, ¢),

where f is analytic with an invertible differential. Indeed, by expanding f in a Taylor series about a
point yo, one can locally reduce I to the form f(yo) + df (yo)ly — vo] + Oy — woll?=) + P(y, ¢).
This generalization is consistent with the fact that the constant term f(y() merely shifts the codomain of
the map I. Explicitly, this generalized problem can be solved following the same procedure as in (6)),
provided one sets ¥ = yo + df (yo) [y — f(yo)] and requires the smallness condition on the redefined
perturbation P(y, ) = df (yo) " (O(lly — woll7) + Py, ¥))-

Notably, this particular setting will allow us to recover the invariant tori for a completely integrable
Hamiltonian system no longer through a purely algebraic construction, but by describing them analyti-
cally as graphs of majorant analytic functions. This establishes the necessary geometric structure for the
infinite-dimensional Liouville-Arnold theorem developed in Chapter

4.2 Symplectic Straightening and the Liouville-Arnold Theorem

The second part of this thesis, developed in Chapter [2] extends the previous analytical construction
to a Hamiltonian setting. In the classical finite-dimensional framework, the Liouville-Arnold theorem
ensures the existence of a symplectomorphism that straightens the foliation induced by a momentum
map; however, in our infinite-dimensional setting, the transition from a merely analytic foliation to a
Lagrangian one is far from trivial.

To bridge this gap, we first establish a consistent theory of analytic vector fields and Poisson struc-
tures on the Banach manifold /;; x T°°. The primary objective is to achieve the symplectic straightening
of a foliation induced by a momentum map belonging to a specific regularity class.

Notation 1. For simplicity of exposition, throughout this introduction we shall denote by X the class
of analytic maps I' : €30 x T — (3 whose Hamiltonian vector fields associated with its component
functions are analytic maps from the phase space to its tangent space, and such that the adjoint of its

differential is bounded. For more details, see Definition Remark[2.3.9and Proposition2.3.10)

Notably, this condition mirrors the “summability assumption” on vector fields adopted by Bambusi
and Stolovitch in [BS20]], as well as the boundedness requirement on the adjoint of the differential of
normally analytic germs considered by Kuksin and Perelman in their work on the infinite-dimensional
Vey theorem [KP10].

Within this framework, we prove that for any momentum map I' € & satisfying a suitable smallness
assumption, one can construct a change of coordinates that is not only a bi-analytic diffeomorphism but
also a symplectomorphism. This map straightens the perturbed foliation back to the trivial one while
preserving the underlying Poisson structure. This result, proved in Subsection (Theorem [2.5.12)),
can be heuristically outlined as follows:

Let I' € X be a sufficiently small perturbation of the projection onto the first factor. If the components
of T Poisson-commute, there exists a symplectomorphism that “straightens” the leaves of the foliation
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given by the level sets of " and defines a set of action-angle coordinates in a neighbourhood of {0} x T°°.

This symplectic straightening provides the necessary geometric foundation for a local version of
the Liouville-Arnold theorem in infinite dimension. Indeed, once the momentum map is reduced to
its canonical form, the integration of any Hamiltonian H that commutes with the components of I"
becomes straightforward. In these straightened coordinates, the complex dynamics of the original system
is conjugate to a Kronecker flow. This result, presented here in an informal version, constitutes, to the
best of our knowledge, the first instance of a local Liouville-Arnold theorem in an infinite-dimensional
setting (see Theorem [2.6.1]for the correct statement and proof).

Theorem. Consider a majorant analytic Hamiltonian H : (37 x T* — R that commutes with the
components of a momentum map I' € X which is a sufficiently small perturbation of the projection onto
the first factor. Then, the system is completely integrable in a neighborhood of {0} x T. Specifically:

(i) the Hamiltonian H generates a well-defined flow;

(ii) the phase space is foliated by invariant analytic tori, which coincide with the level sets of the
momentum map;

(iii) there exists a symplectomorphism that gives action-angle coordinates such that the dynamics is
reduced to a linear flow on T,

These results find a natural application in the context of Hamiltonian systems on infinite lattices and
PDEs, which we shall now briefly discuss.

4.3 Application to Hamiltonian sytems on infinite lattices and PDEs

A fundamental question in the study of Hamiltonian systems on infinite lattices and Hamiltonian PDEs
is under what conditions a family of first integrals ensures the integrability of the system. In the finite-
dimensional analytic setting, a powerful, local counterpart to the Arnold-Liouville theorem is provided
by Vey’s Theorem on the convergence of the Birkhoff normal form.

The extension of these ideas to the infinite-dimensional setting has been the subject of significant
research, notably in the works of Kuksin and Perelman [KP10] and Bambusi and Stolovitch [BS20].
In both these frameworks, as well as in the setting adopted in this thesis, a key requirement is the ex-
istence of a family of first integrals possessing sufficient regularity to induce the necessary coordinate
transformations.

Before stating our result, let us give some definitions. Given a sequence of positive real numbers
(15)jen, we consider as a phase space the complex weighted Banach space £;°(C) defined by

£°(C) = {u ecCN: [[ullge () == supmfu;| < oo}.
JEN

Note that £5°(C) can be embedded into ¢?(C) if the weight 7) satisfies the condition that c,, := Y jeN 77j_2
is finite. From this embedding, one can inherit the standard symplectic form of ¢#2(C), namely

w = iZduj A dij,
JEN

by pulling it back onto ¢7°(C). Finally, let £ = (£ )ren be a sequence of real numbers such that

0 < inf 726, < suprZés < oo.
keN kEN
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It then follows that the set
Te == {uefn C) : |up)? = &, forall k € N}

is analytically diffeomorphic to T° via the map T® > ¢ + (/E¢e'¥F ) pen.

We are now ready to informally state our theorem on the complete integrability for systems on infinite
lattices (see Theorem [3.1.4] for the precise statement). This result should be compared with [BS20]
and [KP10].

Theorem. Consider a majorant real analytic Hamiltonian H : £;°(C) — R that commutes with the

components of a majorant analytic momentum map T'"™) (u) = |u, |2 + P(™) (u), where the perturbation
P is such that the quantity

keN 3uk

- ||r denotes a majorant analytic norm which will be properly defined in
Section[3| Then, for a suitable range of values &, the system is completely integrable in a neighborhood
of the torus T¢. Specifically:

(i) the Hamiltonian H generates a well-defined flow in a neighborhood of the torus;

(ii) the phase space is locally foliated by invariant analytic manifolds, each diffeomorphic to the infi-
nite torus T°°;

(iii) there exists a symplectomorphism providing action-angle coordinates (x,0) that reduce the dy-
namics to a linear flow on T°.

In Section we apply Theorem [2.6.1] to show that the Korteweg-de Vries (KdV) equation can be
viewed as a completely integrable infinite-dimensional Hamiltonian system in the sense of Liouville-
Arnold. This statement is proved in Theorem By the nature of our results, this integrability is
established in a small annulus surrounding the origin. Unlike the global results obtained through the
Birkhoff map in L?(T), our approach provides a local decomposition of the phase space that mirrors the
geometry provided by the Liouville-Arnold theorem.

It is important to emphasize that a foliation into infinite-dimensional invariant tori for the KdV equa-
tion could also be obtained by exploiting the fact that the Birkhoff map is the identity plus a 1-smoothing
operator [BKM96], combined with standard Sobolev embeddings. In contrast, our approach proceeds
by verifying whether the spectral gaps of the Lax operator associated with the KdV system satisfies the
specific regularity assumptions required by our general theorems.

4.4 Kronecker flow on the infinite torus

Initial investigations on Kronecker flow on infinite tori can be traced back to Jessen [Jes34]], who es-
tablished a specific instance of Birkhoff’s Ergodic Theorem. Further analysis of the ergodic proper-
ties of Kronecker flows on infinite tori, equipped with the product topology, was conducted in [Koz21]]
and [SV24]. In the latter, Sakbaev and Volovich [SV24] demonstrated the emergence of a novel class
of trajectories that are absent in the finite-dimensional case, namely, orbits whose closure fails to be a
torus. These findings indicate that the typical dynamical behavior of finite-dimensional flows does not
necessarily apply to the case of Kronecker flows on infinite tori.

Let us give the basic definitions. In the following discussion, the infinite torus is endowed with the
product topology and it will be denoted by TY. Some comments on the concrete realizations of T are
given in Appendix [D}
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Given w = (wj)jes € R”, we define the Kronecker flow associated with the “frequency vector” w
as the topological dynamical system (T‘] , ®,,) induced by the continuous R-action

O, RxT! =T, (t,0) = ®,(0) := (0, + wjt + 21Z) e,

where, given 6 € T/, © := (0;);c; denotes any list of real numbers such that § = (0, + 2TFZ)j€Jﬁ
The real numbers w; are called “frequencies”.

1. The Main Results. In Section we show that for non-resonant Kronecker flows on TV, the same
properties of the finite-dimensional analogue hold. More precisely, the first purpose of Chapter {4|is to
give a proof of the following assertion.

Theorem A. For a Kronecker flow (TN , D), the following statements are equivalent:
(a) it is non-resonant;
(b) it is uniquely ergodic;
(c) it is minimal;
(d) it is topologically transitive.

This theorem should be compared with [Jes34], where the author essentially proves that the average
of any integrable function along the orbits of a non-resonant Kronecker flow on the infinite torus equals
the average over the entire torus with respect to an appropriate invariant integral. The ergodic properties
of Kronecker flows on infinite-dimensional tori are also studied in [Koz21] and [SV24].

It is worth stressing that non-resonant Kronecker flows are in a certain sense “typical”. This was first
observed by Bourgain [Bou05]] who proved that, for all § > 0, the set

s o= {w e 11" s Swp 2 s [T+ 2007, wez® )

jEN jEN
has measure m(€s) = 1 — O(6), where m is the product Lebesgue measure on [—1, 1]V,

Next we consider the resonant case. In the infinite-dimensional setting, Property [B| does not hold in
general: in the above mentioned paper [SV24], Sakbaev and Volovich give examples of linear flows on
the infinite-dimensional torus where the closures of the orbits are not tori, even though these orbits are
accumulated by periodic ones. However, a legitimate question to ask is whether a Kronecker flow on
TN is topologically conjugate to another Kronecker flow whose non-vanishing frequencies are rationally
independent. In Section [4.2] we present an algorithm to reduce resonant Kronecker flows on the infinite
torus in the presence of finitely many independent resonances. More precisely, in Proposition {.2.23|
we show that for a Kronecker flow (TY, ®,,) where the resonance module %, has finite dimension
1 < d < oo, the system is topologically conjugate to another Kronecker flow (T, ®3) characterized by
a frequency vector @ = (0g4, @) where 0y is the null vector in R? and @ is non-resonant. Aiming to fill the
gap left by the assumption of a finite-dimensional resonance module, we establish the following more
general result, which connects an algebraic property of the frequency vector with the ©°-conjugacy class
to which the resonant Kronecker flow belongs (see Section for the proof).

SGiven an element g of an additive abelian group G and a subgroup H of G, we denote by g+ H the equivalence class of g
with respect to the relation g ~ ¢’ if and only if g—g’ € H, thatis, g+H := {¢g’ € G : 3h € H suchthatg = ¢'+h} € G/H.
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Theorem B. Let w € RY and let (TN, ®,,) be the corresponding Kronecker flow. Then, ., is a free
abelian group if and only if (TN, ®,) is topologically conjugate to another Kronecker flow (TY, ®z)
whose non-vanishing frequencies are rationally independent. If this is the case, ., is isomorphic to
7,(supp(@))

In particular, if the frequency module is free, T is fibered by invariant, minimal embedded tori such
that the projection of the flow on each fiber is conjugate to a non-resonant Kronecker flow. This implies
that the closure of any orbit is still a torus, of possibly infinite dimension.

Note that Property |B|of the finite-dimensional case follows from the fact that, as already pointed out
in Remark [4.2.TT] if the frequency vector has finite support, then .#, is finitely generated, and hence, by
the structure theorem for finitely generated abelian groups without torsion, it is free.

Furthermore, in the presence of finitely many resonances, Proposition 4.2.23] provides a conjugacy
to a flow (TN, ®;) whose non-vanishing frequencies are rationally independent. By Theorem [B} this
ensures that .Z,, must be a free abelian group, even though it is necessarily no longer finitely generated.

Nevertheless, in the general case, linear dynamics on an infinite torus can be much more complex.
In Theorem of Section [4.4.2] we construct a special class of Kronecker flows with the property
that the closure of any orbit is a solenoid (see Definition [4.4.6), which is the total spaces of a particular
fiber bundle over the circle with a Cantor set as fiber. By Lemma[4.4.24] the frequency module of any
Kronecker flow in such class is isomorphic to a non-free subgroup of (Q, +).

Next, we show that the closure of any orbit induced by a Kronecker flow on the infinite torus is home-
omorphic to the Pontryagin dual of the associated frequency module (Proposition[4.4.23). At the end of
Section .4.3] we use this result, together with Theorem and classical results from Pontryagin’s
theory of locally compact abelian groups, to prove the following statement.

Theorem C. Let I be a countable set of indices and (G;);cr a family of subgroups of (Q,+). Then,
there exists a Kronecker flow whose frequency module is isomorphic to @, ; G;. Moreover, the closure
of any orbit is homeomorphic to a product [ [, Xi, where each factor X; is a circle if G; is free, and a
solenoid otherwise.

This is an extension of the recent result in [SV24] concerning the existence of Kronecker flows on
the infinite torus inducing orbits whose closure is not a torus (see Remark f.4.26)), as we exhibit a well-
defined class and we provide a more refined understanding of the topological structure.

In Section {.4.4) we apply these results to the Benjamin-Ono equation, namely, we prove the follow-
ing

Theorem BO. Consider the Benjamin-Ono equation for a real-valued function u(t, x) that is 27-periodic
in space:
up = H(ugy) — 2uug, x €T, teR,

where H(-) denotes the Hilbert transform defined in (4.2)). Let
U LA(T) 3 urs z € h'/?

be its Birkhoff map [GK2I|]. Given z € h'/?, if there exists B € R\ Q such that |z;|* € SQ \ {0} for
all j € N, then the closure of the orbit with initial data v = V~'(z) under the Benjamin-Ono flow is
homeomorphic to the product of a circle and a solenoid.

It would be of interest to determine whether this family of almost-periodic solutions corresponds to
specific physical features, such as a novel form of turbulence.
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We conclude this work by discussing a general classification problem for Kronecker flows on the
infinite torus. First, we prove the following statement.

Theorem D. Given w,& € RY, let (TN, @) and (TY, @) be two Kronecker flows on the infinite torus.
The closure of any orbit of ®,, is homeomorphic to the closure of any orbit of O if and only if the
associated frequency modules ., and #, are isomorphic as abelian groups.

Finally, we show how to associate to each countable abelian group G without torsion a Kronecker
flow (TN, ®,,) in such a way that G is isomorphic to .#,. Therefore, by Remark Theorem |§I
implies that completely classifying Kronecker flows on TN up to homeomorphism of the closure their
orbits is a highly complex issue, as it is equivalent to the classification problem for countable abelian
groups without torsion. To date, a complete classification is known only for those groups having rankﬂ
1, namely, additive subgroups of the rationals (see [Bae37]], [BZ51]] and [Fuc15]) which corresponds to
the class of Kronecker flows (constructed in Section#.4.3) whose orbits are dense in a product of circles
and solenoids, in the sense of Theorem [C]

"See Appendix@ for the definition of rank and other classical results from the theory of abelian groups.



Chapter 1

Foliations by Infinite Tori

The main concern of this chapter is the study of the robustness of foliations of Banach manifolds by
infinite tori under real analytic perturbations. To give an idea of what we are going to do, let T := R/277Z
and consider the cotangent bundle of the n-dimensional torus T", n € N, which is naturally isomorphic
to R™ x T™. The projection onto the first factor

Fop:R"xT" = R", Toly,p) =y, yeR", peT",

gives rise to a real analytic foliation with leaves Iy ! (v) = T™, Vv € R™. A real analytic perturbation of
the map I'g is a function I" p of the form

Lp(y,¢) =y + Py, ¢),

where P is real analytic on an open neighbourhood %;.(R™) x T™ of {0} x T™ and “small” with respect
to some suitable norm. Then one can ask the following question:

Do the level sets of I p give rise to a real analytic foliation whose leaves are n-dimensional tori for an
open set of “sufficiently small” values of I'p?

In this chapter (see Theorem [I.3.2)) we give a positive answer to an infinite-dimensional version of
this question. Let us briefly illustrate our procedure in this finite-dimensional context. The idea is the
following: since the perturbation is small, we look for a real analytic map

A Uy (R™) x T = %,(R")

such that, for all v € %,_,(R"™), the equation for the level set I p(y, ¢) = -y can be solved by parametriz-
ingyasy = v — A(7,¢), namely

Lp(y— Ay, 0)0) =7 VoeT".
By using the definition of I' p, the above equation is equivalent to
A(v,0) = P(y = A7, ), )
which has a (unique) solution if the map A — P o ®_ 4, where
O_p: U p(R") xT" = 2R") xT", ®_a(y,0) = (v — Alr,9),9)

is a contraction on a closed ball about the origin of the space of real analytic functions from an open
neighbourhood of {0} x T" in the cotangent bundle of the torus to R™. It is then clear that we shall need
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to understand the behaviour of the chosen norm under the operation of composition and to give suitable
estimates on the derivatives of the involved maps in order to produce a contraction. If this is the case,
then for all v € %, ,(R™), the level set T ;' (7) is identified with the graph of the real analytic functio

T > o —v—A(y, ) € % (R"),

namely it is analytically diffeomorphic to T". Since such a function depends analytically on the param-
eter 7y, we get that the neighbourhood of {0} x T" given by the image of %,_,(R") x T™ under the map
&_ 4 is analytically foliated by the level sets of I p, which are all analytically diffeomorphic to T™.

In order to apply this general scheme in an infinite-dimensional context, we must first specify the
setting. Unlike the finite-dimensional case, the choice of the topology for the product space, as well as
the selection of the functional space, is crucial. In particular, we shall prefer a topology that allows us
to perform differential calculus and to deal with functions in normed spaces in which it is possible to
provide suitable Cauchy estimates for the differentials. Let us start by giving some basic definitions to
introduce our infinite-dimensional setting.

1. Infinite torus. We denote by T° the infinite torus, i.e., the countably infinite direct product of circles

T :=[[T;, T;=TVjeN,
JEN

endowed with the topology induced by the uniform distance

dres (@, ') = sup d(pi, i), Vo =(gj)jen, ¢ = (¢;)jen € T,
J
where d is the usual distance on T = R/277Z. We shall see in the next section that such a metric space
has a natural structure of Banach manifold modelled on ¢*°.

We emphasize that there are other possible infinite-dimensional extensions that one could consider.
For example, if one equips the infinite product of circles with the product topology, there would be no
way to introduce a topological manifold structure on the resulting infinite torus. Roughly speaking, the
cylinders form a basis for the product topology, and non-contractible loops can be found in each cylinder.
This contrasts with the local simple connectedness required of any topological manifold.

2. (>-weighted space. Given a sequence of positive real numbers w = (w;);ecn, wWe define the real
weighted (by the weight w) Banach space £57 based on ¢ := (*°(N, R) by setting

0 = {y € RN ¢ |y|pee := supwjly;| < oo} )
jEN
Clearly, {3y = ¢ if w; = 1 for all j € N. In the following, we shall denote by ¢35 (C) the complex
analogue of /.
Since we shall need to consider holomorphic extensions of real analytic functions on £°°, given s > 0,
let us define ¢5°(C) as the open subset of the complex Banach space ¢>°(C) := ¢*°(N, C) given by

£°(C) = {90 — (p)5en € CV ¢ [pleme(cy = sup ;] < oo, sup [Img;] < } .
JEN JEN

This chapter is devoted to the formulation and proof (see Theorem [I.3.2)) of a theorem that can be
informally stated as follows:

!Geometrically, it represents a one-form on T™.
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IfT by x T — 03¢ is a sufficiently small real analytic perturbation of the projection onto the first
factor, its level sets are infinite tori and form a real analytic foliation.

In the next sections we describe the Banach manifold structure of the infinite torus and introduce a
class of real analytic functions on £3; x T° for which we provide Cauchy estimates (see Lemma|[I.2.13).
In Proposition [I.2.19] we give estimates for the composition of functions in this class with close-to-
identity analytic maps /> x T — £9° x T°°, and we apply these results to construct a contraction, as
explained before.

For the sake of clarity, we stress that all the results presented in this chapter hold for all choices of
the weight w.

1.1 Quotient Space and Banach Manifold Structures of T>

Here we explore different ways to view the infinite torus defined in the previous section as a product
space. In particular, we will examine how T°° can be understood as:

e a quotient space, offering a way to understand T°° through equivalence classes and the identifi-
cation of certain elements;

e a Banach manifold, providing a smooth and geometrically rich framework that ties T to the
world of functional analysis and geometry.

Each of these views not only broadens our understanding of the infinite torus but also opens up
different techniques and tools that can be applied to study more effectively analytic functions defined on
it.

Definition 1.1.1. Let us denote by A the submodule A := (21Z)N N (. Hereafter, o, denotes the
surjective map moo : 0°° — (°° /A defined as

Too(@) = [@] :={@+ M : M = (Mj)jen € A}, forall o = (¢j)jen € L7
We endow (° | A with the metric d given by

d([¢)], [#]) := seiiB e | — @' le = An}m sup [ — @ + Mj|.

Remark 1.1.2. 7y, : £>° — (>°/ A is the universal covering of {*° /A.

The following proposition gives a characterization of the infinite torus as a quotient space. In partic-
ular, T is isometric to the quotient of />° with respect to the submodule of all bounded sequences of
real numbers that are integer multiples of 2.

Proposition 1.1.3. The metric spaces {>° /A and T, endowed with the metrics d and dryes, respectively,
are isometric.

Proof. 1t is straightforward to see that the map

Ol /A =T, O([@]) = (1,594, -)s (1.1)
where ¢; := {¢; +m : m € 277}, is a bijection. To prove that ® is an isometry, we show that for any
oAl 00
¢, @ e,

min sup |§; — ¢ + M;| = sup min_|@; — ¢/ +m].
i sup [ — g + Myl = sup min, |6~ ¢} +m|



22 Chapter 1. Foliations by Infinite Tori

For any fixed j € N, the set {|¢; — ¢ +m| : m € 27Z} is discrete and bounded from below; hence,
there exists m; € 277 such that

|pj — @ +my| = min [$; — @+ ml.
It follows that

A~/ Y
AI?Q%SUP |65 — @5 + Mj| < sup |65 — ¢ +myl = ilelgmgn 65 = ¢+ ml.

Conversely, for any M € A, the following inequality holds for each j € N:
5. — . > 3 5. — . .
(@5 = @5 + Myl = min |95 — g +m|

Taking the supremum over j € N and subsequently the minimum over M € A, we obtain the reverse
inequality, which establishes that ® is an isometry. |

We now turn to the issue of showing that T can be endowed with a natural structure of analytic
Banach manifold modelled on ¢°°. For the basic theory of differentiable and analytic functions on Banach
spaces and manifolds, we refer to [PT87]], Appendices A, B, and C, and references therein.

For all 0 = (0})jen € {0,1, 2}, let ¢7 denote

7= ({20;7/3+m:m € 2nZ})jen € T,
and let %, be the open set
Uy :={p € T : dr (¢, ¢7) < 27/3} .
Note that (%) s 0,12} is an open covering of T. Let
27 2 oo
O : U= [[ | - F (L +05), 5 (L+0y) ) CL

, 3 3

jeN
be the map that associates to any ¢ = (¢;)jen € %, the list (¢;);jen, Where, for all j € N, ¢; is the
unique representative of ¢; in

27 27

(— 3( +0j), 3 (1+0’])> CR.

Then (%, ®s)ye {0,1,2}v 1s an analytic atlas for T°°. Indeed, the transition functions

Vot (I)g(gz/g NUyr) — @UI(%J N Uyr)

are all equal to the identity map Id : £*° — ¢°°, which is clearly analytic.
The same argument holds verbatim if one replaces T with £°° /A: write [¢7], where ¢ = (20;/3) jen,
instead of ¢ and d in place of dy. It follows that

(¢_1(%U)a P, 0 (I))UE{O,LQ}N ’
where @ is defined in (I.1)), is an analytic atlas for £°°/A. Then we have the following:

Remark 1.1.4. The infinite torus T and {>° /A are also analytically diffeomorphic as Banach mani-
folds.

Remark 1.1.5. Noting that the covering map m is analytic, the latter remark together with Remark
[1.1.2) allows us to identify real analytic functions on T with real analytic, multi-periodic functions
defined on the universal covering (> of £>° /A.
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1.2 Functional Setting and Preliminaries

Throughout this chapter, we fix a weight w, namely a sequence of positive real numbers w = (w;);en,
once and for all. In this section, we introduce a class of real analytic functions on £y x T° and discuss
Cauchy estimates and their behaviour under the operation of composition.

1.2.1 Space of functions

We restrict to analytic functions on infinite tori which are represented by trigonometric series on the
universal covering /> of T, in the sense explained in the previous section. In the following, we shall
adopt the notation ¢ not to denote elements of T°°, but instead to refer to elements of the universal
covering /*°.

Definition 1.2.1 (The space of formal series A). For any r,s > 0, we denote by A, s the space of formal
power-trigonometric series f

Fwe)= > Y Lot ?, yeU(ly) 0l (12)

veZ™ qen{V
with fye € C, fua = f-ya forall (v,a) € ZMN x N(()N), such that

|f’r,s = Z Z ‘fua‘vgl;,resly‘ <0,

vez®) erNéN)

where N > 0, vy, € Ly denotes the sequence defined by (vyr); = rw;l for all 37 € N. We denote by
A the space of formal power-trigonometric series defined by

A= U A s

r,5>0

We shall now show that the formal series in A are in fact totally convergent and define functions
that can be uniformly approximated by analytic functions of finitely many variables. To state it more
precisely, let us give the definition of exhaustion of a set of indices by finite subsets.

Definition 1.2.2. An exhaustion of a countable set of indices X is a nested sequence of subsets Sy,
n €N, of X (e, S1 C So C S3 C...)suchthat X = UpenSn. An exhaustion by finite subsets is an
exhaustion such that each S, is a finite set.

We have the following proposition.

Proposition 1.2.3. If f € A, s for some r, s > 0, then it is absolutely convergent and defines a function

U (L)) X £ = R, (Y, 0) = f(y, ),

whose complex extension fc, obtained by considering (y, ) € % (£33 (C)) x £3°(C) in formula (1.2),
is totally convergent. In particular, for all exhaustions (Sy)nen of ZM) x N(()N) by finite subsets, one has

fely, @) — Z fray® el ®

(v,a)ESn

lim sup =0. (1.3)

T () €% (435 (€)) x£2°(C)
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Proof. Consider the complex extension of f obtained by formula (I.2]) assuming that (y, ) extend to
variables defined in %, (¢5°(C)) x £2°(C). Clearly, it is totally convergent because

> > sup a7 = |flra < o0

VT ) (OIS (C)xt32(C

In particular, f is absolutely convergent and hence the attained values do not depend on the order of
summation. Namely, f defines a function

U(ly) x L =R, (y,90) = f(y.9),
whose complex extension fc is represented by a totally convergent power-trigonometric series. Formula
(1.3) follows by the total convergence. |

Definition 1.2.4 (Majorant). Given f € A, we define its majorant fu; as the formal series

= > D lfwalyre™.

VEZM N
Proposition 1.2.5 (Majorant analyticity). If f € A, s for some r,s > 0, then the function
U (b)) X L2 =R, (y,0) = fy,0),

is majorant real analytic.

Proof. Let (Sy,)nen be an exhaustion of ZM) x N[(]N) by finite subsets. Define the sequence of functions
(fmn)nen C Ay s of finitely many variables as

fan(y, )= Y |foaly™e™

(v,a)€Sn

Now, being each f),, a trigonometric polynomial with polynomial functions as coefficients, it extends
to a complex valued analytic function by considering (y, ¢) € % (¢5°(C)) x £3°(C) in formula (1.2).
Moreover, by Proposition[1.2.3] the sequence ( faz,n)nen converges uniformly in %.(£3°(C)) x £3°(C) to
far (more precisely, it converges to its complex extension obtained by considering each y; and each ¢;
as complex variables as before). The conclusion follows by the fact that the uniform limit of a sequence
of analytic functions on Banach spaces is an analytic function. Of course, the limit is real on reals. M

Proposition 1.2.6 (Algebra). For all r,s > 0, A, s are Banach algebras with respect to the product of
series. More precisely, for all f,g € A, s, the following algebra estimate hold:

£ glrs < |Flrslglrs -

Proof. Formally, one has

a+a’—(
Then,
‘fg‘rs = ‘ Z fraGvar 'UC eslnl < Z ’fu "Uwr slvl Z ‘gva ‘Uw/r = ’f‘TS‘g|TS
vt/ =p Vlva/
ata’'=(¢

Hence, the claim follows. [ |
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1.2.2 Taylor-Fourier series interpretation and comments on the | - |, ;-norm

Now we prove that the series in 4 are indeed the Taylor-Fourier series of the associated function. The
theory of analytic functions depending on infinitely many angles, in a slightly different setting, has been
developed, for e.g., in [MP21]] and [[CGP24]. The Taylor part follows from the fact that any f € A
defines a real analytic function, as proved in Proposition[I.2.5] More precise Cauchy estimates are given
in the next subsection. Let us focus on the periodic variables.

Definition 1.2.7. Given f € A, 5, withr,s > 0, and v € Z(N), we denote by f, the majorant analytic
Sfunction

fo % (07) - R, fv(y):vaaya
and by f, ar its majorant f, v (y) = Y., | fraly™.
Remark 1.2.8. Note that f(y, o) =, f.(y)e”? for all p € {*°, and

| flr,s = sup  foar(y) el
" zy:ye%(f?f) Y

The next lemma, together with the Cauchy estimates for the n'"-order derivatives with respect to
each of the yj-variables (see Lemma and Proposition [I.2.14), implies that the formal power-
trigonometric series f € 4 can be interpreted as the Taylor-Fourier series of the function associated with
f. In particular, it shows that, for all 7, s > 0 and every f € A, ;, the majorant real analytic function fo
(see Definition is such that, for all y € %, (¢£3°), the real number

foly) = foat®
«
can be interpreted as the average of f on the infinite torus {y} x T, namel

1
folw) = Jim s [ el den. (14

More precisely, we prove the following:
Lemma 1.2.9 (Fourier series). Consider f € A, s, withr,s > 0. Then, for all v € ZW), the equality

1

Fw) = [ fly,e)e ¥ dp:= lim @V /TN fly,0)e VP dpy ... don (1.5)

Too N—oo

holds pointwise for any y € % (£57).

Proof. First note that, since for all y € %, (¢°) the series >, f,(y)e!”"? converges uniformly for ¢ €
£>°, one has

/TN [y, )der ... don = Z fo(y) /TN eV ?de ... don

for all N € N. Moreover, for any N € N, let Sy denote the subset of Z(N) given by

Sy = {vez® . v#0,v;=0 Vj>N}.

*Note that the functional in (T:4) is the integral with respect to the product measure on T as described in Chapter
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Thus, for all N € N and any v € Sy, one has

1 iv-
W/ENG @dsﬁldg@NZO

Hence,

(2;)1\7 /TN fy,0)dor ... den

- (271>N /TN <f0<y>+ ST Rwert+ fu(y)ei”"P)dgol...d@N

veESN 0#1/%5]\]

1 -
—f0)+ Y ) g [P der e dey
(271') TN
0#v¢Sn
The latter integral can only take the values 0 or 1. Moreover, by Remark [T.2.8] the tail of the series with
0 # v ¢ Sy goes to zero as N — oo. This proves (1.5) for v = 0.
Now, take 2/ € ZM \ {0} and set

@0 ) = F@)e ™ = 3 L) =3 fururly)e .

By applying (T.3) with v = 0 to f(y,p,r) and using the fact that / is arbitrary, the equality (T.3))
follows for v # 0 as well. [

We conclude this subsection with some comments on the | - |, s-norm; in particular, we discuss the
presence of the weight e*I¥l. In the finite-dimensional case, a formal, real trigonometric series

flo)=> he"?, peRY,

veZN

that admits an absolutely and uniformly convergent complex extension obtained by extending each vari-
able ¢y, to a complex strip |Im | < s, for some s > 0, defines a real analytic multi-periodic function.
Moreover, the formal series coincides with the Fourier series of the function, whose Fourier coefficients
are controlled by e~|¥I5. This decay for the Fourier coefficients is sufficient for proving Cauchy estimates
on the derivatives. This is essentially due to the following facts:

(@ >,ezv e V17 < oo forall o > 0;

() limy—s00 SUP|m gy <5 [F(P) = Dves,, fve?| = 0 for all exhaustions (S,),en of ZV by finite

subsets.

In the case of functions depending on infinitely many angles, the exponential decay of the Fourier
coefficients does not ensure even the pointwise convergence of the Fourier series. The main point is that
the bound in (a) is false whenever the sum is taken over v € ZM),

Note that, in both the finite and infinite-dimensional settings, the Fourier coefficients decay exponen-
tially if either the sup-norm or the weighted Fourier-norm, defined respectively below, is finite:

FE = sup |3 fe

[tm(pz)|<s

, Fle =D I fuleMs (1.6)

v 14
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Furthermore, we stress that these norms are equivalent in the finite-dimensional case. More precisely, in
[BBP13J}, the authors proved that, for multi-periodic functions of m variables, the bounds

[FIS% < [fls < 2™ [FI5P (1.7)

hold for all s > 0, whenever one of the due norms is finite. This is why the sup-norm and the weighted
Fourier norm are interchangeably used to characterize the class of multi-periodic analytic functions of
finitely many variables as Banach spaces.

Let us prove that the norms defined in are not equivalent in infinite dimension. We first prove
that the bounds in (1.7) are optimal.

Proposition 1.2.10. Let m € N. Then for any ¢y < 1 and for all co < 2™ there exist s1, 82 > 0 such
that the trigonometric polynomial

p(m) (()Dla cee 780m) = H COS(QOJ')
j=1

satisfies
P > eqlp™ s, [pU™ s, > calpt™ S

Proof. Given s > 0, the sup-norm of the function ¢ — cos(¢p) is cosh(s). Indeed, writing ¢ = = + iy,
with x,y € R, one has

sup |cos(p)| = sup |cos(x)cosh(y) —isin(z)sinh(y)]

Im(e0)|<s [Im(e)|<s
= sup \/0082(1:) cosh?(y) + sin?(z) sinh?(y)
[Im(e)|<s
= sup \/coshz(y) — sin?(x) = cosh(s) .
[Im(e)|<s

Then, since p(™) is a product of functions that depend on only one variable, the supremum is attained
when the functions attain their supremum separately, namely we have that

[P = (cosh(s))™ .
Moreover, the weighted Fourier-norm of p{™) is equal to €. Then we have

Ip(m)ls B
m)‘iup -

i 2" (1 4 e~ 2™, (1.8)

The claim follows by the fact that, for all s > 0, the above ratio is larger than 1, it goes to 1 as s — 0,
and it tends to 2™ for s — oo. [ |

Now we use equation (1.8) of the above proposition to prove that the sup-norm and the weighted
Fourier-norm are not equivalent in infinite dimension.

Proposition 1.2.11. With the same notation of Proposition for all M > 0, there exists m € N
such that

|p(m)|s > M|p(m)|‘§”p , forall s > 1.
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Proof. Given m € N, let s > 1. Then, by equation (1.8), one has

(m)
]L}Zm) e g1 ey m s gm(y g2y

S

Since 2(1 + e~2)~! is larger than 1, there exists m € N such that 2" (1 4+ e~2)~™ > M. This concludes
the proof. |

Note that, regardless of the dimension, the boundedness of the sup-norm implies the absolute con-
vergence of the formal trigonometric series, and hence it defines a multi-periodic function, but we are
not able to prove the uniform convergence nor to provide a counterexample. Therefore, we cannot assert
that such a multi-periodic function is the uniform limit of trigonometric polynomials and hence analytic.
This reflects the difficulty (or, possibly, the impossibility) of performing Cauchy estimates with respect
to the sup-norm in our infinite-dimensional setting.

Let us explain why the weighted Fourier-norm allows us to overcome this problem. It is worth stress-
ing that one can give another definition of majorant (suggested by C. Procesi, private communication).
Namely, given a formal, real trigonometric series f(¢) = Y, f,e”"?, we define the {}-majorant of f as

Fany(e) =Y [ flethe,

where, for all v = (v;);en € ZN, {v} := (Jw], [v2l,- - -, [Val, - .. ). Now, define 2 = (2x)ren, where
2k = e'¥%_ and consider the formal power series

gr(2) =Y |fulzV

This definition is remarkable because it allows us to associate with each formal trigonometric series f a
formal power series g such that the | - |; norm of f is nothing but the usual sup-norm of g in the ball

Ues (£>°(C)), namely
>l

Therefore, the Cauchy estimates for a function associated with f follow from the Cauchy estimates for
the function with Taylor series given by g in the ball %,s (£>°).
On the other hand, defining in ZM) the x-norm as

fle =D _Ifsle”* = sup
12

€5 (£(C))

V] = %hﬂ%’l, hi €Re Vi EN, hj 2 by, lim hj=+oo,

one has ZueZ(M e I"s9 < o for all ¢ > 0. The x-norm has been used in [CGP24] to define a space
of functions on the infinite torus which can be analytically extended to holomorphic functions on the
thickened infinite torus:

o= {gp € CN: Re(p) € T, sup h;l Im(gpj)‘ < 5},
JEN

which is a complex Banach manifold. Many of the difficulties of our setting come from the fact that we
make a much weaker analyticity assumption: a holomorphic function on T¢5 has the property that the
width of the strip of analyticity with respect to the k*® periodic variable goes to infinity as k — oo.
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1.2.3 Cauchy estimates

By virtue of Proposition the elements of 4 define analytic functions on their domain of con-
vergence. Throughout the remainder of this text, we shall therefore refer to them as either power-
trigonometric series or functions, depending on the context, without further distinction. In this subsection
we prove Cauchy estimates for the differential of functions in the class A.

Definition 1.2.12. Givenr,s > 0and f € A, s, foralln > 0 and any k1, ..., k, € N, we define the nth
partial derivative of f by setting

anfayk(yv 90) = Zfl/aak‘l H (Oék: - Z(Sk kj_ 4) 2j=ie jeiu«p’

OYg, - -

6nfa Zfl/al Hykya v

0Pk, - - -

Lemma 1.2.13 (Cauchy estimates). Forallr,s > 0 and any f € A, s, the following estimates

o" r n'e "
2 Hw ﬁ 5< - ) ——flrs (1.9)
k1,...,kn€Nj=1 Yky Ykn r—p,s r 1%
o" nte™ "
2 ﬁ < s (1.10)
ko sofnen | 9Pk 0Pk |y s
hold for all p € (0,7) and o € (0, s).
Proof. The left-hand side of (1.9) is equal to
n m—1 aeS e
. k;
Z H wk ' Z ’fl/()(|ak‘1 H (akm - (5k‘mk‘mj)vw r— pJ ' I SIV'
k1,...,kn€Nj=1 m=2 /=1

which is bounded by

(=

;) Sttt < () s [ (52 Jie

r "n"e*"
< < ) | frs-
r—p

Let us perform the second estimate. The left-hand side of (I.10) is

Z|f1/a||7/n a (s—o)lv \_Z’f a s\u||y|ne—a\y|

and is bounded by

s (77 S a1 <

x>0

|f|7“s-

This concludes the proof. |

The functions defined in Definition [[.2.12] are indeed the partial derivatives, as proved in the follow-
ing proposition.
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Proposition 1.2.14. Givenr,s > 0, consider f € A, ;. Then,

(a) the n™ Gateaux derivative of f in the direction of hV) ... §™) with h9) = (RU) 0) € £2° x >
forallj=1,....n,is

O f(y, @)W, hW] =

f<y+ thh“%so)

tn= j=1

(1.11)

(b) the n™ Gateaux derivative of f in the direction of HV) ... §™) with h9) = (0, h9)) € £2° x (>
forallj=1,....n,is

a
dty |,

d

n (1) ()] .
A f(y, )[R, A e

f(y,<p+ztjh(j)>
tn=0 =
= > H J—awk o w:9)-

ki,...kn€Nj=1

Proof. Formula (T.T1T) holds pointwise in (y, ) for all monomials of the form f(y, @) = y®e¥%, a €
N(()N), v € ZM) and both the series

Z fl/a <y + zn: tjh(j)>a611/%0
v,a j=1

i1 n a7 e,
Z fra Z hgl g, H h (akj — Z(Skjkje> (y 4 thh(j)> j=1Ck; el e
/=1 j=1

V,or k1,....kn€N

converge for all (y, ) € %_,(ly) x £>° absolutely and uniformly in a neighbourhood of t; = --- =
t, = 0. More precisely, let €1, ..., €, > 0 be such that y + 2?21 tjh(j) € Ur—p(ty) forall tq,...,t,
with |t;| < €;. Then one has

< sup Y

YEUr—p(LF) Loy

o 5o+ S0

[t;]<e; v,a
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and

n
@ j=1Ck;

sup Z fl/a Z h( (0753 Hh(] (Oék —Z(sk ik Z) y+§n:tjh(j) eiy"ﬂ
j=1

ltjl<€j v k1. kn €N

ermr > \h&“aklﬂlh%)'( ij )y
=2

yeﬂ?’r p(‘f ke fon €N

sup Z Hwk_l Z | fralak, H (ak — Zék . z) >t ek,

Y ven >k1, kn€N j=1 =2

. Z H—1 o f

F1dm €N =1 Oy - - O,
n n
H’h])\eoo ( > e

An analogous argument holds for the n Gateaux derivative of f € A, s in the direction of D, pm),
with h) = (0, h0)) € £2° x (> forall j = 1,...,n, that is

Il
lfl

r—p,s

Lemmam

a
dty |y, _

d

n (1) )] .—
I f(y, ) [P, R i

f(y, o+ thh(j)>
tn=0

J=1

= Z H W(Zh@);

k'l: 7kn€NJ 1

which proves the claim. |

Remark 1.2.15. The maps 0y f(y, p) and 07, f (y, ¢) correspond with the restriction of the n'-differential
of f at (y, ), namely d" f(y, ), on the subspaces {3y x {0} and {0} x £°°, respectively.

1.2.4 Pullback of functions by close to identity maps

We now define suitable norms that we shall use to provide estimates for the pullback of functions by
close to identity maps.

Definition 1.2.16. Given r,s > 0, we denote by A5 the space of functions
N % (E3) x € =5 67, N(y,0) = (N (y,0))men,
such that, for any m € N, N(™) ¢ A, s, with

|N[75" := sup wm]N(m)\r,s < 0.

meN

Accordingly, A7S denotes the space of functions
QO U (03) x £ >0, Qy, 0) = (A (Y, 9))men,
such that, for any m € N, Qm) ¢ A, s, with

1925, == sup [Q™)],., < .
’ meN
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Remark 1.2.17. The spaces .AT s and A°° are Banach spaces when endowed with the norms | - |
and | - | respectively.

Given r,s > 0, let C; 5(A) be the affine space passing through the identity and directed by Ays"
namely

AOO

T,8°

Crs(A) = {®: (L) x 1 = 62 x £ : & =id+ (N,Q), N € A", Qe AZ}.

s

For any p,o > 0, let C5 (A) be the subset of those maps ® = id + (N, Q) € C; 5(A) such that

NS < p and ]Q|rs <go.

In this case, we say that @ is close to identity. Accordingly, we denote by C(.A) the space of functions

= |J ¢4

r,s>0
Notation 1.2.18. In the following, given two functions

. U—->V, f:v—-2z,
we denote by ®* f the pullback of f by ®, namely the function f o ® : U — Z.

Proposition 1.2.19 (Estimate on the pullback of functions). Given ro,so > 0, let p € [0,79) and o €
[0, s9). Consider a function ¥V = id + (N,Q) € cro/? (A). Then, for all r € (p,19], s € (o, s0),

r0—p,S0—0

and every f € A, s, the pullback of f by W belongs to A,_, s with estimate

|\I’*f|rfp,sfa < 2‘f|r,s-

Proof. Letr € (p,ro), s € (o, s0], and f € A, ;. First, we formally manipulate the series

FU,9) =Y fualy + N(y, @) ¢ 2we) (1.12)

v,

with the aim of obtaining a representation of the form

D (fo)rgy’er.
AB
Given o € NE)N), let supp () denote the support of v. For all € ZM | ¢ € No ), we denote by A, ()

the set of lists of multi-indices (7, )q = ((u®98), (1)) 5 1 0 Vkesupp(a) defined by

Apcla) == {(Ma()a : Z Z pkaR) = g Z Z ¢Ude) = }

kesupp(a) jr=1 kesupp(ar) jr=1

where, for any k € supp(«) and any jx = 1,..., ag, pkok) € ZMN) and (k) € N(N) Let us define

~ (L N
Qe == Z H H ((’2 k) ¢ (kodg)? where N(y, 90) =y+ N(y, (p);
(#.0)a €A, ¢ (@) kEsupp(a) k=1
, 1 ' (1.13)
bIJ/C/V = 5#’7050:0 + 1w - QH/C/ + gll/ . Z Q#//C” X 1V - Z Q e 4|
. W ¢

,U,
C”l C/ C”
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Then,
a o0 n
1
E1 = s (3 2 st ) 3 (o S e )
n=0 w.¢
—meZauCaZbu T eI
v, w' ¢’
M (D DRI
AB S vdptp=X
(+('=p

Now we perform estimates on the latter series.

—0o)|A +¢! —0 !
Z Z fuaauCabu’C’u Uf,,r_pe(s JIA < Z Z |f1/a||a,uCa||b/A’C/V|U51,TC—pe(S Jetpti|

)\75 y+u+y’:)\ Vuu'uu'/ C7CI
(+(¢'=p
< Z|f |68 o ly‘Z’aucd%r e e(s=o)lul Z |bu<’u|vwr e (s—a)lw']|
7C/

(1.14)
By implementing again triangular inequalities and recalling (I.13) we obtain

@ Z ’fua’e o Z Z H H | “(k k) ¢ (kodk) |v1€),r—pe(87o-)w‘

1S (78,0)a €A, ¢ () KEsupp(a) J=
X (1 +

iv - Z Qu’{’vg,r_pe(s_a)m/‘

“/74./
1 ¢ ( ” " "
1 s—o)|uw|:., . Z ¢ (s—o) |
+ o1 1w Z QMHCvaﬂﬂ_pe 1w QM'"C'”Uw,T—pe 4+ ...
° M//7C// u///7<///

n
!
T S e G

<Z|fm\(2| der e (s— U)|u|>a6(s—a)|u|i
=0 e
<Z|fua|<2| C‘Uwr )€ (s— 0)|M|> 6’8 0')|V|Z‘ | (SUPZ|QM<,|UU]T (S U)|u|>

/C/
l, 14
<Z\fm\<r—p+uvrr . U>vw1) la=) 'Z’ e, o)
1
< ZZImeVI”UZ,re(S = ] CUESSPSOLS (1.15)
n=0 rva

Therefore, by @ we have

O n,—n ‘Q’oo n
n-e _ _
SOy oo < 300 (e )

n=0

SHZ:;)<2> |f1r,

which ends the proof. |
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Now we prove a formula for the derivative of the pullback of functions by ® = id 4 (N, Q) € C(A).
In order to do this we shall need to require a smallness condition on /N to ensure that the image of @ is
contained in the domain of real analyticity of the given function with respect to the y variable.

Proposition 1.2.20. Given rq, so > 0, let p € [0,79). Consider ® = id + (N, Q)AG Cro,s0 (A) such that
IN[30% < p. Let us denote by N and ) the functions N (y, ) = y+N (y, ) and Q(y, ) = 0+Q(y, ¢).
Then, for all v € (p,r0 + p], s > 0, and every f € A, s, the pullback of f by ® satisfies

' 8‘1)*f (NO‘ iv- Q)
(1) e Z fuaT(ya ©)
aq)*f (Na 11/-9) (116)
.. (&
(i) Tgok(y’ p) = %:fuaaigpk(ya ®)

forall (y, ) € U—,(L35) x £°.

Proof. Givenr € (p,ro+ p|, s > 0,and f € A, ;, the series
Z fVaNaeiu-Q
ra

converges to ®* f. Now, given (y, p) € %_,(£5°) x £, let e > 0 be such that % ., (¢5°) C Ur—,(£).
Let us show that the series in (I.16) are totally convergent in %, (¢57) x £>°. Let r’ > 0 be such that
p<r' <r and %, (ly) C U—,(L3). Then we have

o Naeiufl o Noceiufl
Z|f1/o¢‘ sup (a)(%SD)’ Sz‘fua’ sup (a)(ya()@) .
va (Yyp) EUe,y (£59) X £ Yk vo (y,cp)e@/7,/7p(23?)><€°° Yk
The right-hand side of the above inequality is bounded by
ON(™ - -
Sl sw Y an 5 ) |F
va (Y, )€U (EOO)XEOO meN Yk
8(2 -
+ ) fval sup il | —— (4, @) [IN (5, ©) [
; (y, )€1 _ (£ )><£°o Z

ON (™)

<erm| >, (am

meN

(0 1o —om o0
] 15O + w]a
! —PS0 YN

TRREN )

'=P50 geN
(1.17)

By Lemma|1.2.13| and by the fact that N € A7’s, and 2 € AS° _ | there exists a constant ¢ such that

70,50

-<c(2|fm||a|H\N€>\r oo+ Sl IO )

LeN leN

< C(Z !fual\a|<(7“—p+ \Nm,smwl) +Z|fm\|u|< r—pt N2 o, ) ) .

va

Since | N|r’so < p, we have that (r — p + |N|7ys0)/7 < 1, and hence

N lot]
d = sup|04|< —pt ‘TO’S()) < 00.

|al "
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Therefore
[0
> Ifmllal( r = p NI Yo, 1) < &S fualol < | flrs < 00
ro

Moreover, for all o € (0, s), one has

Z‘fl’a‘y‘( r—p+ ‘N‘Tmso Vw 1) < Z ‘fua”l/’v (s=)lV]

< <sup |u|e”'”) Flre < 0.
vl

which gives formula (7) of (I.16). Analogous estimates allow to prove that formula (i) of (I.16)) holds

as well. u

Remark 1.2.21. For the sake of clarity, we now prove that functions belonging to either A?%w or A%
are majorant real analytic, meaning that, if one defines the majorant Fyy of a given F € A73" (A ) by
setting

Far(y, ) = (B (4 9))men

then Fy; admits an extension to an analytic function on %, (L35 (C)) x £2°(C) taking values in €57 (C)
(¢>°(C)). The proof relies on Theorem and on the fact that the map l3y(C) > (y;)jen —
(wjyj)jen € £>°(C) is globally bi-analytic. As a consequence, it will turn out that any ® € C(A)
is analytic (being a sum of analytic functions).

Definition 1.2.22. Let X,Y be Banach spaces and % C X an open subset. A countable family of
functions (f (m))me o U 2 9 — Y, where I is a countable set of indices, is uniformly bounded if
there exists C' < oo such that

sup sup |f(m) (x)ly <C.
mel xcU

Remark 1.2.23. Let F € A", F(y,0) = (F™(y,0))men. For any m € N, consider the com-
plex extension F]&n% of F&n) on the complex domain %,.(05°(C)) x £3°(C) as in Remark (1.2.5| Then

(£ en, where

fm i —wc, = w, FL ¥meN,

and % denotes the open subset %.(L3°(C)) x £3°(C) of the complex Banach space (5°(C) x £>°(C),
defines a uniformly bounded family of analytic functions.

Theorem 1.2.24. Let X be a complex Banach space and % C X an open subset. Let ( f (m))me 1 bea
uniformly bounded countable family of analytic functions f (m) . 9 — C. Then, the function f defined
by f(z) := (f")(2))mes defines an analytic function

Fiu — 1(I,C).

Proof. Forany n € N, let L'{(X, ¢>°(C)) denote the space of all bounded n-linear symmetric maps from
X™, i.e., the direct product of n copies of X, taking values in £>°(C), and let us define the map

df U — LAX,0°(C)),  x~d"f(z):=(d"f™ (@) mer,

where, for any m € I, d" f (m) denotes the n-differential of (™). Namely, for any n € N and for all
(I”L(j));”:1 € X"andall z € %,

d" f(z) [k, ] = (@ (@) [ A e
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Note that, for all z € %, by the n-linearity and the symmetry property of each d” f("™ (x), d” f(z) is
indeed an n-linear and symmetric map. Moreover, given x € % and R .. R e X letr > 0
be such that %, ,(X) C % and let (p;)7_; be a list of real numbers such that, for all j € {1,...,n},

0 < pj < r/(n|h9|x). Then, for all m € I, since each (™ is analytic (and hence weak-analytic), by
the Cauchy’s integral formula applied to the complex valued functions of n complex variables

H ) D (21 m) = f 2+ grY) | e,
: =1

we have

f(m)(x+2n: g-h(j>)
& ) ()0, pm = L =L e e,

and the integrals do not depend on (p;)}_; aslongas,Vj =1,...,71,0 < p; < r/(n|h)|x). Therefore,
one immediately has the estimate

@™ £0m) () [0 M| < C H%/l ||C£l]& Cni
J1=Pj i

where C' := sup,,,c; Sup,eq | f™ (2)|, from which, by taking the limits p; — r/(n|hU)|x), one derives
the boundedness of d" f(x), namely,

@)D, ey < O H hD|x
Now we show that, for all n € N, d" f is indeed the nth—differential of f. Of course, we set d°f := f.
Now, given € % and (h(j))’]?:1 € X", letrand (p;)7_, be as before. Then, one has

AV (4 p (Y[R R

1 £ (x4 3707 € R0) 4 p) (1.18)
:(%i)n_l/ / o+ 250 ]2 )dgl...dgn,l.
[€1]=p1 [€n—1]=pn—1 Hj:l &

By implementing again Cauchy’s integral formula applied to the analytic function

Uy yminm) ) 2 2 = F Lo+ Z@ + 20" | e,

one gets

1 @+ 307 &pY))
@I8) = —— ey ... dé,.
(27r1)7l /;1|,01 ‘/|;np7L H;L:_ll §72(£n - ]‘) 51 §

1 1 1 1
gn —1 fn 52 52(5 - 1)

and further applications of Cauchy’s integral formula, yield

(TCI8) = a1 ™) () [pD), .. R Y] @ ) () [V )]

1 FO) (2 4 2?21 fjh(j))
déy ... d¢&,.
" Gy /51| o /|an|—pn Mo ge-n %

Furthermore, the expansion
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Therefore,

(@ p o f =@ @) [, R = an ) @) [ R

n

1

1
co—— [~
prlpn —1) % pj

<
Il

from which, by taking the limits p; — r/(n|h\)|x) one gets

sup (@ f(x+ ™) — @)WY, RO dn ) W R
A h(n=1) e (X)
n" Mg
= ﬁ(r/n_ 1) = o(|h"|x).

We conclude the proof by showing that, for any x € %, there exists r9 > 0 such that the Taylor

series
oo

1
n!
n=0
converges to f(x + h) uniformly for h € %,,(X). The thesis follows by Poschel-Trubowitz, Appendix
A, Theorem 1. First of all, let r > 0 be such that %, ,(X) C %, h € X, and take any p € (1,7/|h|x).
Then, Cauchy’s integral formula gives

n! ) (@ + €h)

") (2)[h, ... h] = et d¢.

271 Jie=p

This formula, together with the expansion

1 _i L,
(€—1)  Zentt eVt -1)7

n=0
yields
FO) (x4 h) — i\[: idnf(m) (z)[h h] = L wdg
~ n| gy 2 ‘§|:p £N+l(£_1) .
Therefore,
ARg|
f(z+h) —Zmd”f(x)[h,.. ,h) (1.19)
n=0 £°(C)
is bounded by
[hIx
C— .
¥ (r = |hlx)
From this estimate, we conclude that
lim (I.I9 =0
N—o00
uniformly for h € %,,(X), for any ro < r. |

Remark 1.2.25. Note that the proof of Theorem |(1.2.24|implies that, for all r,s > 0 and for all n € N,
the n™ differential of any F belonging to either A75" or A at (y, ) € U (L) x £, is given by

d"F(y, @)[AY,... i) = (@ FO (y, o) [, R ) e,
Analogous relations hold for 0, F and O} F.



38 Chapter 1. Foliations by Infinite Tori

1.2.5 Changes of coordinates

As announced in the introduction to the chapter, in the next section we shall prove a theorem about
foliations. It follows that we need to introduce the notion of change of coordinates.

Definition 1.2.26 (Changes of coordinates). A function ® € Cy s,(.A) is a change of coordinates if there
exist p € [0,79/2) and o € [0, s0/2) such that:

(a) forallr < 1o,
D U (L) X U = Uy p (L)) X £

with the property that, for all v € (p,ro + pl, s € (0,50 + 0|, and every f € A, s, the pullback
®* f belongs to Ay, s—o With

|@%|7F = sup 7|©*f|r_p’s_a

720 |f

< 0Q;

r,s
(b) there exists W € Cyy_p so—o(A) such that, for all r < 9 — p,
U U (b)) X A = Uy p(Ly) x £

and, for all € (p, 0], s € (0,50}, and every f € A, 5, V' f € A,_, o5 with

U flr_ps—
| U |27 .= sup 7| Flr—ps=o < 00,
’ f£0 | flrs
which is the inverse of ® in the following sense:
QoW =idy,(oyxee, Yr<T0—p, Vo ® = idy,yxe=, Vr<ro—2p.
Note that, given rg,s9 > 0, p € [0,79) and o € [0, s0), any invertible map ® € Cf(fs/OQ(A) with
inverse W € Cf(;(i/ p27 so—o (A) is a (close to identity) change of coordinates, as follows by Proposition

1.2.19

Remark 1.2.27. Any change of coordinates ® is a bi-analytic diffeomorphism because, in particular,
both ® and its inverse VU belong to C(A). Hence, by Remark (1.2.21}, ® is an analytic map with an
analytic inverse.

Note that, given ro > 0 and p € [0,r(), any map
D Uy (020) X £7° = 429 x £°, & =id+ (N, Q),

satisfying condition (a) of the above definition is such that N € A>"" Indeed, one has the bound:

TO—pP,80—0"

k * -
sup wk‘N( )‘7“0—0750—0 = sup w| Py, — id yk‘ro—p,é‘o—a
keN keN

< rgsup —‘q)*yk|m_p’so_g
T keN WgTo
o* e
:r0<1+sup yk|ro £,50 0') —p
keN |yk|ro,80
< 7ro(1+ @07, ) — p-

70,50

+ro—p
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The same argument does not apply to €2 because the maps (y, ») — ¢k, k € N, are not periodic
and, hence, do not belong to the class .A. One is tempted to follow the same reasoning using the family
of functions (y, p) +— €“?*, k € N, and subsequently attempt to provide an estimate for the logarithm.
It can be shown that this approach works if €2 depends only on finitely many angles; however, we are
neither able to extend the result to the general case nor to provide a counterexample. For this reason, we

decided to consider the condition {2 € A7 . as an assumption.

1.3 Robustness of Foliations by Infinite Tori

In this section, we prove the main theorem of the chapter, which asserts the robustness of foliations
by infinite tori under real analytic perturbations. The result is established for an open neighborhood of
{0} x T°° within the Banach manifold £ x T°°. Before stating the theorem, let us introduce a notation.

Notation 1.3.1. Given P € A73", we denote by T p the map
Up: % (L) x T — 0, Tp(y, moo(@)) =y + Py, ), Yy € % (L), ¢ € £°°.
Accordingly, I'y denotes the projection onto the first factor.

Our goal is to show that if P is sufficiently small, namely if I'p is a perturbation of the projection
onto the first factor, then its level sets are infinite tori and give rise to a foliation of a neighborhood of
{0} x T°. More precisely, we have the following:

Theorem 1.3.2 (Foliation by infinite tori). Given o > 0, if P € %, /6(Ars,) for some sq > 0, then
forall v < 1o — 3| P|ry s, one has that:

(a) forall v € (L), the level set I‘]_Jl (y) is the graph of a majorant analytic function from T to
£5° and hence it is analytically diffeomorphic to T*;

(b) No =T (% (£29)) is a neighborhood of {0} x T, and there is a bi-analytic map x such that
the following diagram commutes:

Ny — s U (6°) x T

rpl /

Remark 1.3.3. It is worth noting that Theorem|[1.3.2]extends to a broader class of maps of the form

L(y, ») = f(y) + Py, ),

provided that f is analytic and possesses an invertible differential. In fact, by performing a local Taylor
expansion of f around a point o, the map I" can be recast as f(yo) + df (yo)[y — yo] + O(||ly — vo ||%%>) +
P(y, ). Therefore, the statement still holds provided one sets ¥ = yo+df (yo) ™' [y — f(yo)] and requires
the smallness condition on the redefined perturbation P(y, ) = df (o)~ (O(|ly — yo Hz%o) + P(y, ¢)).

Remark 1.3.4. A less quantitative version of Theorem (with no explicit upper bound on r) would
have a simpler proof based on the implicit function theorem in the analytic Banach manifolds setting.
Nevertheless, this quantitative version requires the more delicate analysis.
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The approach for proving Theorem|[I.3.2]has already been outlined in the introduction to this chapter.
However, since we prefer to work with functions defined on the universal cover of T°°, we need to
provide a more detailed explanation of the strategy.

Definition 1.3.5. We denote by q the projection q : {50 X £>° — (5 x T defined by

9y, ) = (Y, Too ()

Definition 1.3.6. Given a function ® : %,.({77) X £>° — £ x £>° such that ® — id is 27-periodic in
each py-variable, we denote by ® the map that makes the following diagram commute:

Uy (12°) x 12 —2 5 poo 5 g

| I

U, (050) x T — 050 x T°

Remark 1.3.7. If ® is a change of coordinates with inverse U, then ® is a bi- analytic diffeomorphism
with inverse U. This follows from the fact that, if ® has inverse VU, then ® is also invertible with inverse
U; moreover, any change of coordinates is a bi-analytic diffeomorphism (see Remarkm) and T IS
analytic.

Notation 1.3.8. Given G € A735", we denote by ®¢ the map

Da(y, ) = W+ Gy, 0),0), Yy € Uly), p €L
Clearly, @ € C, 5(A).
The procedure for proving Theorem[I.3.2]can be summarized as follows:

e In Corollary we show that if the perturbation P satisfies a suitable smallness condition such
as the one in Theorem [I.3.2] there exists > 0 and a family of multi-periodic, majorant analytic
maps (A(7,") : £° = 037 )yea, (1) such that, for any v € %,.(£37), the level set associated with
the value ~ of the function

Uy (L) X L7 2 (y, ) =y + Py, ) € Ly,

is the graph of the majorant analytic function (> > ¢ — v — A(v,¢) € %, (¢%). Clearly, the
functions A(+y, -) must satisfy the condition

A(v,0) =P(y — A7, 9), ), forally € %.(43)), ¢ € €.

It is then clear that a good strategy consists in formalizing our question as a fixed point problem
for the nonlinear operator G +— @ P acting on a closed ball of the Banach space A, , where
DEP(y, ) := (D5 P™ (y, p))men. Inorder to show that the operator & P acts as a contraction,
we show that it is differentiable in the sense of Fréchet and provide a suitable estimate for the
differential. These technical results are proved in Proposition[I.3.9jand Lemma|[I.3.10} Therefore,
Corollary [1.3.T1]follows directly from Lemma[I.3.10] This proves claim (a) of Theorem[I.3.2]

e Note that the function

U (L) X T 2 oo (@) = v — Ay, ) € 4
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depends analytically on - because A is the fixed point of a contraction acting on a closed ball of
a Banach space of analytic functions. Thus, one expects that the level sets (I'p' (7)) form an
analytic foliation by maximal tori for all v € %;,-(£7). We prove that this intuition is correct in the
following way: first, in Theorem[I.3.12] we show that ® p is a (close to identity) change of coordi-
nates with inverse ®_ 4 such that ®_ 4 (%, (£3) x £°°) is a neighborhood of {0} x ¢°°. Following
Remark [1.3.7] it follows that ®p is a bi- -analytic diffeomorphism from an open neighborhood of
{0} x TOO onto its image, with inverse D_y4. Combining these results, we can provide the proof
of Theorem

Givenr,s > 0, let F' € A73" and consider the action of the nonlinear operator
F G OGF

on the open ball of radius p < r about the origin of the space of analytic functions A>~"" p,s- Note that the
action is well defined because

SUp Wm sup |ym+G(m (y7 )| <T—p+ |G|7‘ 0,8 <,
meN U —p(£2) X LR

i.e., the image of %,_,(¢5y) x £°° under the action of ® is contained in the domain of F'. Let us start
by investigating the differentiability properties of this action.

Proposition 1.3.9. Givenr,s > 0, let F' € . Then, for any p € (0,r), the map
F %(.Aoow)SGHq)GFG.AT P

T—p,8

is Fréchet differentiable. Moreover, the following estimate holds:

|d.F (G)|op < (1.20)

’ 7’ S )

T — PG epc
where pg = min{p — |G[;>];,7/2}.

Proof. Let us show that the Fréchet differential d.7 (G) of F at G € U,( A7) ,) is the linear map that

T—p,S
o0, w
associates to each H € A% the function in A% given by

(@ 0y F)[H] : (y,0) = Oy F(y + Gy, ¢), 0)[H(y, ¢)].

be such that G + H € (A} ;). We must provide a suitable estimate for the

T—p,8

Let H € A22Y

T—pP,S
following quantity:
| Z(G+ H) - FZ(G) — (2g 0,F)[H] [7Z . (1.21)

Note that, for |¢| < 1, the equality
(F(G +tH))(y, ) — (F™(@)(y, ¢) — td,F™ (y + G(y. ), ©)[H (y, ©)]
— YR (<y LGy )+ tH )" — (5 + Gl )

—ty_ H®(y,0)anly + Gly, w))”‘_e’“) el
keN

holds pointwise for all (y, p) € %.—,(l5y) x £>°. Defining the analytic function

9o it ga(t) = (y + G(y, ) + tH(y, )",
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one can write the above formula as

> ( / ")t - ﬂm) v,

which is equivalent to
(0%

0%y ~
F(m H(kl (k2) o®d - _ iv-p
[ > 0 0) 5 © Pt )t = T | €77,

where, by abuse of notation, y® denotes the majorant analytic function (y, ¢) — y®. By Proposition
and the triangle inequality, the | - |,_, s norm of the above expression is bounded by

(H[Z s Zl / h%er wy,) &o%w . (t—m)dr | e (1.22)
Evaluating at ¢ = 1, Proposition yields
(T:22) < 2(|H|;> Z |F(m)| / Z wy ﬂ (1—7)dr | eV
oo Yy Oty |y ’

k1,ko€N

for any p’ such that 0 < p/ < p—|G|>>
the above expression by

— |H[2, . Furthermore, by Lemma(l.2.13} one can estimate

rps

2 4,2
r de
(;25) CUHERF

r 2 ge2
(B0 ™ x 2D < ((_ ) ol )\H\r

o

Hence,

which tends to 0 as [H|[;~); — 0.

It remains to show that A7"7 > H — (®¢, 9,F)[H] € A7Z) is a bounded operator. Proposition
[1.2.6]and the triangle inequality imply:
. oF(m)
|((I)G8yF)[H] |r ps<supZ|Hk|’f' P, o Qg
m NkEN Yk r—p,s
(1.23)
< |H|?Z pssupr 0 o g
kEN Yk r—p,s
Invoking again Proposition[I.2.19]and Lemma|[[.2.13] we obtain:
- 3F m) ro 1
(L23) < 2/H[> pssupzw ! < 2AH[Z, pepl e
Nken r—p’,s
where 0 < p' < p —|G[7Z] ;. The function
, 1
0,7) 3 p" =
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is strictly convex and attains its minimum at p’ = r/2. Hence, .# is Fréchet differentiable and its
differential satisfies:

d.F (Q)|op = sup | (P 0,F)[H] |22, < — ,
7 (@l = sup | (@5 0,F)H] [, <

where pg := min{p — |G|;>" ., 7/2}. This concludes the proof. |

r— ps’

Lemma 1.3.10 (First Fixed Point Lemma). Given r,s > 0, let F € U, ;4(A73") and define p :=
3|F 73", Consider the map

T U 9p)3(ATT ) 2 G OLF € AT
with ¢ as in Then, there exists a unique G € U « p/3(ATZ ) such that
Proof. The strategy is the following: first, we show that

sup OGF 2, <2p/3;

GEW 2/3(ATZ,00)

rps

then, we prove that .% acts as a contraction on %/, /3 (A o, ') and the thesis will follow by Remark

1.2.17|and by the fact that % 5,,/3(A7) ) € A7) is closed.

The first point follows as an immediate consequence of Proposition [1.2.19|by setting, with the same
notations of Proposition[I.2.19] ¥ = &¢ ,ie, N =G, Q =0. Indeed,

‘G‘r ps§2p/3<p

Then, for all G € @gp/g(/loiw

I
r—p,8

), the sequence (G, )nen defined by
Gni1 := F(Gr), G =G (1.24)

is contained in % 5,,/5( A2 ).
Since .% is Fréchet differentiableE] (see Proposition|1.3.9)), if we show that its Fréchet differential d.#

satisfies

sup |dF (G)|op < K < 1,
G€&29/3("4r ps)
by Lagrange’s inequality, one has
| F(G) = Z(G)Z)s < sup A7 (G)lop| G — G720, < KIG = G2,
Ge Z/Qp/g(AT o S)

Namely, .# would turn out to be a contraction with a Lipschitz constant equal to K < 1. We make use of
(1.20) for obtaining a uniform bound for the operator norm of the Fréchet differential of .%. First, note
that

min pc = min{p/3,7r/2} = p/3.

GET 3p5(ATY)

3 Actually, Gateaux differentiability would have been sufficient for our purposes.



44 Chapter 1. Foliations by Infinite Tori

Then, (I.20) gives

2 r 3IFFY 2 r
Sup ’dﬁ(G”OpSgr— /3 - T er— /3
GE 35(A p P p

< — < 1.
3e

'rps)

Therefore, there exists G € s, /3(AZ
(Gr)nen defined in (I.24) satisfies

such that, for all G € %, /3(AZ the sequence

T— ps) r— ps)

=0.

nlggo‘G ‘r p,s

Of course, G satisfies G = @gF . [ |

Let us address the claim (a) of Theorem Namely, we prove the following proposition, which
is of interest in its own right.

Corollary 1.3.11 (Level sets as graphs). Givenr,s > 0, let P € U, ;4(A73") and consider
Lp: % (65) x T = 45, Tp(y,m(p)) ==y + Py, ) -

Then, there exists a unique A € A.° where p :=3|P|5" such that, Ny € U—p(L37),

r— ps’
Lp(y = A(,¢), Too(9) = 7, Vo € 1. (1.25)

Proof. Parametrizing y as y = v — A(y, ), with A € %,)5(A}7} ) , one has the following:

Lp(y = A(v,0), o)) =7 — A7, 0) + P(y — A7, 0), ), Vv € %—p(Ly)

which, when substituted into equation (1.23), gives

A(y,¢) = P(y — A(7,9), ¢).
The claim follows by Lemmal|1.3.10} by setting F' = —P and G=-A. |

Let us show that a function I'p : %, (£50) x T — (59 as the one in the above theorem induces a
change of coordinates. More precisely, we have the following

Theorem 1.3.12. Given rg,s0 > 0, if |P|ry sy < 10/6, the map
Op 2 Uy (L) X L7 = Ly x 7, (y,0) = (y+ Py, ), ),
is a change of coordinates, with p = 3|P|yy s, , o = 0, and inverse given by
D Upy—p(ly) X L = L7 XL, (y,0) = (y — Ay, ), ),

where A € U 5,/35( A M s) is defined by (®_a)*P = A. Moreover, ®_a(U,—p(lyy) x £°) isan
open neighborhood of {0} x £>° .

Proof. Since forall » <rgand s < sg, |Plrs" <|Plryse < p/3,0nehas |y+ Plrs" <r+p/3<
r 4+ p . Then
Op: U (lyy) X 0 = Uy x £7°, forall 0 < r <rg.

Moreover, by Proposition|1.2.19with N = P and Q =0, forall r € (p,ro + p], s € (0,5s¢] , and
every f € A,
19D flr—ps < 2| flrs-
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Note that, by Lemma A is well defined and satisfies |A[,>"") . < 2p/3. Let us prove that ®_ 4
satisfies all the propertles stated in (b) of Deﬁnltlonm Since for all » < rg —p and s < s,
ly — Alrs” <r+2p/3 <r+ p,one has

O_p U (b)) X U = Uy X L

Proposition [1.2.19, with N = —A and Q = 0 gives that, for all » € (p, 9], s € (0,s¢] , and every
feA,
|(‘I)—A)*f|rfp,s < 2‘f|?’,s-

The fact that ®_ 4 is the inverse of ®p follows from Lemma|1.3.10} The further condition |P|’s, <
r0/6 ensures that the left inverse is also well defined. To conclude, note that, given a change of coordi-
nates ® € Cy, 5,(A) withinverse ¥ € C,,—, s,—o(A), one has that

{0} X £%° C Upy—2p(lyy) X £° =W 0 ®(Ury—2p(Lyy) X L) C W(Upy—p x L) . (1.26)
The last inclusion follows because ® : %, () X £>° — Ui p(Lyy) x £° forall r < rg . |

The preceding results provide sufficient information to establish the main theorem.

Proof of Theorem[I.3.2} Let us prove that, given 79,59 > 0, forall P € %, /5(Args,) » claims (a) and
(b) of Theorem-hold forall 7 < ro— 3|P|7ys, - The first point was proved in Corollary [1.3.11] To
prove that A := I' 5! (% (£5°)) is a neighborhood of {0} x T, it is sufficient to note that

TR % (65)) = q0 a4 (65) x £7) |

Indeed, by Theorem|[1.3.12] ®_ 4(%,(¢3°) x £°°) is an open neighborhood of {0} x ¢>°, and the image
of a neighborhood of {0} x ¢>° under the action of ¢ is a neighborhood of {0} x T° . Finally,
the diffeomorphism x that makes the diagram in b of Theorem 1.3.2] _ commute is the one defined by
xoq=qo®p,namely y = dp (seeRemark |

Theorem[1.3.2] provides the essential geometric framework for extending the Liouville-Arnold theo-
rem to an infinite-dimensional setting by interpreting I'p as a momentum map. Nevertheless, a funda-
mental distinction from Arnold’s original derivation (see, e.g., [Arn89]) lies in the characterization of the
level sets of the momentum map: while the classical (finite-dimensional) approach recovers the tori as a
quotient of the group action defined by the joint flow (an algebraic-geometric construction) with respect
to the stabilizer, our method is fundamentally analytic, describing the tori as graphs of majorant func-
tions. It should be noted, however, that this result is perturbative in nature, as it requires the momentum
map to be a small perturbation of the projection onto the first factor, thus restricting the class of systems
to which it applies. A primary focus of the next chapter is the construction of an infinite-dimensional
version of action-angle coordinates adapted to a foliation by tori, such as the one investigated in this
chapter.






Chapter 2

Local Liouville-Arnold Theorem
in Infinite Dimension

2.1 Puroposes, General Strategy and Formal Framework

As established in the previous chapter, more precisely, in Theorem the level sets of an analytic
map from an open neighbourhood of {0} x T to ¢5°, that is sufficiently close to the projection onto
the first factor, are analytically diffeomorphic to T° and form an analytic foliation. Let us recall the
precise statement. Let I'p denote the map I'p : %, (€5°) x T — £3 defined by

FP(yvﬂOO((p)) =Yy +P(y>§0) ) P e “47?(?,30

forall y € %, ((5°) , ¢ € £° . Accordingly, I'y denotes the projection onto the first factor. Then,
Theorem [I.3.2] asserts that

Givenro > 0, if P € U, 16(Ars,) » for some so > 0, then for all r < ro — 3|P|;5’s, one has that:

- forall v € . (0°) , the level set I‘;l(v) is the graph of a majorant analytic function from T to
020 and hence it is analytically diffeomorphic to T ;

- Mo =TpH (L)) is a neighbourhood of {0} x T, and there is a bi-analytic map x such that
the following diagram commutes

More precisely, the bi-analytic map x is defined by the relation x (y, oo (¢)) = Pp(y, ) forall (y, ¢) €
Uy, (L) x £, where @ p is given by

Pp(y, ) = Tpr(Y, Teo(9)), ©)-

Moreover, it was shown in Theorem [I.3.12]that ® p is a well-defined change of coordinates.

In the following discussion, for the sake of simplicity, we shall slightly abuse notation by using
the same symbol for functions defined on the torus T and their associated multi-periodic counterparts
defined on ¢*°.
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The primary goal of this chapter is to show that, under a further smallness condition on the perturba-
tion relative to a more restrictive norm (see Definition [2.3.8), and assuming that the components of the
map I'p Poisson-commute, namely

{an),I‘gf)} =0 forall m,n € N,

there exists a symplectic straightening of the foliation provided by the aforementioned theorem. More
precisely, we construct a coordinate transformation A such that the composition

d:=Aodp 2.1)

defines a symplectomorphism (cf. Definition . This map induces a new coordinate system (z, 6)
where x depends on the original variables (y, ¢) exclusively through I'p. Such a coordinate frame,
which we refer to as action-angle coordinates, is adapted to the foliation: the coordinates x = (2 )keN
act as labels for the leaves, while 8 = (0)ren serves as the coordinate system along each leaf. To this
end, we lift the classical generating function framework, as presented in the introduction (see Subsection
or [Arn89|] for more detailed discussion) to an infinite-dimensional setting by adapting the standard
Hamiltonian machinery to our context. It is clear that in infinite dimension one has to carefully check that
all the algebraic manipulations make sense at a quantitative level. This is were the functional setting we
are going to introduce, and in particular the notion of majorant analyticity and regularity (see Definitions
2.3.4,2.3.8land2.3.TT]), come into the foreground. To provide some intuition, let us sketch the underlying
heuristic, which follows the ideas developed for the finite-dimensional setting.

2.1.1 Candidate action coordinates

Using the same notation as in Theorem [1.3.2] the statement of which is recalled above, for all ~ €
U, (L) , we endow the infinite torus T'p'(y) with the pullback measure \ := ppi » Where py, is the
projection onto the second factor p,, : £57 x T° — T°° and p is the Lebesgue product measure of the

infinite torus, namely
1
dp = i dpi...don .

In this way, for all v € %, (£5°) and forall f € A,4,, , with p:= 3|P|%%, . one has that

I

p(

_ . 1
N fd\:= /TOO fo ((I)P|F1_al('y)) 1 dp = A}EHOOW/TN fly—=A(v,¢),0)der ...den ,
where the map A € A, 5, is obtained in Proposition[I.3.11|and it is uniquely defined by

Lp(y—A(7,¢),0) =~ forall (v,¢) € %-(Ly;) x £ (2.2)

Drawing an analogy with statistical mechanics, we refer to the quantity above, which is well defined by
Lemma , as the average of f over the infinite torus F;l (7).
In the following discussions, we shall assume that components of I' p pairwise Poisson commute:

m a(n) orm grm  grim) ap(@)
I's, T = — =0 for all m,n € N. (2.3)
{ r % < Oy Opr,  Opr, Oy
Consider the map v — z(7) = (xx(y))ken defined by
W(62) 37 5 () = ( [ dx) c 2.4
') keN
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and note that, since for all £ € N we have
uk© (@rlp_10)) " (1, 0) = — AW (7, 9), 2.5)

the definition of the integral over F;l('y) with respect to the pullback measure A yields the explicit
formula

o) = — AP, Ve %), keN 2.6)

Notice that definition of the map x(+y) in (2.4) provides the infinite-dimensional analogue of the inte-
gral of the Liouville one-form ) _,, y,d¢,, along the kP -cycle of the torus defined by the level set F;l (7).
It is important to remark that the consistency of this identification relies on the commuting property (2.3).
Indeed, as a consequence of the relations (which we shall derive in the next subsections), the inte-
gral of the Liouville form along the full cycle parametrized by ¢y, results in a constant value. Since the
torus is endowed with a probability measure, this constant must coincide with the average over the torus,
justifying the expression for the candidate action coordinates x; as the mean values of the momenta yy.

We shall prove that, under a suitable smallness condition on the perturbation P with respect to an
appropriate stronger norm, as specified in Definition the map

U (L) X €72 (7, 0) = (2(7), 0) € L) x £

indeed defines a change of coordinates. We claim that the coordinates x = (zj)ren defined above will
play the role of action coordinates for the given foliation. However, the definition of action variables
is inherently incomplete without their canonical counterparts; indeed, their characterization as actions
is only fully realized when they are paired with the corresponding angle variables 6 = (6j)ren that
satisfy the standard Poisson bracket relations. To complete this framework, we now briefly illustrate
the construction of the associated angles. We achieve this by adapting the classical generating function
method to the present infinite-dimensional setting.

2.1.2 Candidate angle coordinates

We seek an analytic generating function S = S(z, ) that satisfies

yr(x, @) = ;Z(a:, ) forallk € N (2.7)
and such that the relations
S
Or(z,p) = a—xk(x, p) forallk e N (2.8)

are invertible in ¢>° with respect to ¢ . Assuming that, for all k£ € N, the functions 0 (z,p) —
¢r and yg(x,p) are 2m-periodic in each ¢j;-variable, j € N, equations and (2.8) define a
symplectomorphism, and the list (0)ren constitutes a system of angle coordinates (with respect to the
actions (zy)ren defined above) on each leaf of the foliation. Let us show the validity of this assertion.
For the moment, we disregard any issues concerning the regularity of the maps and the convergence
of the series involved, which will be addressed rigorously later in Section At a formal level, as
in finite dimension, the preservation of the Poisson brackets and the invariance of the symplectic form
are equivalent. Therefore, we verify the symplectomorphism property by showing the invariance of the
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canonical symplectic form, which streamlines the algebraic manipulations.

2
Zdyk/\d(pkzzz 0’5 d‘r[/\dgokzzzﬁdxg/\dgok
0x0p} Ok

keN keN £eN kEN £eN
96, 96,
= Z dxy N\ Z —dp = Z dxy N\ <d9@ — Z d.ka>
teN keN O, teN keN Oz
= degndh - ) »5 dze A dx
= ¢ ¢ Oy ) k
¢eN (€N keN
= dxyndby .
leN

The last equality follows by the antisymmetry property of the wedge product. Hence, the map (y, ¢) —
(x,0) is a symplectomorphism. The role of = = (x)ren as a label for the leaves is guaranteed by
the fact that  depends on the original variables only through I'p . Finally, since, for all k£ € N, the
functions 6y (x, p) — ¢, are 2m-periodic in each ¢; variable, j € N, (6i)ren are indeed angles that
parametrize each torus.

We assume that the generating function S is an analytic perturbation of the generator of the identity,

keN

The perturbation W is assumed to be 27-periodic in each g-variable, k € N . Then, Equation (2.7)

reads
ow

ok
Given m € N, let A,, be the subset of ZM) defined by

yp(z, ) =z — (x,p) forallk e N. (2.10)

Am::{yeZ(N) D Uy #0,v; =0 forall j <m} .

We claim that the function )
A (y(x)) 4.
w = WY .
(@) => > T @.11)
meNveA,

satisfies equation (2.10). To justify this assertion at a formal level, deferring analytic technicalities to
Section we first show that if the components of I'p Poisson commute, the function A € A, , ,
whose definition is recalled in (2.2)), satisfies the relations

v AT =1, AY forall{,m e N . (2.12)

Note that, by the definition of the function A, see (2.2), it follows that

0
5 Ip(y = A(r:.9),9) =0,
0Lk |y—r p(y.)
which implies
orim dA) ory
, I'p(y,p),p) = ,), forall meN. 2.13
> T W) G- Try9).0) = 5 7=(1,9) (2.13)
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To ease the notation, in the following computations it is understood that the derivatives of A are pre-
composed with the map (y, ¢) — (I'p(y, ¢), ¢) , even if not explicitly indicated. Using the assumption
that the components of I'p Poisson commute, we have:

0— (T T - 3 ar'y” ory) ory org
Oyr  Opp i Oyy,

keN
(m) 5 4(0) a(n)
3 81“ ) 9AO ary” 9AW oTp,
,% 8yk ; Oyy  Opy, %%ZN Oye Opr Oy
ZZ (n) (aA(e) aA(k:)>
P 3yk 8ye Ipr. Opu

Notice that the operator d,I'p is invertible, being a small bounded perturbation of the identity. Then
the above equalities yield

AW  gAk)
dpr. o
which proves formula (2.12)). Consequently, the following equalities hold for all k£ € N :

aW Z Z “/k; zu(p@ Z Z A w'go

59%

meNveA, meNveA,,
=5 AP (y( x>>ew = A® (y(2), ¢) — AP (v(z))
v#£0
= (@) — AP (7(2)) — (ye(x) — A® (3(2), 9))
=Tk — yk(wi) :

The last equality follows from Equations (2.5) and (2.6). Hence, the claim is formally proved. According
to (2.8), and recalling (2.9) and (2.11)), we can assert that the candidate angle variables are formally
defined by

(m)
Op(z,0) =pp — Y Z L Mei"'@, keN. (2.14)

meNveA,

2.1.3 Complete integrability in infinite-dimension

The symplectic straightening provides the geometric basis for a formulating an infinite-dimensional ver-
sion of the Liouville-Arnold theorem. In Section [2.4] we extend the definition of Hamilton’s equations
to our infinite-dimensional framework. This is a delicate point; indeed, in infinite dimensions, even the
analyticity of the Hamiltonian is not sufficient to guarantee local well-posedness.

In section we prove the main theorem about the complete integrability of Hamiltonian systems
in infinite dimension. By using the symplectic straightening theorem [2.5.12] we show that, once the mo-
mentum map is in its canonical form, any Hamiltonian H that commutes with I" can be easily integrated.
In these new coordinates, the dynamics of the original system is conjugate to a Kronecker flow. This re-
sult, though presented here informally, is, to our knowledge, the first example of a local Liouville- Arnold
theorem in an infinite-dimensional setting.

We shall devote the next sections to the introduction of the functional setting and the quantitative
treatment of the analytical issues, aimed at completing the argument rigorously.
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2.2 Vector Fields and Lie Derivative

We begin with a brief introduction to vector fields on Banach spaces and state the fundamental result
concerning the existence and uniqueness of solution curves. Afterwards, we introduce a particular class
of analytic vector fields that are 27-periodic with respect to each of the g-variables, k € N, and study
the properties of the Lie derivative of an analytic function f € A in the direction of a vector field in this
class, establishing the foundations required to proceed to the more advanced topics discussed in the next
section.

Following [PT87]], let % be an open subset of a real Banach space X. A vector field on % is a map

Vew - X.
A solution curve of the vector field V' with initial value z in % is a differentiable map
dv(z): (—e.6) 3t = dy(ax) €%
such that ¢Y,(z) = z and
Co@) =V @), te(-ee).
The local existence and uniqueness of solution curves is established by the following

Theorem 2.2.1 (Local Existence and Uniqueness Theorem, [PT87] Appendix B). Suppose V is a locally
Lipschitz vector field on % . Then, for every x € %, there exists € > 0 and a unique solution curve

ov(z): (—e,e) > %.
If V is (real) analytic, then ¢y is a real analytic function of t and x.

Let g : €30 x £ — (52 x T be the map ¢(y, ) = (y,Too(¢)) introduced in Definition[1.3.5]
Motivated by the considerations in Remark [I.1.5] from now on, we shall identify analytic vector fields
defined on an open neighbourhood 45 C £ x T of {0} x T with analytic vector fields on the
lifted neighbourhood ¢~ 1(.Ap) C £2° x £*° that are 27-periodic in each variable ¢, k € N.

Definition 2.2.2 (Space of analytic vector fields). Consider the real Banach space {5y x {*° and two real
numbers r,s > 0. We denote by X, s the space of vector fields

ViU (b)) x £ — Ly x 022, V(y,¢) = (Vy(y, ¢), Vo (y, ),
(k)

Vo, 0) = (VP (g, 0)kevs Vooly ) = (VP (5, 0) ke,

such that,

rs

VkeN, VI VW e A, with max {|Vy|°°’w |V¢|,‘3f’s} < co. (2.15)

Accordingly, we denote by X the space of vector fields

X := U Xy

r,s>0

Note that, as a consequence of Theorem [1.2.24] any vector field in X is real analytic as a map from
U, (L50) x £>° to L5 x £>° and hence admits a solution curve.
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Definition 2.2.3 (Lie derivative). Given a vector field V € X, , we define the Lie derivative of any
f € A, indirection of V as
d

Lvf = at

CONE

t=0

Proposition 2.2.4. Given r,s > 0, the Lie derivative of f € A, s in the direction of V € X, 5 is the
function defined on U, (L) x £>° given by

0 0
Ly f = Z( Ly k)+afV( )) . (2.16)
ken \ Yk Pk

Moreover, forall V € X, 5, themap f — 2y f is a bounded linear operator
Ly Ar,s — Ar—p7s—a
forall p € (0,7) and every o € (0,s) . More precisely, the following estimate holds

r
ep(r —p)
Proof. By the analyticity of ¢y with respect to ¢, one can easily verify that holds pointwise for
any monomial f(y, @) = y®e™¥, with a € N(()N) and v € ZM),

Given (y,p) € %-(£) x £°°, we denote (y(t), p(t)) = ¢, (y, ). Suppose that the series

Z Fraly(t)) e e (2.18)

1
e flrpema = VIS + S IVElSS ) e 1)

Y fea Y VP (y(), CP(t))(y(t))C“_e’“e‘”'“o( Vi VI (y(0), o (1)) (y(1) e # 0 (2.19)

converge totally in a neighborhood of ¢ = 0. Then, the derivative of f o gbﬁ/ with respect to ¢ is equal
to the series of the derivatives of each monomial. Furthermore, in this case, the order of the summations
> v and 3, can be swapped, yielding formula (2.16).

Let us prove that the series in and converge totally in a neighbourhood of ¢ = 0 . Let
e > 0 be such that y(t) € % (¢5) forall |t| < e. Then one has

> faly(®)?e”#O) < sup Z Foat®] < Flrs

YEU (£3)

and, for all * < r such that supy <. [y(t)|ex € % (£3)),

sup | 3 fua D (Vi ((0), p(®))y(t) e 20
[t|<e v keN
V0,200 )|

< swpswp Z|fm|z(ak|v O+ IV (9, 0)y°))

YEU (L3) pET> 7, keN
which is bounded by
ermEak sup [V, (y, ) oo 5" 5"”‘+Z\fm12|ukrsup|v (1, )G e

keN (v:¢) keN (v:)

< ‘Vy‘ Z|fua‘zakwkl zrek s

keN

r,s’ Z|fVOéHV’U ’63 V|
v,a
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for all s < s. Therefore, by Lemmal|l.2.13|with n = 1, we get that the latter quantity is smaller or equal
than

r 1
ol e s + e S Vel s
Then, (2.16) holds pointwise for all f € A, .
Finally,
8f k af k
‘XVf‘Tfp,st S ’ |V( )‘rfp,sfa + |7 |V( )‘Tfp,sfa
’;N ayk r=p,5—0 ! 8('0]“ r—p,8—0 v
1] Of of
<[V S gt e S 2L
yine % 3yk r—p,s—o v T,s% a@k r—p,s—oc
< r 00, W 1 00
< m\%\r,s + E‘V‘p’“ | flrs
which proves the bound in (2.17). |

In the next section, we turn to the introduction of a symplectic and a Poisson structure, with the aim
of defining a Hamiltonian dynamics on our phase space.

2.3 Symplectic and Poisson structure

In this section we set the stage for studying infinite-dimensional Hamiltonian dynamics. We begin by
endowing our infinite-dimensional phase space with a symplectic form, defined by considering a direct
infinite-dimensional generalization of the usual symplectic form on the cotangent bundle of the torus.
To this end, we shall need to require that c,, = ZkeN w,;l < o0 . In fact, as already observed in the
introduction of Chapter (I} this condition allows us to interpret £5 x T° as a subset of the weak*-
cotangent bundle of the infinite torus T°° . Then we give the definition of Hamiltonian vector field and
we introduce a subclass R C A of functions, which we call regular functions, that generate Hamiltonian
vector fields. Following the standard construction, the Poisson brackets are defined via the underlying
symplectic structure. We prove that the space of regular functions possesses the structure of Poisson
algebra. Furthermore, we remark that one is actually allowed to define the Poisson bracket between any
analytic function H € A and any regular function f , by interpreting the Poisson bracket {f, H}
as the Lie derivative of H in the direction of the Hamiltonian vector field associated with f . If
one takes this as the definition of the Poisson bracket, the condition c,, < oo is no longer necessary.
In this sense, the finiteness of c,, serves only to provide a symplectic interpretation, but it is not a
requirement for our main analysis. Indeed, we shall see that the Poisson structure, which is sufficient
for establishing our main results, remains well-defined even when c,, = oo . Finally, we consider bi-
analytic diffeomorphisms of the phase space that preserve the Poisson bracket and we present a result
that mirrors the classical finite-dimensional result. Namely, in Proposition[2.3.20| we prove that a regular
change of coordinates preserving the fundamental Poisson bracket is indeed a symplectomorphism. This
result is particularly useful in practical applications, providing an operative way to verify if a given
transformation is a symplectomorphism.

2.3.1 Symplectic form

Let us assume that the weight w is such that c,, := ) ; -y w,;l < o0o. Here we introduce a symplectic
structure on the infinite-dimensional phase space under consideration and give the definition of Hamil-
tonian vector field.
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Definition 2.3.1 (Symplectic form). We endow the phase space ¢;° x T with the symplectic form w,
defined on pairs of vector fields VW € X as

w(V, W) 1= 3 (VRwWE — vw®).
keN

Let us briefly discuss the well-posedness of the definition above. First, note that w is the infinite-
dimensional analogue of the standard symplectic form

Z dyx, N dp.
k=1

To ensure the infinite sum is well-defined, we observe that for all r, s > 0, the map
W %T,S X xr,s — -A'r,s

is bounded. In fact, by Proposition 1.2.6, the bound (Z.I5), and the assumption that c,, = >, oy wy * is
finite, we have

WV, W) s < 3 IVl W g+ 3 (VIR [
keN keN
< cu (VIR IWolP% + Vel Pa Wy [751) < oo

Remark 2.3.2. The closed 2-form introduced in Definition [2.3.1] is actually a weak-symplectic form.
Indeed, the map W™ : (2% x (> — (£2°)* x (£%°)* defined by w™ (V) = w(-, V) is injective but fails to
be surjective.

2.3.2 Space of regular functions

We now define a class of functions that generate Hamiltonian vector fields and we show that functions in
this class form a Banach algebra with respect to the product of functions.

Definition 2.3.3 (Hamiltonian vector field). A vector field V € X is said to be hamiltonian if there exists
f € A such that
w(-, V) =df[-].

Definition 2.3.4 (Regular functions). We say that a function f is regular if there exist r, s > 0 such that
feA sand
} < 0.
r,8

We denote such space by 'R . Moreover, for any r,s > 0, R, s denotes the subspace of 'R of functions
with || f|lrs < 0.

of

Yk

Pk

, T'sup
r,s  keEN

[ Flle = max {|f|m sup w
keN

Remark 2.3.5. To any regular function f € R there is an associated Hamiltonian vector field VI € X,

namely
w(, V) =dff-].
By a direct computation, one can easily verify that
af of
vk — 2 vk = 2L 2.20
(V0 =32 (vh® =3 (220)
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In contrast with the finite-dimensional case, the Hamiltonian vector field associated with a general ana-
Iytic function is not necessarily a well-defined map from the phase space into its tangent bundle. Indeed,
the differential of a real analytic function defined on a Banach space X is a map taking values in the dual
space X*. This problem is absent in finite dimensions, where the dual of a vector space is isomorphic
to the space itself, and the non-degeneracy of the symplectic form always ensures that the Hamiltonian
vector field associated with any analytic Hamiltonian is a well-defined section of the tangent bundle.

Remark 2.3.6. Note that the condition c,, < oo is irrelevant for the definition of regular function,
while it is necessary to define the associated Hamiltonian vector field. To overcome this issue, can also
take (2.20) as a definition of Hamiltonian vector field, forgetting about the symplectic structure.

The following proposition, which also holds for every choice of the weight w , shows that the space
of regular functions possesses a Banach algebra structure.

Proposition 2.3.7 (Algebra of regular functions). For any r,s > 0, R, is a Banach algebra with
respect to the product of functions.

Proof. Given f,g € R, by the triangular inequality and the algebra property enjoyed by the norm

| - | (see Proposition|1.2.6), we have

dfg
Oy,

of

0
e | gl U flrsrsup | 2H <20 ol

7,8

7 sup
keN

< rsup
T8 keN

The same estimate holds for the derivative with respect to . Thus, by Proposition one obtains
1f9llrs < 2 fllr,sllgllr,s -

which gives the claim. |

2.3.3 Regular changes of coordinates

Following the approach of the previous chapter, we aim to define appropriate norms for controlling
changes of coordinates that preserve the regularity of functions in the sense of Definition Given
that the | - ||, s-norm controls the Hamiltonian vector fields associated with regular functions, and that
such vector fields transform via the adjoint of the differential of the change of coordinates, we seek to
define norms that ensure the boundedness of this operator. We remark that the finiteness of c,, is note
required throughout this subsection.

Definition 2.3.8. Given r, s > 0, we denote by R;.5" the space of functions
N : %, (EOO) X 0° = 02, N(y,0) = (F™(y,0))men,

such that, for any m € N, N(™) ¢ A, s, with

I {\Nr“’ 3o [N }<
"= max W , SUp Wk 00 .
T8 .8 Byk rs  keN — oy, v

Accordingly, R, denotes the space of. functions
Q: U (ly) x 1 =02, Qy,0) = (A (y,9))men,
such that, for any m € N, Qm) ¢ Ay s, with

oQ(m)
Oy,

, Sup wj Z -

rs  keN

oo
[€2[]75, := max {\Q]?‘;, T sup Z w,!
keN S

}<oo.
T,s

59%
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Given r,s > 0, we denote by C, s(R) the affine space passing through the identity and directed by

00, W
Rrs X R;?f;, namely

Crs(R) = {® : % (£2) X 12 = €2 x £ : & =Td+(N,Q), N € RZ%", Q € R,

TS
Forany p,o > 0,let CFJ(R) be the subset of those maps ® = Id +(N, Q) € C, s(R) such that
IN[PZY <p  and QS <o.

In this case, we say that ® is close to identity.
Accordingly, we denote by C(R) the space of functions

C(R) = | J Cs(R).

r,s>0

Remark 2.3.9. A map ® € C(R) has the property that the adjoint of its differential induces a bounded
map from X, s to itself. This will be more clear after the proof of the following proposition.

Proposition 2.3.10 (Estimate on the pullback of a regular function). Given rg,sg > 0, let p € [0,70)
and o € [0,5s0) . Consider a function ¥ = Id+(N,Q) € Cf(;g_/p%so_a(R) . Then, for all r € (p,ro],

s € (0,s0], and every f € R, s, the pullback of f by ¥ belongsto R,_, s with estimate
19" fllr—ps—o < 201+ p/r +0/2)[| f]lr.s-

Proof. The hypotheses of this proposition ensure that all the assumptions needed for applying Propo-
sition are fulfilled. Then, |¥* f|,_,s—s < 2|f];s. Let us perform estimates on the derivatives
of U*f. Let x, 0 be the coordinates defined by x = y + N(y, ), 8 = ¢ + Q(y, ¢). By the triangular
inequality applied to the formula given by the chain rule, the algebra property proved in Proposition[I.2.6]
and the estimate for the pullback of a majorant analytic function stated in Proposition [1.2.19] one has

T sup oYy S?“supz \I/*—af 5mk+8N
keN| OUk |,_ps—o keN = O | ps—o Y v oo
- of aQm)

+ rsup Pr——

keNmz:l 0., r—ps—c Oy pso
< 2rsup ﬂ

keN | Oz, s

+ 27 sup i 9f ON™ of oQm)

keN = 0Zm |, ol Ouk |r_pog  100mlngl OUk [,_ps s

By the regularity of f, and applying the assumptions, the above quantity is bounded by

Tp@a)

o0(m)

ON(m) s L
+ rsu W,
P2 |

Oy r—p,s—c keN |
<20 +p/r+0/2)|fllrs -

o0
2|!er,5<1 ropy
keN 5=
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At this stage it only remains to give a suitable bound for the term of the norm which involves the deriva-
tives with respect to the periodic variables. By the same argument of before we get

o w* .0 ON(™)
sup w 3 / < sup wg Z v 8;1:f 5
keN Pk lr—ps—c keN mlr_ps—oa Pk Nr—ps—o
of aQm)
+ supw P +
kEII\I) ‘ Z 0, r—p,s—o mh 8@k r—p,s—0
< 2sup wg
keN 38% rs
2 z oNt K o0
+ 2su )
keg 61’m 84,0]9 r—p,8s—0 80m r,5 agpk r—p,s—0
which is bounded by
m) s o0 (m)
2\f\|,,8<1+ +sup > wy)! >
aSOk r—ps—o k€N T4 890]6 r—p,8—0
L+p/r+0/2)[fllrs -
The claim is proved. |

Let us introduce a class of change of coordinates which preserves the regularity of functions belong-
ing to the class R .

Definition 2.3.11 (Regular changes of coordinates). A function ® € C, s,(R) is a regular change of
coordinates if there exist p € [0,70/2) and o € [0,s0/2) such that

(a) forallr <rgy,
DU (b)) X U° = Uy p(Ly)) X £

with the property that, for all r € (p,ro + p|], s € (0,80 + 0|, and every f € R,s, ®*f €

Ri—ps—o with

12" fllr—ps—o
[1f1lrs

(b) there exists W € Cpy—pso—o(R) such that, forall r <rg—p,

|| D% 7‘3;’ ;= sup <00
£0

U U () X A = Uy p(Ly) x £
and, for all r € (p,ro], s € (0,50, andevery f € Ry, V'f € Ry o With

[ fllr—ps—o
£l

H\Il*H;?g = sup < 00,
f#0
which is the inverse of ® in the following sense:

QoW =Idy, (rx)xe=, Vr<ro—p, Vo ® =lIdy,(meyxpe, Vr<r1o—2p.

Remark 2.3.12. Note that, given ro,so > 0, p € [0,79) and o € [0,s0), any invertible map
NS Cf(;‘;/o?(R) with inverse ¥ € Cf(;a/pz so—o(R) is a(close to identity) regular change of coordinates,
as follows by Proposition
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2.3.4 Poisson braket

In this subsection, we endow the space of regular functions R with a Poisson algebra structure. Addi-
tionally, we establish the well definition of the Poisson bracket between analytic and regular functions,
and we show that it can be expressed in terms of the Poisson bracket between the fundamental power-
trigonometric monomials.

Definition 2.3.13 (Poisson bracket). For any f,g € R, we define their Poisson bracket

af dg  Of dg
— f 19 _
{f,9} = w(VI,V9) Z By Do Bpx O (2.21)

Note that the Lie derivative of a function g € R in the direction of the hamiltonian vector field V7
associated with f € R can be expressed in terms of the Poisson bracket. Indeed, by Equations (2.16),

(2.20) and (2.21)), one has that

d of dg  Of Og
Lorg =L (6,)g )(®) 9599 9L 99 _
vig dt| % 39% % Oy, 0o, Oy Oyi; {9}

While Definition[2.3.13| requires the symplectic form to be well-defined (i.e., c¢,, < c0), one may alter-
natively adopt the right-hand side of (2.21)) as a definition of the Poisson bracket. By Proposition 2.2.4]
and Remark it follows that this second definition is well-posed even in the case c,, = oco. Since
the Poisson structure is sufficient for establishing our main results, we shall not assume the finiteness of
cy in the sequel; our results will thus remain valid for arbitrary choices of the weight w. Let us show the
Poisson algebra structure of the space of regular functions.

Proposition 2.3.14. The space of regular functions R equipped with the product of functions and the
bracket (2.21) is a Poisson algebra. Namely, for all r,s > 0 and every f,g € R, we have that
{f. 9} € Ry—ps—o and the following estimate holds

r 1

1
+)wmmmm-
T_pp ro

2
Mﬁgﬂrm30§€<

forallp € (0,7) and o € (0,s) .

Proof. Let r,s > 0 and f,g € R, . The following bounds hold for any p € (0,r), o € (0,s), by
triangular inequality and Proposition

of dg of dg
{f g} r—ps—o < ) |5 — == , (2.22)
r—p,5—0 % ayk r—p,s—c a@k r—p,s—c 8gok r—ps—c 8yk r—pis—o
p o{f, g} <Supz Of dg
teN| Oy s ™ teN £ 10Y00Uk | | OPK 1y s
of 52 (2.23)
+sup 3 J +feg,
(eN 510Uk | p s | OYe0PK |,
0 0? 0
Supw‘ {fag} Ssupwzz f o9
teN Ot |rso  teN 100U p o ol 0Pkl ps o
af 329 (2.24)
+§UPWZ@ 5o +feg.
€N oN Yk lr—p,s—o | OPLOPE |r—p s—o
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By using the regularity of f and g, and Cauchy estimate on the derivatives with respect to the -
variables, k € N, one has

21
(2.22) < g;”f”nsngnf‘ﬁ'

By invoking Lemma|[I.2.13] we obtain the following estimates:

dg
(r—p)x @23 =(r—p sup wy, wy,
% 8y58yk r—p,8—0 a(ﬂk r—p,8—0
0 9?2
(r — p)sup Z of J +f+<g
0eN f 51Ok Ly p o | OYOPE |, oo
2<1 -)
< —|{-+—
e\p ro
and )
| o°f dg
@24 =supw, Y wy W | 7 +
LeN % F 89028%“ r—p,s—o a(pk r—p,s—c
of 0%g
sup wy Z T 9000 +feg
teN e OYk | —ps—o | OPLOP | p 5o
2< r 1 1>
< - -+ —
e\r—pp ro
Hence the assertion follows. [ |

Remark 2.3.15. Motivated by Definition [2.3.13} given differentiable, real valued functions f and g
defined on %, (£5°) x L, for some r > 0, we denote by { f, g} any expression of the form

Zaf dg  Of dg

whenever it is well defined. It follows that:

(a) by Proposition and equation (2.20), the Lie derivative of an analytic function H € A
(not necessarily regular), in the direction of the hamiltonian vector field VI associated with the
regular function f € R, can be expressed as

giH:{faH}a

(b) the partial derivatives of any analytic function H € A can be written as
8H OH

Remark 2.3.16. According to the above remark, given r,s > 0, forany H € A, sand f € R, b
the estimate in Proposition and the definition of the || - ||, s-norm, the following estimate holds

1
{H, Py < e(

forall p € (0,r) and o € (0, s).

r 1 1
1, ) 1 el Hr
r—pp ro
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Now we prove that, the knowledge of the action of the Poisson bracket on any pair of monomials of

the form y®e”¢ , with (v,a) € ZMNY x N(()N) , is sufficient to calculate the Poisson bracket {H, f} , for
all H e A, f € R.More precisely, we prove the following

Lemma 2.3.17. Given r,s > 0, the Poisson bracket of H € A, s with f € R, s is the function defined
on U, (030) x £>° by
{H, [} =Y Huafva{y®e”?,y~ "},

VOézza

Proof. By an argument analogous to the one used in the proof of Proposition[2.2.4} it can be shown that,
forall y € %, (¢3y) and every € > 0 such that % ., ((3) C % (¢yy) , the series

Z Z HVafy’a/ya+a/ei(V+V/)-<p

v,a v o

8yaeiu-<p aya’eiz/-<p 8yaeiu-<p ayo/eiz/-go
g E E Hz/afu’o/ < - >
WY Aoy Dok Oy

keN v,a v/ o/

converge totally on % ,(¢5) x £°° . Then one has

0H 0 0H 0

Oy Opr Doy Oy,

keN

_ Z Z Z I f <aya€iy~<p 8ya/6iy/.<p ayaeiy.w ayaleiyl.w)
keN v v o e 8yk 890/4: a@k 8yk

=> > Hualfvar ) Dy“e? oy eV e gy e oy e e
o oy S oy ek ok Y

- Z Z HVOth o' {ya i SO Oc eiy’-(p} )
v,a V! a

as desired. [ |

2.3.5 Symplectomorphisms

We now provide the definition of symplectomorphism. In the finite-dimensional setting, it is well-known
that a transformation is a symplectomorphism if and only if it preserves the Poisson bracket. This equiv-
alence, however, does not extend to our infinite-dimensional framework because, as already noted in
Remark [2.3.5] the Hamiltonian vector field of a general analytic function does not necessarily take val-
ues in the tangent space. Thus, for our purposes, it is more convenient to define the condition for a map
to be a symplectomorphism in terms of the preservation of the Poisson bracket.

Definition 2.3.18 (Symplectomorphisms). A regular change of coordinates ® € Cy, s,(R) is a sym-
plectomorphism if, for all r € (p,r9 + p] and s € (0,80 + o], with o and p as in Definition|2.3.11
the following equalities hold in U,—,({y) x £>° :

(i) ®{H,f}={P"H,d*f}, forallHe A, s, fER, s,

(it) ®{H,pm} ={®"H,®" ¢y}, forallHe A5, meN.

Remark 2.3.19. Note that, if ® € C, s,(R) is a symplectomorphism, then its inverse W € Cyj_, so—o(R)
satisfies (i) and (it) of the above definition for all r € (p,ro] and all s € (o, so| .
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The following proposition establishes a sufficient condition for a regular map to be a symplectomor-
phism. Specifically, we show that, in analogy with the finite-dimensional case, the symplectic nature of
a transformation can be determined by checking whether it preserves the fundamental Poisson brackets
of the coordinate components.

Proposition 2.3.20. Let ® = Id+(N,Q) : %, ((57) x £° — €37 x £>° be a regular change of
coordinates with |N |70 < p . Let us denote by N and S the functions N(y,¢) =y + N(y, ) and
Qy, ) = o+ Qy, ¢) , and assume that

{NO QY =6, {N® N =0, {O0 QMY =0,
forall {;m € N. Then, ® is a symplectomorphism.

The proof of this proposition is deferred to the end of this section, following the proof of the next
lemma, which provides a key technical tool for the argument.

Lemma 2.3.21. Given 19,50 > 0, let p € [0,70) . Consider ® =1d+(N,Q) € Cry.s,(R) such that
|N|roso < p. Then, forall v € (p,ro+p], s>0, HeE A.s andevery f € R,s, one has that

{q)*f]'7 (I)*f} — Z Z Hyafya{q)*yaeiu-cp7 q)*ya/eiV/'cp} .

v, v ol

Proof. Since ® € Cy,(R) , and in particular ® € Cp, 4,(A) with |[N|3s < p, it follows by
Proposition [1.2.20f that the derivatives of the series

ZHI/(X(I)* @ 11/4,0 and me‘l)* @ 11/<p

are equal to series of the derivatives. Then, to prove the claim it is sufficient to show that the series

o (I)*yaeiu~<p 9 (I)*yo/eil/-cp o (I)*yaeiucp 9 (I)*yo/eil/-cp
I B e s i e
keN v,a v/ o/ k k k k

converges absolutely. Let us show that, given r € (p,ro + p| , forall y € %._,(¢3’) and every € > 0
such that % . ,(lyy) C %—p(Lsy) , the above series converges totally on % ,({5y) x £>° . We denote
by N and Q the functions N(y,») =y + N(y,¢) and Q(y,p) = ¢ + Q(y, ) . By the Leibniz rule,

forall o € NéN) and every v € ZN) | one has that

P*y- el Na iv-Q N(m) . o Qm . .
9 a ¢ = Z amLNQ—emelV‘Q + Z iVma Naelz/ﬂ

Yk Yk et oYk = Ok
0 @;yaei”w _ 0 ]\(;a W 0 o Z am a em 11/Q + Z W 8;2( )Naeiy~Q )
Pk Pk meN meN Pk

Therefore, the terms of the series decompose into several components. Since the estimation procedure is
essentially the same for all of them, we shall only detail the argument for the term

Z Z Z Z Z H ON ¢ el Qo/ ON" )N "ei’/'f2

l/afz//a’am N
keN v,a v/ o/ meNneN

; 2.25
OYk " 0oy (22

the bounds for the other terms can be obtained similarly. Clearly, the above expression is equal to

3|2 (DHeram] ]r o~ em)(Zmam een)

keNneN v, meN

5%
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which is bounded by

sup w Z

keN neN

aN( (Z ‘Huoz| Z amzw_l aN

meN keN
) <S“P > rfyfaf\a;wa’e“‘) :
neN Vo

Now, given y € %.—,(£) ,let € > 0 be such that % ., ((5) C U—,(() . Then

)

AN (1) B AN |

Sup wg 27 sup 3 <Z]Hl,a\ Zamzwkli sup 5 Ne em|>
REN  JeN ey (e)xeee | 9Pk TN DT meN  keN  Wey(ep)xe=| 9Yk

(Sup Z |forarlas,  sup \Na/_en>

neN U <y (05°) 3 £°
< N H aL N ae 5m£
IN o ZI vol D am > wy! 1T
meN  keN 7 P ¢eN

ZEN

forall p’ > 0 such that % E’y(fﬁ) C U —p—p (L) . By performing a Cauchy estimate on the derivative
of N(™) we get that there exists a constant ¢ such that the above quantity is bounded by

cHN|lmso(Z|HmHa|H|N )(supzuma [T

£eN LeN

< c|IN|E (Z Hyollal (<r o N, 1) )
, 1 042*5"2
x (Z ool ] (<r o INES ) ) .

leN

(2.26)

Since |N|rysy < p,we have that (r — p+ |N|rys,)/m < 1, and hence

N lot]
d = sup |oz|< —r+| |T0’SO> < 00.

|al "

Therefore
«
S Huallal (7 = 4 IV 00 ) < ¢ X il < €187 < o0,
| 0% | {07

and

az—csng
Slégz‘fva!aaﬂ@pHN\mo) ) <Sup2|fm|anva 2 <[ Fllrs -
n va

LeN
Then we finally get
@26) < e N5 Hl sl f s »

which proves the total convergence of (2.25)) in the open set %, (¢55) x £°° . The claim follows by the
fact that this argument holds for all y € %._,(£3) . |
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We conclude this section with the proof of Proposition [2.3.20}
Proof of Proposition We prove this statement in several steps. First, we show that
{D*yy, CD*eiSD’”} = ®*{yy, ei%"} and {‘P*eiw, <I>*ei‘pm}
for all m,¢ € N . Then, by the Leibniz rule we shall get that
{07 (ye9), 0 (e 9)} = Byl e,y )

holds for all (v, ) € Z™ x NIV . Then, the thesis will follow by Lemmas[2.3.17|and [2.3.21|
Let m € N . Since the power series defining the exponential function converges in any ball, and
given that Q(™) | together with its derivatives, is bounded on %, (£°) x (> , the series

Z n— Z %7 and Z %7 ,

n=0 8yk n=0 53%

converge uniformly on ?/m (£50) x £ forall k € N. Moreover, for all £, € N, both the series

>y?

keNn=0

and

myyn 02 3 aN 1 )nasz(m)

3yk n' Opx n! Oy

keNn=0

converge absolutely for all (y, ¢) € %7“0 (£39) x £°° . Indeed, consider for e.g. the first one. We have that

1 4 aQm)
ZZ —— y )| I8 ()" 5 (v, @)‘
keNn=0 Pk
. () o0 m)
_ 00 (y0)] ON oo
e ]% O + o (Y, 0)|[Omk + Don (v, )
A(m AN a0m) AN aNm)
oo B ] E o))
< o+ | = 09|+ | T W) > o 9| g W

keN

The latter quantity is finite because N and QU™ are regular for all ¢,m € N . Similar estimates give
that the other series is also absolutely convergent. Consequently, the order of the summations over n and
k may be interchanged, yielding

(N 7 (%) zQ(m)} Z n'{ Q(m )™},

for all /,m € N. Then we have

* * _iom 1 _ [N iQm)y - "o A(m)\n
{B*yp, @ eom} = (NO, ) = H{N(Q(Q( Ny
n=0

. iQ(m) . i i
= 10t = 10y @ P = O {yg, ™} .
Following an analogous argument, one can prove that

{q)*eigog’ (D*eitpm} — {eiﬂ((f)’eiﬁ(m)} _ q)*{eigog’ eicpm} =0. (228)
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By a direct calculation, and by using the Leibniz rule, it is easy to prove that the results in (2.27)) and

(2.28) imply that ‘
{(I) ( a 1V<p) o* (ya i’ go)} o* {ya v yo/elu ~<p}

holds for all (v, «a) € ZM) x N(()N) . The above equation together with Lemmas |2.3.17| and |2.3.21|gives
formula (7) of Definition|2.3.18| Moreover,

{O"H, 2%} = {2 Hyaye"?, 0 o} = > Hyo{ @y ?, % ppn }

v, v,

_ZHVQ{NQ 11/QQ } ZHVQ{NQ Q(m)} wQ

v, v,

By the Leibniz rule, and by the fact that { N, Q™Y = 5, | it follow that {N®, Q("™} = o, No—em
Therefore,

. OH
Z H]/a{Na m)}ew Q Z H,/aOémNa em 11/ Q —Pr — (I)*{H, Som} 7
— WY
which yields formula (i) of Definition[2.3.18| This concludes the proof. |

We now have the necessary tools to introduce a Hamiltonian dynamics on our phase space. In the
next section, we shall employ the Poisson structure developed herein to introduce an infinite-dimensional
version of the Hamilton’s equations.

2.4 Hamilton’s Equations

In this section, we extend the classical Hamiltonian formalism to our infinite-dimensional framework,
defining the equations of motion and investigating their behavior under symplectic transformations.

Remark 2.4.1. In light of the discussion in Section [I.1] and to ease the notation, throughout the re-
mainder of this chapter we shall identify the elements of the torus T°° with their representatives in the
universal cover £>°. With a slight abuse of notation, we shall use the same symbol  for both, as well
as for functions defined on the torus and their associated multi-periodic counterparts defined on £*°,
provided that this does not lead to confusion.

2.4.1 Hamilton’s equations and Hamiltonian flow

Given r,s > 0 and a function H € A, , , we say that H induces a Hamiltonian flow ¢y on an open
neighbourhood Ny C %, (€5°) x T of {0} x T if there exists a group action ¢y of R on .4

R x A6 3 (t,y, ) = ¢y, ) € A

such that, denoting ¢%; (v, ©) = (y1(t), ..., yk(t),...,01(t), ..., px(t),...), the maps t — y;(t) and
t — i (t) are differentiable functions for all £ € N and satisfy the Hamilton’s equations

i
y.k { ayk} 7 kGN
or ={H, o1}

In the following, we shall refer to H as the Hamiltonian function.
Note that, in general, a Hamiltonian flow is not even continuous in time as a function of the time
t € R taking values in the Banach manifold. This is essentially due to the fact that, as already pointed



66 Chapter 2. Local Liouville-Arnold Theorem in Infinite Dimension

out in Remark [2.3.5] the gradient of an analytic function defined on an infinite-dimensional Banach space
X does not take values in X , in general. Let us see this with a simple example. Given an unbounded
sequence of real numbers w = (wj)jen such that ) ij;1 is finite, consider the Hamiltonian
function

jEN

H=> wy;, yeuLy). (2.29)
JEN

Clearly, H belongsto A, ¢ forall r,s > 0. The Hamilton’s equations associated with the Hamiltonian

H are given by
M
" , keN,
Pk = Wk

which can be easily integrated yielding the solutions yx(t) = const, @g(t) = wgt + const . Therefore,
forall » >0, H induces the Hamiltonian flow on %, (¢;°) x T°° defined by

A (y, ) = (y, 01 +wit, ..., on +wit,...) .

Since (wj);jen is unbounded, this flow cannot be continuous in time. Indeed, for any (y, @) € 55 x £,
any two distinct points on the orbit of (y, ¢) under the action of ¢ are infinitely separated. Specifically,
for any t¢; # to, one has

| + wty — ¢ — wta|pee = sup |w;(ty —t2)| =
JEeN

For the sake of clarity, we emphasize that, in accordance with standard arguments from the theory of
differentiable functions between Banach spaces, the gradient of the Hamiltonian defined in (2.29) belongs
to the topological dual of £ x ¢°° . This follows directly from the fact that the sum jeN Wjw 1 is
finite.

2.4.2 Invariance of the Hamilton’s equations under symplectomorphisms

We now show that the Hamilton’s equations are invariant under symplectic changes of coordinates.
Namely, we prove that for any H € 4 inducing a Hamiltonian flow and any symplectomorphism
& , the Hamilton’s equations in the coordinate frame (x,0) := ®(y, ¢) take the form

. keN.

i ={Ho® ! x}
ék - {H ° q)7179k}

To this end, we first establish the following lemma, which is central to our argument.

Lemma 2.4.2. Let r,s > 0 andlet H € A, be a Hamiltonian function that induces a Hamiltonian

flow. Then, forall f € R,,

d
S o 6y) = {H, S} o ol

Proof. The above equality follows easily for any power-trigonometric polynomial. The claim then fol-
lows for all f € R, by an argument strictly analogous to the proof of Proposition m |

With the help of the result established in the above lemma, let us prove the invariance of the Hamil-
ton’s equations under symplectic changes of coordinates. More precisely, we prove the following propo-
sition, which is sufficient and crucial for our purposes.
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Proposition 2.4.3. Given r,s > 0, let H € A, s and consider a symplectomorphism ® € C, 4(R) .
Assume that H o ®~1 induces a Hamiltonian flow ¢prop—1 on U—,(052) x T, with p > 0 as in
Deﬁnition Then, H induces a Hamiltonian flow on the neighbourhood N := ® =1 (%,_ ,(£5°) %
T*°) of {0} x T . In particular, we have that

Gl = B o gl gy 0®
holds forall t € R.

Proof. First, note that H o®~! is a well defined analytic function belonging to A, _ ps—o » With o >0
as in Definition [2.3.T1] Moreover, since @ is in particular a change of coordinates, as already noted in
the proof of Theorem|1.3.12|(see (2.33)), the open set @~ (%,_,(£5°) x T*>) is indeed a neighbourhood
of {0} x T . Now, by assumption, H o ®~! induces a Hamiltonian flow. Hence, the above Lemma
implies

d _ _ _

0@ 0 g ) = {Hod ! yp 0@ T} ol g .

Since ® is a symplectomorphism, by Remark|2.3.19} the right-hand side of the above equation is equal
to

{H.yr} o @' 0 @lyogr
By a similar, slightly refined argument one can prove that
d _ _
(oo @ 0 gl g) = {H, ok o @7 0 dlyg

We remark that the argument requires refinement because, in general, ¢ o ®~! does not belong to
‘R . This precludes the direct application of Lemma Nevertheless, this is not a real obstacle: by
the definition of change of coordinates and denoting the new angular variables by 6, (with k € N),
it follows that 5 o @1 is simply the projection onto the @, coordinate plus a function in R, s .
Therefore, we conclude that ®~! o c;StHo -1 © P is the Hamiltonian flow induced by H . [ |

Let us make some comments on the above proposition. The fact that Ho®~! induces a Hamiltonian
flow on %,._, x T°° means that there exists a group action ¢y ,g-1

R X%y xT® 5 (t,2,0) — ¢y p1(2,0) € U x T

such that, denoting ¢, o1 (x,0) = (z1(t),...,2x(t),...,01(t),...,0k(t),...), the maps t — xy(t)
and t — 0 (¢) are differentiable functions for all £ € N and satisfy the Hamilton’s equations

i, ={Hod !
tp={Ho® \m} )y, (2.30)
0, = {H o (I)_l,gk}

Then, by Proposition [2.4.3] the Hamilton’s equations associated with the Hamiltonian H , namely,

gy
Z{k { ,yk}  keN,
o = {H, pr}

admit a solution (y1(t),...,yk(t),...,p1(t),...,oK(t),...) for any initial datum (y, ) in the open
neighbourhood Ag := @1 (%,_,(¢£5°) x T*) of {0} x T . Specifically, the solution is given by

(Y, 0) = N (Dyop-1 (2(y, ),  forall (y,¢) € A,

and ¢y isa group actionof R on .4j .
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2.4.3 Action-angle coordinates

The above argument suggests that a good strategy to solve Hamilton’s equations for a given Hamiltonian
H € A consists in trying to find a symplectomorphism @ such that the Hamilton’s equations for the
new Hamiltonian H o ®~! are easily solvable. For instance, if H o ®~! does not depend on the
variables 6, k € N, the infinite system of ODE in (2.30) admit the unique solution

¢ OH o &1
Prop—1(x,0) = (2,01 +wi(x)t, ..., 0 +wi(x)t,...), where wy(z) = T(x) , keN.
k

Namely, H o ®~! induces a Hamiltonian flow ¢pog-1 such that, for all x , the leaf {z} x T is
invariant and the restriction of the Hamiltonian flow on such invariant manifold, namely

{2} x T® € 0 ¢’y g1 (x,0) € {2} x T,

is simply a linear flow on the infinite torus. Therefore, .4; is foliated by infinite tori of the form
®~1({x} x T*) and, by virtue of Proposition each leaf is invariant for the Hamiltonian flow ¢ ,
which is conjugated by @ to a linear flow on the infinite torus. The set of coordinates (x,6) defined by
such symplectomorphism are called action-angle coordinates.

A final observation is in order: as previously observed, a Hamiltonian flow is not even continuous in
time, in general. Thus, at this stage, we cannot talk about topological conjugacy, even if the conjugating
map has very strong regularity. We shall see in Chapter ] that such kind of dynamics is always continuous
if one endows the infinite torus with the product topology.

In the next sections, we provide conditions for a Hamiltonian H € A to admit a symplectomorphism
® such that the new Hamiltonian H o ®~! is independent of the variables 6;, for k € N . The strategy
follows the generating function method as developed in the context of classical Hamiltonian mechanics
(see, e.g., [Arn89]). Specifically, the construction is divided into two parts: in Section [2.5] we establish
a general geometric result that provides an infinite-dimensional version of symplectic straightening for a
complete set of Poisson-commuting integrals. Then, in Section [2.6] we show that if a Hamiltonian H
Poisson-commutes with these integrals, the resulting symplectic transformation yields a set of action-
angle coordinates, effectively linearizing the dynamics.

2.5 Symplectic Straightening of Foliations by Infinite Tori

Here we give the precise statement of the aforementioned theorem about the symplectic straightening
and we address all the technical issues needed to prove that the set of coordinates formally defined in the
introduction to the chapter are indeed a set of action-angle coordinates for the foliation induced by the
map I'p.

2.5.1 A technical lemma

Here we prove a lemma that is fundamental to bridge the results of the previous chapter to the present.
We recall that, given G € A" , we denote by @ the map

Pa(y, ) = (y+ Gy, ), 9) , Vye Uly), pel™.

Then we have the following estimate for the fixed point of the equation G = ®, F' := F' o ®¢, where F
is a sequence of regular functions.
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Lemma 2.5.1. Givenr,s > 0, let0 < p < r. ConsiderF € U2 (R73") and let G € U, p(A ) -
Assume that G = ®LF := F o ®¢ . Then, G € R, and satisfies the estimate

r— ps
2
o S T QFE)

G117~

” | oo, w
.8 )

Proof. Let us begin by noting that the bound

Gl s = |RGF 2y < 21FI

rps rps—

follows by Proposition|1.2.19] We now give suitable estimates for the derivatives. We adopt the notation
(z,0) = ®;(y, ¢) . Then, for all m, k € N, by the chain rule one has that

oG™ 9 egF™ ~Y e, aFm < 8G(@)

tk
Yk oYk = Ok
(m) o*, F(m) F(m) ) F(m)
oGt _ 9%g = Z @*GL o0 ‘I)?;L
i, i, = Oxg  Opg Iy,

The above equations can also be written as

F(m) O (m)
Z <5me (I)Gﬁ >8G _ (I)*G&F

= oxy Oy oxy.
AFm\ oG©® HF(m)
o = — ¢
2 <5mf ¢ o, ) dor ¢ dep

{eN

and they can be inverted by Neumann series, namely

0G X (.,0F OF
3 =2 (9, ) g
oG [ L OF\"_, OF
w‘,;(%am> %5

Indeed, by the triangular inequality and by the algebra property established in Proposition [I.2.6] one has

oG orm OFn-1) _ QF"n
SupZ‘ <supz Z iy PG o
keN r—p,s k’ENn 0 e 695 8iL'gn axk r—p,s
l1,....lnEN
[e.e]
OF )
SIS S
n= U£"+16N50 l1,...4n €N j=0 Tljsa lr—p,s
By Proposition|1.2.19] above quantity is bounded by
Z?"“ |, 2 I1[o
fn+1€N tneN =0 P s
OF )
< Z gn+1 H sup ’
j=0t+1EN g eN | O lrs

< Z( e > i _ 2| Fl|rs"
=2 \7 T
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Therefore,
2

1= QF[7S" /)

7S -
r—p,s
By analogous computations one can prove the same bound for the derivatives with respect to the periodic
variables, yielding the claim. |

This result connects the fixed-point argument developed in the first chapter (see First Fixed Point
Lemma [1.3.10) with the specific analytical framework of the current one. While the previous chapter
established the existence of the fixed point in a broader functional space, this lemma ensures that the
fixed point inherits the more stringent regularity properties of F'. In particular, we have shown that
if F is bounded with respect to the stronger norm || - ||7s" , the same holds for the fixed point. This
consistency is what allows us to carry out the subsequent steps of the analysis in the present setting.

2.5.2 Symplectic straightening

Let us start by proving that the map

W) 37 o () = ( [ dA) e
Izt () kEN

induces a regular change of coordinates. Recalling that, for all £ € N, we have the explicit formula

/r—l yedA = v — AP (7)

P ()

where Ajg is the average of the function A defined by A = ®* 4, P (see Lemmal(l.3.10), it is clear that
the following theorem gives the desired claim.

Theorem 2.5.2. Given 1o, sy > 0, let P € Ryy’s, satisfy || Pllrg.so < T0/24. Then the map
g Ung—p(l5) X £ = L7 <, (7,0) = (v = Ao(7), ),

is a regular change of coordinates for all p such that 7||P||75s, < p < r0/2 and 0 < o < so/2. Its
inverse is given by

B : Upyap(67) X 0 5 £ x 02, (2,9) = (2 + B(x), ),

where B € R>° is defined by B = ®, Ag. Furthermore, the following bounds hold:

7‘0 2,0 S0

1 4oll76 0,50 < Al 2Pl 1Bll%: (2.31)

To— P7 To— pso — 11 1"0,80’ ro— 2pso — 7 HPHrO Eh

Proof. We first verify that ®_ 4, is a well-defined change of coordinates. Recalling that A = &* , P,
Proposition|1.2.19|implies that | A[;>™* . “is bounded by 2| P|;;)’s,, which leads to the chain of inequalities
| Aol

w0 S 1AL s < 20PIT S

To— p, To— pSO

Under the smallness assumption || P||75’s, < r0/24, it follows directly from the above inequalities that

o — p
’A0|T0 —pP>S0 < 6 .
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Thus, the hypotheses of Theorem [I.3.12] are satisfied. Consequently, the map
D_py t Upy—p(Lyy) X L — L X £
is a change of coordinates with p' = 3| Ao, ;) and o = (ﬂ Its inverse is

dp: Y,

ro—p—p (L ) X L5 = £30 x 07,

where B € A:f;) N 18 defined by B = @} Ao and satisfies the bound | B p oso < 210155 50
Finally, since p < p, to complete the proof, it suffices to show that ®_ 4, is also a regular change
of coordinates with 7| P||r s < p < ro/2. To this end, we first note that the smallness condition on
P and Lemma directly imply the bounds in (Z3T). In particular, the norms || Aol;5"", ., and
Bl p.5, are smaller than p . Then Remark ensures that ®_ 4, is indeed a regular change of

coordinates with inverse ® 5. This completes the proof. |

It is worth highlighting that the estimates stated in above theorem imply that the proposed generating
function S defined by

v,0) = appr — Wz, ), =Y Z Jeive, (232)

keN meNveA,

is indeed a real majorant analytic function S : %,.(£5°) x > — R, r < 1o — 2p: In fact, by the nature
of the elements involved, the first sum is totally convergent, and |W|, s can be bounded by || A||7s", up
to a multiplicative constant, for any » < rg — 2p.

We now prove an important intermediate result which plays a crucial role in the construction of the
aimed symplectic straightening of the foliation induced by I'p.

Theorem 2.5.3. Given rg,sg > 0, let P € Ry s, satisfy | Pllro.so < T0/27. Then the map
(I)*AO oPp: %,»0 Qp(f ) x £ _>€oo x 0

is a regular change of coordinates for all p such that 9||P||75s, < p < r0/3 and 0 < o < so/2. Its
inverse is given by
O_q0lp: Upy—2p(lyy) X £°° = Ly x L.

Moreover, the set (P_4 o PB)(Uy—30(Ly) x £>°) is an open neighbourhood of {0} x £*°.
Finally, assuming that
{F§§">,r§§”}:o forall m,n €N,

and denoting (z,p) = (P_a, o Pp) (y, ), the following hold
{zn,2m} =0 forall n,m € N.

Proof. First, note that the maps defined above are indeed the inverse of each other. In fact, by Theorem

2.5.2] we have:

(I)_AOO(I)pO(I)_AO(I)B Thm

P_yy0 Id?/ (2) o2 OPp = P_y, 0 Pp

Thnm
Idg, o, (e50)x0

"Note that there is no loss of regularity with respect to the variables ¢ , k € N, because the transformation does not
change the angles.
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Tnm

(I)_AO(I)BO(I)_AOO(I)]D d_ AOId%TO 2p(goo)><gooOCI)P—(I) AO(I)p

Thr{L3.12)
17, s, 050y xo -

We now verify that the composition
P_p, 0Pp: Upg—2p(ly) X £ — Lo x £
is indeed a regular change of coordinates. We write the explicit action of the maps involved:
(®—ay0®P)(y, ) = (y+ Py, ) — Aoy + P(y,¢)), ¥) ,
(®-a0®p)(z,¢) = (x+ B(x) — Az + B(z), ), ¢) ,
for all (y, ¢) € Uro—2(Lyy) x £°. Therefore, by defining the maps /N and M as

N(y,») = P(y,¢) — Aoy + P(y,¢)),  M(z,9) = B(z) — Az + B(x),¢) ,

we have that ®_4, o Pp = Id+(N,0) and ®_4 o Pp = Id+(M,0). By using the bounds in
(2.31)) and estimating the composition of functions with respect to the || - ||rs " -norm, it follows that
both || N[5 o5, and || M o are smaller than p. Consequently, the first claim follows from Re-
mark 2.3.121

To prove the second claim, note that, given a change of coordinates ® € cr0
v ech? (A), one has that

ro— 2p S0

ro—2p.s0(A) with inverse

ro—2p,50—0
{0} X £°° C Upy—3, (%) X 1 = W 0 B(Upy_3,((2°) X 1) C U(Upy_2p % 1) . (2.33)

The last inclusion follows because ® : %,.(€55) X £>° — Ui p(Lyy) x £° forall r <19 —2p.

We conclude the proof by showing that the coordinate functions (xj ) ke induced by the map &_ 4, o
®p Poisson commute. To simplify the notation, in the following computations we assume that the
derivatives of xj, with respect to 7 (for k, ¢ € N) are evaluated at (I'p(y, ), ), even if not explicitly
indicated. Then we have:

0xy, 0%y, Oy Oy,
{en, om} = Z Oy Opr,  Ovr, Qi

keN
_ Z Z Z O0xy, OTm, <6F$§) 61“%” B argf) 8{*%1))
S 0ve O \ Oyk Opr Opr Oyk

Since, by assumption, the components of I'p Poisson commute, the latter expression is formally equal to
0. By performing Cauchy estimates and exploiting the strong regularity of the involved maps (expressed
in terms of the || - ||rs " -norms), one can prove, by following the same argument as in the proof of Lemma
2.3.21} that for every (y, ) € % —2,(Lyy) x £°°, there exists a neighbourhood in which the series is
totally convergent. This concludes the proof. |

We now turn to the issue of proving that the angles defined formally by (see Equation (2.14) and the
previous discussion)

(m)
O(x,0) = or — Y Z = Mew, keN (2.34)

meN VGAm

define indeed a regular change of coordinates. Let us start by justifying the algebraic manipulations that
we performed for proving the relations in (2.12), which we recall below

v AT =1, AY forall ,m e N . (2.35)

12
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Based on the construction of the candidate angle coordinates presented in Subsection [2.1.2] to prove
(2.12)), we must show that involved formal series are in fact totally convergent.

Lemma 2.54. Given r,s > 0,and 0 < p < r,let P € R’3" be such that |P|;5" < p and
consider A € A> . Then, for all (y, ) € Up—2,(050) X £>°, there exists a neighbourhood such that

T—p,S
the formal series

5 ory™ - 9A®

Y, ) Lp(y.¢)p),  meN,
= Oy ( o) (
r(m ar(”) dA® DA®)
DD LR 50)< A o)) - (Fp(y,w),so)), mneN,
keN (eN ye ¥k we
are totally convergent.
Proof. Regarding the first series, the statement actually holds for all P € %,(A7%"); that is, the regular-

ity of P is not required. In fact, total convergence in a neighbourhood of any pomt in the given domain
can be shown as follows: following the same argument as in the proof of Lemma [2.3.21] by performing
a Cauchy estimate on the derivative of A and subsequently providing a bound for the composition (see
Proposition [I.2.19)), the analyticity of I'p allows one to complete the argument with a further Cauchy
estimate. For the second series, the reasoning is similar, with the difference that one must exploit the
regularity of P to achieve the desired estimate. |

Adopting the same notations as in Theorems [2.5.2] and [2.5.3] we now show that the function @ :
Ury—3p(Ly) X £°° — Lop x £>°, defined for all (x,¢) € Uy—2,(Ly) x £° by

1 8A ¢ ;
=3 > ﬁ eve ke, (2.36)
meNveA, T
belongs to R7¥_5, ;- More precisely, we have the following result:

Proposition 2.5.5. Given rg,sg > 0, let P € Ryys, satisfy || Pllrosy < 70/28 . Assume that the
components of I'p Poisson commute. Then the function Q defined in (2.36) belongs to R° o—3p,s0 » JOT

oow<

all p such that 7||P||rso < p < 10/4, and satisfies the bound

HQHTQ 3p,50 S CHPHTO s !

for some constant ¢ > 1.

Proof. First, note that all assumptions of Theorem[2.5.2]are satisfied; thus, the function B is well-defined
and belongs to % (RTO 2p, S0) Consequently, the composition Ao ®p € RTO 2p,50 15 also well-defined.
The additional condition p < r(/4 ensures sufficient analyticity width to perform Cauchy estimates
that are uniform with respect to p. Without this condition, the constant ¢ would depend on p such
that lim,_,, /3 ¢(p) = oo. By the aforementioned lemma, the fact that the components of I' » Poisson
commute implies that the formulas in (2.33)) hold. Consequently, for any & € N, the derivative of Q) with
respect to (. can be expressed as

(k)
DI g 6’1473 gve =3 0Av 0Bl iy
oxy
mENVGAm T v#0 T

Therefore, the claim then follows by applying the properties of the || - ||7s" -norm under composition,
following the same idea as in the proof of Lemma |
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We now discuss the invertibility of the map (x,¢) — (z,0) , where the coordinates 6 = (0 )xen »
according to (2.34)) and using the notation (2.36)), are defined by

Or(x, ) = or — Q(x, ) , forall k € N.
Then, parametrizing ¢ as ¢ = 6 + R(z,0) , we want to solve
R(z,0) = Q(x,0 + R(x,0)) . (2.37)
Let us introduce a notation:

Notation 2.5.6. Given G € A

7,8

we denote by Vg the map
Va(z,90) = (2,0 +G(z,9), Vaeuly), pel™.

Therefore, Equation (2.37) can be written as R = ¥,() , where

VrQ(r,0) = (VrQ™(@.0)) = (Q"(,0+ Rl 6))men
As in the previous chapter, the strategy consists in formalizing our question as a fixed-point problem for
the nonlinear operator GG — W,() acting on a closed ball of the Banach space A7 . In order to do
this, we show that it is Fréchet differentiable and provide a suitable estimate for the differential. These
technical results are contained in Proposition[2.5.7]and Lemma[2.5.8] Once the existence and uniqueness
of the fixed point in the regularity class .A° have been established, we shall prove, by applying Lemma
(which is analogous to Lemma[2.5.1)), that the fixed point inherits the stronger regularity properties
of Q. Namely, we show that if @ is bounded with respect to the stronger norm || - [|7% , the same
property holds for the fixed point.

Our first step is to establish the differentiability of this operator. We shall omit the details of the proof
because it follows by the same argument as in Proposition[I.3.9]

Proposition 2.5.7. Given 1,5 >0, let F' € A Then, for any o € (0, s), the map

F U)o (AT—5) 2 G = VG F € AT

r,s—o
is differentiable in the sense of Fréchet. Moreover, the following estimate holds

2

T <
[dF (G)op < e(o —2|GI%_,)

|F[75 - (2.38)
The estimate (2.38)) suggests that the operator .% is a contraction provided that F' is sufficiently
small. This ensure the existence and uniqueness of the fixed point, as proved in the following lemma.

Lemma 2.5.8 (Second Fixed Point Lemma). Given r,s > 0, let F' € %, 3( A7) and define o :=
8| F|rs". Consider the map

F U g 1i( A y) 2 G UGF € A,

with U as in Then, there exists a unique G € %, 1a(AYS— ) such that
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Proof. We follow the same strategy pursued for proving Lemma|1.3.10} Namely, we first we show that

sup MI’EFW;?O <o/4;
Ge%a/4(A$f;_U)
then, we prove that .% acts as a contraction on %, /4(AYS— ) and the thesis will follow by the fact that
a closed ball in a Banach space is indeed a complete metric space.
The first point follows as an immediate consequence of Proposition by setting, with the same
notations of Proposition[[.2.19] ¥ = ¥ ,ie., N =0, Q = G . Indeed,

Gl S0/4<0/2.
Then, forall G € %, /4(APS_,), the sequence (G )nen defined by
Gn+1 = y(Gn), Gl =G (239)

is contained in % , /4 (A, ).
Since .Z is Fréchet differentiable, if we show that its Fréchet differential d.% satisfies

sup |[dZ (G)|op < K < 1,
GE@O‘/‘X(A?S'—U)

by Lagrange’s inequality, one has

|7 (G) — F(G) <K|IG-G'[%_,-

< sup |[dF(G)|oplG — G'
GEU 54(AZ,_,)

’oo ’oo
r,s—0 r,8—0

Namely, % would turn out to be a contraction with a Lipschitz constant equal to K < 1. Note that,

by (2.38) we have that

4 1
sup  [dF(G)op < —[FI% = 5o <1

O 5a(A35,,) 2e

Therefore, there exists G € %, a(A,_,) such that, for all G € % ,/4(A,_,) . the sequence
(Gn)nen defined in (2.39) satisfies

rSs—o

lim |G, — G|%,_, =0.
n—od
Of course, G satisfies G = \I/*GF . [ |

We now focus on the regularity of the fixed point G . The next lemma shows that if £ is bounded
and sufficiently small with respect to the || -||7s"-norm, then G is also bounded with respect to the same
norm. Since this result is analogous to Lemma[2.5.T]and follows the same logic, we omit the proof.

Lemma 2.5.9. Givenr,s > 0, let 0 < o < s. Consider F' € 7, 5(R?,) and let G € @U/Q(A?g_a.).
Assume that G = Vi, F. Then, G € R}, _, and satisfies the estimate

r,8—0
2

GlIe_ < —||F|S° .

16170 < T3 P15

With these technical results at hand, we now have all the necessary ingredients to prove the theorem
concerning the invertibility of the map (z, ¢) — (z, 9).
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Theorem 2.5.10. Given ro, so > 0, let P € Ry, satisfy

To S() 1
HPHT‘O S0 < mln{28 160 }

and define r1 := 1o — 27|| P||ry s0- Assume that the components of T p Poisson-commute. Then the map

U_g: U (60) X £° = 030 x £, (z,0) = (2,0 — Qz,9)),

is a regular change of coordinates with p = 0 and 8¢||P||y5.so < 0 < s0/2. Its inverse is given by

Vg s Uy (6) % 0 = 022 % £, (2,0) > (2,0 + R(x,0)),

where R € RS°

r1,80—0

is defined by R = VL, Q. Furthermore, the following bounds hold:

||QH7‘1 S0 — CHP‘ 7‘07807 ||R”7‘1 So—0 — 4C||P| T0, S() (240)

Proof. Note that all the assumptions of Theorem [2.5.2] and Proposition [2.5.5] are satisfied. Thereferore,
using the notation established previously, the maps A and B are well-defined together with Q € RS°
ensuring that W_ is also well-defined.
Moreover, the condition || P||75’s, < so/(16¢) together with the bound || Q|| ,,,s, < cHP ||7o.s0 implies that
|@llry,50 < 80/16. Therefore, we can apply the Second Fixed Point Lemma (see[2.5.8] setting F' = Q
and G = R) to conclude that ¥_g is a change of coordinates with inverse Vg, Where Re AY o
satisfies the bound |R[Y . _, < 2[Q[2 ;. Note that while [Q|r, s, < s0/8 would suffice to apply
Lemma [2.5.8] the stronger requirement || P||75’s, < so/(16¢) ensures that 20 < s, so that the domain
of the inverse is well-defined.

The first bound in (2.40) was established in Proposition 2.5.5] The second bound follows from
Lemma[2.5.9] which is applicable since

71,80

2co

’R|r1,so o = 2‘Q|r1,so = 2||Q||r1,so < 2CHPH7‘0,SQ = . =

o
— <
8¢ 4

w\q

Indeed, the assumption || P||ry’s, < 1/(4c) combined with the first bound of (2:40) implies ||Q]|>°
1/4. Thus, Lemmal[2.5.9] yields

r1,80 —

IRI QI QU 50 = 4R 50 < 4l P, -

2
< -
T1,80=0 = | _ QHQHS?,SO T1,50 — 1 _ 1/2

Since the right-hand side of these inequalities is equal to /2, both || R[|7Y 5 _, and [|Q[I7}

bounded by /2. This implies that ¥_¢ € C?l?s/f (R) and Uy € cor? (R), and the claim follows
from Remark 2312} B

T1,50—0

To make a connection with the discussion at the beginning of this chapter, we emphasize that the
composition ¥_g o ®_ 4, provides the explicit construction of the map A (see (2.I) and the related
discussion). This transformation is precisely the regular change of coordinates requlred to straighten the
foliation, ensuring that the resulting map & = A o ®p defines a symplectomorphism. By gathering the
arguments developed so far, we are now in a position to prove the following theorem; from this result,
the Symplectic Straightening Theorem, which was informally stated in the introduction, will follow as a
direct corollary.
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Theorem 2.5.11. Given ro,so > 0, let P € R7y’s, and assume that the components of U'p pairwise
Poisson-commute. Then, there exists a constant C > 1 such that, provided

H ”7‘0,50 40 mln{r()?‘so’ 1}

the map
\I/_Q ¢} <I>_A0 odp: az/m 4p(£ ) X 0 — goo x £ (2.41)

is a symplectomorphism with inverse given by
D_poPpoVpr: Uy—3,(ly) x £7° = Ly x L.

for every p and o satisfying C||P||r5so < p < ro/4 and 2C||P|lrgse < 0 < S0/2.

Proof. Note that, by assuming C' > max{9, 4c}, all the hypotheses of Theorems[2.5.2}[2.5.3] and [2.5.10)
are simultaneously satisfied. Consequently, both maps introduced in the statement are well-defined. To
show they are the inverse of each other, we note that

Th@

\I/_Q ©) (I)_AO ©) (I)p O(I)_A O(I)B ©) \I/R \IJ_Q O(I)_AO OIdaZ/O Qp(goo)xgoo O(I)B O\I/R

=V _god_y,0Ppo¥p

Thni2.5.2

v_ Q OId@O 3p(£52) x 0% O\I’R

Thmi25.10
— VU _olWp = Ido;/T073p(g;-Uo)x£°° )
and

ThrmiZ5.10

®_poPpoVgoW_god_y,0dp d_ AO‘IDBoId/// (g%o)xgooofb_AoofI)p

=P _40Ppod_y,0Pp

Thmm
= —aoldy, 4 (te0)xee 0P

Thril3.12
:@,AO@P IdoZ/O 4P(Z$7°)><€°° .

Next, recall the maps N and M introduced in the proof of Theorem [2.5.3}
N(y,o) =P(y,¢) — Aoy + Py, ),  M(z,¢) = B(x) — A(z + B(z),¢) .
In terms of these maps, we can write
O _god_y4,0Pp=Id+(N,QoP_4,0Pp), and O _poPpoVUp=Id+(MoVg,R).

To establish that W_ o ®_ 4, o ®p is a regular change of coordinates, it remains to verify the following
smallness conditions:

max{[| N5, | M o WR[[T,} < p

To— 4p7|

g
max{[|Q o ®_a, 0 Pp[75 3, [ RIT-3,} <

If these hold, the thesis follows from Remark [2.3.12] Clearly, by using bounds established previously,
and performing estimates for the norms of the compositions, one can prove that there exist constants
C1,Cs > 1 such that

maX{HNHTO —4p» ||M © \IIRHTO 4p} < ClHP”TO S0
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max{[|Q o @4, 0 Ppl|7T_s,, [I1RI[75-5,} < Call P75, -

70,50

Thus, by defining
C :=max{9,4c, C1,Cs}, (2.42)

we deduce that W_ o ®_ 4, o P p is indeed a regular change of coordinates.

To conclude, we observe that the map preserves the Poisson brackets by construction. Indeed, this
change of variables is induced by the generating function S in (2.32), which, as shown at the beginning
of this chapter, formally defines a symplectomorphism. The estimates provided above ensure that these
algebraic manipulations are well-defined on the respective domains, thereby completing the proof. M

Consistent with the explanation in Remark we utilize a simplified notation exploiting the cor-
respondence between T°° and its universal cover /> established in the section dedicated in the first
chapter.

Theorem 2.5.12 (Symplectic Straightening). Let 79, s0 > 0, P € Ryy’s, and let
Up:%o(ly) x T = by (y,0) = Tp(y,0) =y + Py, )

be such that {I‘ggm),l“gf)} = 0 for all m,n € N. Then, there is a constant C > 1 such that, the
smallness condition

1 .
HPH?;’:;% < i min{rg, so, 1}

implies that, for all p, o such that

CIPIRES <p<ro/d  and  20|PISY < o < s0/2,

70,50 —

there exists a symplectomorphism
D Upy—ap(lyy) X T = 457 x T, (y,0) = (y,¢) = (x,0),
that straightens the foliation induced by the map I'p . Namely for all v € Uy —,(L3y)

®(p' (7)) = {2} x T, z=7-A(v),

where Ay is defined in Theorem[2.5.2}
In particular ® is a regular change of coordinates of class cPo/? (R), with @' ¢ cPol? (R).

ro—4p,50 r0—3p,80—0
Proof. The result follows directly from the construction developed in the previous paragraphs. By The-
orem [2.5.T1T} the composition A := W_g o ®_4, provides the regular change of coordinates required
to define the symplectomorphism & = A o ®p. The straightening property is a consequence of the fact
that ® » maps the level sets of I'p into the standard horizontal leaves {y = const} x T°, while the
transformation A preserves this foliation while restoring the symplectic structure. |

In this sense, the transformation (z, ) = ®(y, ¢) defines a set of action-angle coordinates adapted to
the foliation, where the geometry of the perturbed level sets is reduced to the standard product structure of
the action-angle space. This geometric rectification has profound implications in Hamiltonian dynamics.
In the following section, we shall see how the existence of such a straightening transformation allows
us to integrate the equations of motion for a class of infinite-dimensional systems, leading to a natural
generalization of the Liouville-Arnold Theorem.
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2.6 An Infinite-Dimensional Liouville-Arnold Theorem

In this section, we provide the dynamical counterpart to the geometric results established in Section
[2.5] In the classical finite-dimensional setting, the Liouville-Arnold Theorem ensures that a Hamiltonian
system admitting a complete set of Poisson-commuting integrals is integrable by quadratures and can be
described in terms of action-angle variables. Here, we prove that under suitable smallness conditions on
the perturbation, an analogous conclusion holds for systems defined on £5° x T°°. Specifically, we show
that if a Hamiltonian H commutes with a set of integrals that define a Poisson-commuting foliation, the
straightening symplectomorphism ® constructed in Theorem[2.5.12]acts as the linearizing transformation
for the Hamilton’s equations.
We shall slightly abuse notation in the sense explained in Remark [2.4.1]

Theorem 2.6.1 (Complete Integrability). Let r,s > 0 and consider a majorant real analytic Hamilto-
nian
H: () x T - R

with H € A, 5. Assume that there exists P € R7y’s,, with mg € (0,7] and so € (0, s], satisfying the
following properties:

(a.1) the following bound holds

1
| Ploes < Emm{ro,s’o, 1}, (2.43)

where the constant C is defined in (2.42);
(a.2) the map I p defined by
Up: %y (t5) x T = 47 Tr(y,0) =y+ Py, ¢)
is such that, for all m,n € N, {I‘ggm), Fgf)} =0 and {Fggm), H} =0 forallm € N.
Then,
(i) H induces a Hamiltonian flow ¢ on a neighbourhood g of {0} x T ;

(ii) there is a neighbourhood %y of v = 0 in {3y such that, for all v € %, the level set F;l ()
is an analytic Banach manifold, diffeomorphic to the infinite torus T°°, which is invariant for the
Hamiltonian flow ¢,

(iii) there exists a set of action-angle coordinates (x,6) in which Hamilton’s equations read

T =0
. Hod 1 , keN, (2.44)
0, = ——

ail'k

where ® is the symplectomorphism defined in (2.41) and (z,0) = ®(y, ¢).

In particular the Hamilton’s equations can be integrated by quadratures and the Hamiltonian flow re-
duces to a linear flow on the infinite torus T°°.

Proof. To prove (i), we first address point (iii). In the new coordinates (z,0) = ®(y, ) provided by

Theorem|2.5.12} the Hamiltonian takes the form K := Ho® ™!, The fact that { H, F;,m)} = O implies, via
the symplecticity of @, that { K, z,,,} = 0 for all m € N. Consequently, K is independent of the angular
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variables . As discussed in the dedicated section, the Hamilton’s equations for K take the form (2.44)
and such a Hamiltonian K induces a flow ¢ on %, —3,(¢57) x T, with p = C||P||7’sy, which is easily
solvable and linear in the angles. Therefore, by applying Proposition the symplectomorphism
® conjugates the flow of K to the flow of H on the neighbourhood of {0} x T given by .4 :=
O (Uyy—3p(L3y) x T).

Point (ii) follows from the regularity of ® and the straightening property: since ® is a diffeomorphism
and, for all v € % = A™Y(Uy—3,(£5%) x T>), maps T'p'(7) to the torus {z = const} x T, the
level sets are indeed analytic Banach manifolds diffeomorphic to T°°. The invariance of these manifolds
under ¢y is a direct consequence of the fact that 3, = 0 for all £ € N. [ |

Despite the formal analogy with the classical Liouville-Arnold Theorem, some crucial distinctions
must be emphasized. In the finite-dimensional case, integrability is often a global or semi-global geo-
metric property derived from the algebraic structure of the symmetry groups involved. In this infinite-
dimensional setting, however, our result relies heavily on the specific functional form of the momentum
map I'p. The requirement that P belongs to the class of majorant analytic functions Ry ’s, and sat-
isfies the smallness condition (a.1) indicates that our approach is inherently perturbative, reflecting the
technical challenges posed by the infinite-dimensional setting. Nonetheless, this version of the Liouville-
Arnold Theorem provides a rigorous framework for studying several physically relevant models. As we
shall see in the next chapter, while the ¢? topology presents obstructions to the existence of foliations
by infinite tori, our setting allows us to recover a form of complete integrability for systems defined on
infinite lattices and for certain classes of Hamiltonian PDEs on the circle.



Chapter 3

Hamiltonian Systems on Infinite Lattices
and PDEs on the Circle

A broad class of physical models characterized by an infinite number of degrees of freedom admits a
Hamiltonian formulation. During the 1960s, it was discovered that certain nonlinear evolution equa-
tions possess an infinite number of conserved quantities ([[Gar71]]); consequently, their integrability has
been rigorously investigated through diverse mathematical frameworks. Depending on the topological
properties of the underlying manifolds, these approaches include algebraic geometry, inverse scattering
transforms, and Riemann-Hilbert problems ([[AS81]]). Such integrable structures arise both in continu-
ous models—notably in the context of shallow water waves described by the Korteweg—de Vries (KdV)
equation—and in discrete lattices, such as the 7oda lattice, which models the dynamics of an infinite
chain of interacting particles [Tod89]]. The case of Hamiltonian PDEs on the circle is particularly inter-
esting because, in an appropriate set of coordinates, these infinite dimensional Hamiltonian systems look
like infinitely many coupled harmonic oscillators, namely systems on an infinite lattice. In this chapter,
we exploit this correspondence by embedding these systems into a weighted complex Banach space of
sequences framework and provide conditions that allow to construct a set of action-angle coordinates.

3.1 Systems on Infinite Lattices

Building upon the results of the previous chapter, we provide here a class of Hamiltonian systems on
infinite lattices that admit action-angle coordinates on an open subset of the phase space. Let us introduce
the setting.

3.1.1 The phase space

Given a sequence of positive real numbers (7)) jen, We consider as a phase space the complex weighted
Banach space £7°(C) defined by

£(C) = du e O fulliscy = supmsluy| < oo p.
JEN

Note that £°(C) can be embedded into ¢%(C) if the weight n satisfies the condition

Cp = an_2 < 0.

JEN
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From this embedding, one can inherit the standard symplectic form of ¢?(C), namely

w = iZduj A diij,
JEN

by pulling it back onto £7°(C).

Remark 3.1.1. The embedding v : £;°(C) — ?%(C) is compact, and hence the pull back of the standard
symplectic form of 1?(C) to £:°(C) is represented by a bounded operator (LFw)? - £(C) — (62 (C))7,
w# (V) = w(-, V), which is compact. Therefore (1*w)¥ is injective but not surjective, making 1*w a
weak symplectic form on £;°(C).

Let us begin to draw a connection with the phase space £ x T introduced in the previous chapter.
Let £ = (&)ken be a sequence of real numbers such that

0 < inf nsz < supn,%ﬁk < 00. 3.1
keN keN

It then follows that the set
Te == {u € £;°(C) : |up|> = & forall k € N} (3.2)

is analytically diffeomorphic to T via the map T > ¢ > (/&€ )ren. Indeed, by Theorem
[1.2.24] this map is analytic as it is defined by a uniformly bounded family of analytic functions. The
condition on the infimum in ensures both the invertibility of the map and the analyticity of its
inverse, (ug — —iln(ux/v/&k))ken, which again follows from Theorem Consequently, 7¢ is an
analytic Banach submanifoldﬂ

Furthermore, the condition 0 < infxen 7 |ux | defines an open subset of £7°(C), which allows for the
possibility of a foliation whose leaves are analytically diffeomorphic to T°°. Specifically, any £ satisfying
(3.1)) possesses an open neighborhood foliated by infinite tori. To see this, let w be the weight defined by
wg = 771% for all £ € N and note that, for any r < infyen n,%gk, the map

Oc - Up(ly) X T 3 (y,0) = (V& + yre" e € £;°(C) (3.3)

is bi-analytic onto its image, providing the desired local coordinates for the foliation. This property is
remarkable for the following reason: while ¢?(C) appears to be the most natural candidate for an infinite-
dimensional Hamiltonian phase space, as it inherently provides a symplectic form via its Hermitian
product, its topology does not allow for a foliation by infinite tori. Indeed, in £2(C), the set of finite-
dimensional tori of the form (with &, = 0 for all but finitely many k) is dense. Equivalently, as
pointed out in [HK14], the locus

O := {u € *(C) : uy, = 0 for some k € N}

is dense in the strong topology. This density constitutes a topological obstruction that prevents Liouville-
Arnold integrability, directing research in recent years towards the closely related concept of Birkhoff
integrability for infinite-dimensional Hamiltonian systems.

Finally, provided that 7 is such that c,, is finite, the symplectic form defined in the previous chapter
(see Definition can be obtained by pulling back the symplectic form i), duy A duy, through @,
where ¢ satisfies (3.1), leading to the conclusion that ® is a symplectomorphism.

'We refer the reader to [PT87]] for a comprehensive treatment of analytic submanifolds in Banach spaces.
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3.1.2 Space of Hamiltonians
For R > 0, let H  be the space of Hamiltonians
H: (67 (C)) = R
such that there exists a pointwise absolutely convergent power series expansiorﬂ
H(u)= > Heyu'u
a,peNiV

satisfying the following properties:

(i) Reality condition:
}Jab ::]Jha

(i) Majorant analyticity: Given H as above, we define its majorant as

Hyr(u) =Y |Hoplua’ .
a,b

Then we require that

|H g = sup |Hyr(u)| < oo
WEUR(63°(C))

Note that, given R > 0, if we let v, g € £;°(C) be the vector defined by (v, r); = an_l, then
[Hr = [Halv; R
a,b

It is worth stressing that the finiteness of the |- | g-norm guarantees that the function is majorant-analytic
in the ball Zr(¢;°(C)), meaning that its majorant is itself an analytic function, as it is the uniform limit
of polynomials (see, e.g., [Muj86]).

We now show that, given & = (&;)ren, & € R for all k € N, satisfying (3.1)), the pullback of any
majorant analytic Hamiltonian H € Hpr by ®¢ admits a Taylor-Fourier series which belongs to the class
A. More precisely, we fix a sequence of positive real numbers 77 = (7x)ken and we prove the following

Proposition 3.1.2. Let £, &, € R satisfy 0 < &- < &4, Then, for every sequence of real numbers
& = (&) ken such that
0 <& < inf ey, <supnipée < &,
keN keN

and for all R,r,s > 0 satisfying
€% Jan| (g) <R, (3.4)
m=0 -

where (an)5°_ are the Taylor coefficients of the function x — /1 + x, the pullback of any majorant
analytic Hamiltonian H € Hpg by the map

D¢ U (L)) X T® 3 (y,0) = (V& + yr€¥ren € 4,°(C),  wp =nj, forall k€N,
belongs to A, s and satisfies the bound

[®eHlrs < |H]|R -

For the sake of brevity, the index set in summations will be omitted in the following.
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Proof. At a purely formal level, one has

(HO(I)E Y, ‘P ZHab H Ek"'yk ak+bk)/2 1(a b)-p

a,b keN
=3 > Hap [J (& +yp)lertow)/2 e
veZ a—b=v keN

=>. > Hal] (51/2 1+ >(ak+bk)ei”'%0
vela—b—v  keN &

Y S L (4 S (2)") e

veEZ a—b=v keN m=0

The latter series is formally equal to

> " Kyay®e"?
v,

for suitable coefficients K., with a € NéN) and v € ZM), Clearly, by the triangular inequality, and by
using the assumptions on R, r and s, it follows that

" 00 o=\ ™ (ar+br)
Z|Kyoz’vwr slv <Z Z ‘Hab| H (5 Z ’am’( EII: > ) es‘y|

vEZ a—b=v keN
/2 my (ak+bg)
< 3 IT (i z|amr( )
keN
< z ) T 55 =
keN
Therefore, H o ® admits a power-trigonometric series representation, namely (H o ®¢),o = K4, and
belongs to A, s with [Q{H|, s < [H]g. |

3.1.3 Hamiltonian vector fields

In this paragraph we assume that the constant c,, is finite. A vector field V' : Zr(£;°(C)) — £,°(C) is
Hamiltonian if there exists H € H g such that

w(-, V) = dH["). (3.5)

In this case, we say that the vector field is associated with the Hamiltonian I and denote it by Vg. It
should be noted that, in general, not all Hamiltonians in H i induce a Hamiltonian vector field. Indeed,
the majorant-analyticity property only ensures that the differential belongs to the topological dual of
the phase space. In the following, in line with the previous chapter, we introduce a class of analytic
Hamiltonians that do induce Hamiltonian vector fields.

3.1.4 Space of regular Hamiltonians

We say that a Hamiltonian f € H g is regular if the norm

11 = e { ) Bsup | 5| )
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is finite. Note that, if c,, < oo, the finiteness of the || - || ,-norm ensures that the function defines a Hamil-
tonian vector field in the sense of (3.5)), as the gradient of any such regular Hamiltonian is necessarily
an element of /2(C). Explicitly, the Hamiltonian vector field associated with a regular Hamiltonian f is

given by
Of

v =i i keEN. (3.6)
It is worth noting that, even when c,, = oo, the regularity of f ensures that the associated Hamiltonian
vector field is analytic as a map Vy : Zg(£;°(C)) — £°(C). This is in contrast to the case where f is
merely analytic; in the latter situation, the Hamiltonian vector field, defined as the sequence of derivatives
as in (3.6), is only guaranteed to be bounded when viewed as a map taking values into the dual space
(6 (C))".

With the aim of exploiting the analytical background developed in the previous chapter, we now
prove that given any regular Hamiltonian f, the composition f o ®, defines indeed a regular function
in the sense of the previous chapter. Let us first recall that given r,s > 0 the | - |, s;-norm of a regular
function f € R, is defined as

b<os
7,8

Proposition 3.1.3. With the same notations of Proposition and under the same assumptions, we
have that the pullback of any regular Hamiltonian f : %R(&O]o) — R by the map ®¢ belongs to R,
and satisfies the bound

af
Oy,

, Tsup
s keN

0
11 = {11 sup | 20
ke Pk

12 fllrs < 2|Lf )R

Proof. 1t follows by Proposition that [®¢ f|s < |f]r < |Lf]lg. Furthermore, by using the rela-

tions

0 1/1 0 1 0 0 0 0

- - 4 - _Z = — 4 U— forall ke N
Oy (Uk 5Uk+wc 3uk>’ oy 1<Uk w )’ ora me

and the reality condition f,; = f,, one can follows the same argument as in the proof of Proposition
3.1.2]to prove the following bounds

o0P* f

8yk s

8(1)2 f
Pk

7 sup
keN

of
< -
RQRilelgnk L?ukJR < ILf IR

0
< 2Rsup i m <2|f )l
rs keN Uk 1R

Sup Wy
keN

Since the assumption (3.4) implies that r/ R? < 1, the claim follows. |

In particular, the Hamiltonian vector field associated with a regular Hamiltonian H € Hp is pushed
forward to £5° x T by <I>g1, and the resulting vector field is analytic and bounded. More precisely, it
belongs to the space of vector field X, ; (see Definition [2.2.2).

3.1.5 Poisson bracket

As usual, the symplectic form induces a Poisson bracket on the space of regular functions by setting

{f,9} = w(Vy, Vy) -
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By a direct calculation, one discovers that

. of Jg of Og
{f’g} _1% ouy, Ouy, ouy, %k'

3.7

According to the identification between the symplectic structures iy _, duy A duy, and ) -, dyi A dpy, just
established, we have that

L.~ O0f 0g Of 0Oy 0P f 0Prg  OPLf 0Piyg
¢ (12 ) =Y. - .
keN keN

Oy, Ouy,  Ouy, Oy, Yk 0Pk 0, Oy

Therefore, in line with the observations in Subsection [2.3.4] one can take as a definition on the Pois-
son bracket, overcoming then the necessity of the requirement ¢;, < oo. From now on, we shall dispense
with the embedding into £2(C), as our results do not depend on such an assumption. Another important
property that we inherit from the analysis developed in Section [2.3]is the possibility of extending the
operation induced by the Poisson bracket between pairs of functions in which one of the two is regular
and the other one belongs to H r for some R > 0. This can be easily seen by interpreting this operation
as the Lie derivative of an analytic function in the direction of the Hamiltonian vector field associated
with a regular function.

3.1.6 Hamilton’s equations

Given R > 0 and a function H € Hp , we say that H induces a Hamiltonian flow ¢y on an open
set % C £;°(C) if there exists a group action ¢y of R on %

R X% > (t,u) — ¢y(u) € %

such that, denoting ¢, (u) = (u1(t), ..., ug(t),...), the maps ¢ — u(t) are differentiable functions for
all £ € N and satisfy the Hamilton’s equations

U = {H, Uk}, k e N.

According to the notation previously introduced, we denote by Vi := ({H,ux})ken the (typically
unbounded) Hamiltonian vector field associated with H. Clearly,

OH
Vi =12
H ! ouy,
The same discussion and remarks of Section[2.4]on the regularity and on the existence of the Hamiltonian
flow hold literally in this setting as well.

3.1.7 The main theorem: Liouville-Arnold integrability

In this section we prove a theorem about the complete integrability (a la Liouville-Arnold) of Hamil-
tonian systems on infinite lattices. The idea is the following: when describing the phase space E%O((C),
we observed that, given any torus of the form ¢ (see (3.2)), there is a tubular neighbourhood which is
analytically and identified with the product space % (¢sy) x T via the symplectomorphism ®, defined
in (3.3). Hence, in light of the results in Propositions|3.1.2 and <I>£_1 pushes the Hamiltonian vector
field i0zH defined on £3°(C) forward to £37 x T°°. Of course, the Hamilton’s equations are preserved.
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Theorem 3.1.4 (Complete Integrability for Systems on Infinite Lattices). Let R > 0 and consider a
majorant real analytic Hamiltonian

H: UR(£2(C) » R

with H € H . Suppose that there are functions (f™),,en, where f(™ € Hp forall m € N, satisfying
the following properties:

(a.1) the Taylor series of every f(™ starts at order larger or equal than three.

(a.2) denoting f = (f™),.cn, the following quantity is bounded

(m)
171 = max { sup L™l Rswpn 3 |25 L
meN R

o,
keN meN k

(a.3) letwy =n? forall k € N, then the map T : Ur(L;°(C)) — L3 defined by
L0 (u) = Jug* + ) (u)
is such that, for all m,n € N, {T'"™) T} =0 and {T™ H} =0 forallm € N,

Then, there exists £, &, € R, with 0 < £ < &, < R2, such that for every sequence of real numbers
§ = (Ek)ken satisfying ) )
§— < inf np&, < supmipde < &+
keN keN

(i) H induces a Hamiltonian flow ¢ on a neighbourhood M of ¢ ;

(ii) there is a neighbourhood %: of v = & in U3 such that, for all vy € U, the level set ()
is an analytic Banach manifold, diffeomorphic to the infinite torus T°°, which is invariant for the
Hamiltonian flow ¢g;

(iii) there exists a set of action-angle coordinates (x,6) in which Hamilton’s equations read

T =0
. Ho (I)f o ®~1 , keN, (3.8)
O = =227
oxy,
where ® and ®¢ are the symplectomorphisms defined in (2.41) and respectively, and (z,0) =

do @gl(u).

In particular the Hamilton’s equations can be integrated by quadratures and the Hamiltonian flow re-
duces to a linear flow on the infinite torus T°°.

Proof. Note that the requirement that the perturbations f(™), for all m € N, are of order three or higher
implies that the quantity 22| f|| ; can be made arbitrarily small by simply reducing the radius R. Then,
there exists Ry > 0 such that

Ry < min{R, 2°/%,/In(2)} (3.9)
1
-2
Ryl flg, = 556 » (3.10)

where the constant C is defined in 242). Let £ := 32C| f]g, and &, := Rj/16. Clearly, (3.10)
implies that £ < &;. Finally, define 7o = £_/2 and let sg := In(2). It is immediate to verify that
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Ry, 9, so satisfies (3.4). Therefore, by setting P = ®ff and I'p = @I, it follows directly from
Proposition [3.1.3]that
IP175s0 < 20 f Ry

0,50 —
This bound allows the smallness assumption of Theorem [2.5.12]to be met. Indeed, one has the following
chains on inequalities

f— 0 To

P|5v <2 = e =20 < 1o

1P < 20/ 1ry = 755 = 36 < 26

B0 R2 63 In(2) In(2) 1
1P < 2| flg, < =% <

< <
10,50 28C — 8C 4C 4C°
which imply
.
| P| Sg:;“o < ic min{rg, so, 1}.
Thus, since ®; is a symplectomorphism, the claim follows by Theorem and Proposition by
setting, with the same notations of Theorem [2.6.1} .#Z; := ®¢(A5) and % = £ + U. |

It is worth stressing that, besides providing a connection (established in Proposition [3.1.3)) with the
theory developed in the previous chapter, the boundedness of the || - | ; norm ensures that the momentum
map is a majorant analytic map taking values in the space of actions, and that the adjoint of the differential
of I" induces a bounded operator from the space of analytic vector fields to itself. This property, together
with result established in the above theorem, should be compared with [BS20], where he authors show
how a family of commuting analytic vector fields can be reduced to a normal form near the origin via an
analytic coordinate transformation. Their approach provides an abstract framework to construct Birkhoff
coordinates for infinite-dimensional systems in a small neighbourhood around the origin, with direct
applications to the KdV, the NLS equation, and the Toda lattice. Similarly to their approach, our result
is local in nature; however, it applies to an open region of the phase space that excludes the origin,
whose existence is fundamentally linked to the /°°-based topology. On the other hand, our construction
provides a more detailed geometric description in terms of foliations into infinite-dimensional invariant
submanifolds.

Another remarkable point is that, by interpreting the functions u + |u,,|? for all m € N as Hamil-
tonians of harmonic oscillators, the first integrals f(™) can be seen as small (with respect to the || - |
norm) perturbations of these systems. Finally, we point out that one has the explicit expression for the
actions

Im = / (‘um‘z - gm)dA/7 m € N,
=1(y)

where )\’ is the pushforward by ®¢ of the measure X defined in Subsection This directly follows
by the definition of the actions (see (2.4)) and by the fact that |u,,|* = &, + yu, for all m € N. Since,
by (3.8), these actions are preserved by the Hamiltonian flow, we find that, although the energies of the
harmonic oscillators u > |u,,|? are not preserved, the averages of such energies on the invariant tori are
constant in time.

3.1.8 Connection with Hamiltonian PDEs on the circle

Many Hamiltonian PDEs on the circle can be viewed as Hamiltonian systems on infinite lattices, where
this correspondence is realized via the Fourier transform. Consider, for instance, the Schrédinger equa-
tion for the wave function u € H} (T, (C)E] of a free particle in a box of length 27 with periodic boundary

3As usual, forany N > 0, HY (T, C) denotes the Hilbert space of 27-periodic functions with zero mean whose N-th weak
derivative is in L(T, C).
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conditions, which, in natural units where i = 1"} reads as
iy = Ugy, teR, zeT.

By expanding the wave function v in a Fourier series as u(t,z) = Y,z ug(t)el*®, the Schrodinger
equation for the Fourier coefficients becomes

g, = ik2uy, forall k € Z.

It is then clear that this dynamics can be viewed as a Hamiltonian system on the infinite lattice Z with
Hamiltonian H and symplectic form w given by

H(u) :ZkQIuklz, w:iZduk/\dﬂk. 3.11)
kEZ keZ

One can easily see that the solutions of the above equation are given by
up(t) = up(0)e™t,  forallk € Z,

where u(0,z) = 3 7, uk(0)e!* represents the state of the particle at time ¢ = 0.
By embedding h' into £7°, which is possible if

> K (3.12)

kEZ

is ﬁniteﬂ it is easy to see that this system is indeed completely integrable in the sense of Theorem
Indeed, condition (3.12)) ensures that the Hamiltonian in (3.T1) is analytic in any ball centered at the
origin of £7°(C). Furthermore, with the same notation as in Theorem the momentum map I' is
given by

L™ (4) = |up,|?,  forallm € Z,

and, for every sequence of real numbers £ = () ke satisfying
0 < inf ni&p < supniéy < oo,
keN keN

the parametrization uj, = /& + zre'%%, k € Z, provides a set of action-angle variables in a neighbor-
hood of the torus
Te :={u € £;°(C) : |uy|* = & forall k € N} . (3.13)

Finally, such a neighborhood is foliated by infinite-dimensional invariant tori, analytically diffeomorphic
to T°°, which support the linear dynamics

(ﬁ}{(wv 0) - (:L', (ek + th)REZ)ﬂ

also known as Kronecker flow (see Chapter [ for an in-depth investigation of this topic).

According to the discussion in Subsection [2.4.1] such a flow is clearly not continuous in time as
a function R > t — £7°(C) because the sequence of frequencies (k?)rez is unbounded. It is worth
stressing that this kind of dynamics is always continuous with respect to the weak* topology, which is
the topology on £;° (C) defined by the neighborhood system consisting of all sets of the form

Upe(u) = {U €£,°(C) :

> (uk — o)

kEZ

<e€, v¢eA}, u € £,°(C),

* According to the standard literature, /i denotes the reduced Planck’s constant.
SGiven N > 0, we denote by b the complex Hilbert space of Fourier coefficients associated with functions in H{' (T, C).
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where A is an arbitrary finite subset of the Banach space

5717,1((:) = {¢ = ((ﬁk)keZ :Vk €Z, ¢ € C, with Zn];1’¢k’ < OO}

kEZ

Indeed, £7°(C) is the dual space of £717_1((C). This topology coincides with the topology of pointwise
convergence; hence, a function with values in £;° (C) is continuous with respect to the weak* topology if
and only if all its component functions are continuous. We shall prove in Appendix [D]that the invariant
tori of the form (3.13)), equipped with the subspace topology induced by the weak*, are homeomorphic
to the infinite torus endowed with the product topology. It will turn out that the restriction of the action-
angle map on each invariant torus provides a topological conjugacy between the Hamiltonian dynamical
system and the associated Kronecker flow.

3.2 The KdV Equation

In this section we shall apply the results established thus far for showing that the KdV equation on
the circle is a completely integrable infinite-dimensional Hamiltonian system in the sense of Liouville-
Arnold (see Theorem [3.2.7). By the nature of our results, complete integrability is to be intended in a
region of small data bounded away from the origin, structured as a product of thin complex annuli of the
form 0 < r < |uy,| < R for each Fourier component.

3.2.1 Introduction and state of the art

We consider the Korteweg-de Vries (KdV) equation with periodic boundary conditions for a real-valued
function v with zero mean:

1
Ut + Uygy — Buu, =0, z€R/Z, / u(z,t)dx = 0. (3.14)
0

The condition fol u(x,0)dz = 0 is preserved by the KAV flow. Indeed, since 6ut, — tzzy = (3u? —
Ugzz )z, the total mass is a conserved quantity. By multiplying both sides of the equation by « and inte-
grating, one can also find the conserved Hamiltonian:

H(u) = /01 <“§ +u3> dx.

In [Gar71]l, Gardner showed that L3(R/Z, ]R)E] carries a Poisson structure defined by the bracket

1
{F, G} Z:/ VLQF'avaQGdl’,
0

where V2 denotes the L2-gradient, making KdV an infinite-dimensional Hamiltonian system with
Hamiltonian vector field Vi = 9, V2 H.

Defining the Fourier coefficients as u; := fol u(x)e Y%dx, j € 277, the Hamiltonian can be ex-
pressed as
1 .
H(u) = B Z 72| + Z Uj U U
je2rZ\{0} j,k,£€277\ {0}
j+k+E=0

®We denote by L3(R/Z, R) the subspace of L?(R/Z, R) of functions with zero mean.
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The first term represents an infinite system of independent harmonic oscillators, while the second term
introduces a coupling. In these coordinates, the Hamilton’s equations read

iy =ijfu; 31 > wjpuk, € 2nZ)\ {0},
ke2nZ\ {0}

A natural question is whether this system is integrable in the Liouville-Arnold sense. Specifically,
one seeks a bi-analytic diffeomorphism that decouples the system into a Birkhoff normal form:

H(z) = Z w2 * 4+ Z(T), w=1i Z dzj Ndz_j,
je2nrN je2nN

where Z depends only on the actions I; = |2;|. If such coordinates exist, the set
Ti = {z:|2|* = Ij forall k € 27N}

are invariant tori for the Hamiltonian flow induced by the KdV equation.
In [Lax68]], Lax showed that w satisfies KdV if and only if the pair of operators
0? 03 0 0
L,(t) := 9.2 +u(z,t), Byl(t) = —4@ + 3u(x,t)% + 38—33@(95,75) )
satisfies the Lax equation % L, (t) = [By(t), Lu(t)]. Since L, is self-adjoint and B, is anti-self-adjoint,
the spectrum of L,,, denoted by (\,),en, remains constant in time. This isospectral property provides
an infinite family of conserved quantities, implying that the KdV flow evolves on the isospectral sets

Iso(ug) := {u : spec(Ly,) = spec(Luy,)}-

To characterize these sets, one typically appeals to Floquet theory, which describes the spectrum
as a union of disjoint intervals (bands) separated by spectral gaps. Specifically, the gaps are defined
as the intervals of the real line (Fs,_1, Fa,) that are not contained in the spectrum of the Schrodinger
operator. The endpoints of the spectral gaps correspond to the pure point spectrum of L,, when its action
is restricted on the space of 2-periodic functions, and exhibit the asymptotic behavior

1
Fon_1(u), Bap(u) = m2n? + / u(z,0)dx + 2,
0

where Fio < B4 < By < B3 < Fy4...,and E,% denotes the n-th entry of an 2 sequence. A key result in
[GT84] establishes that the spectrum of the periodic Schrédinger operator is entirely determined by the
mean value of the potential v and by the gap lengths, which are defined by

Gn = Fap — Eay 1, n €N,
allowing representing the level sets of the conserved quantities as
Iso(up) = {u : gn(u) = gn(up) Vn € N}.

A closer inspection of the isospectral sets shows that for any finite /V, they are compact analytic
submanifolds homeomorphic to N-dimensional tori, where N corresponds to the number of open gaps.
While this topological identification also holds for N = oo (see [MT176]), such level sets cannot be
analytic submanifolds of L?(R/Z, R) since an infinite-dimensional compact subset of a Banach space
can never be a submanifold (see e.g. Appendix C of [PT87]).
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If we vary the widths of the open gaps (g1,...,g9n) € U C RY, we obtain a set of functions
isomorphic to U x T, This subset is invariant for the dynamics, and the restriction of the KdV system
is a finite (2/V-)dimensional integrable system. In [MT76], it was shown that the squared gap lengths
gjz are real analytic functions of u that Poisson commute with each other, representing the meeting point
between the Lax pair structure and the Hamiltonian framework.

In [FM76]], Flaschka and McLaughlin provided explicit action-angle variables (I, f)4_; in terms of
spectral gaps. One might think of repeating their construction for all /V and then taking the limit N +— co
to cover the whole phase space. However, the limit is singular in the dense subset of L?(R/Z, C) given
by

O :={u: gn(u) =0 for some n € N}.

The solution, as developed in [KPO3] is the introduction of the Birkhoff coordinates

T =/ 2Ik COS(Q}C), Y =V 2Ik sin(&k),

which are well-defined and analytic on the entire phase space. In these variables, the symplectic form
becomes w = ), dxj A dy; and the Hamiltonian H depends only on the actions. This fundamental
breakthrough is established by the following theorem, which provides a global Birkhoff normal form for
the KdV equation. As usual, H(])V denotes the Sobolev-Hilbert spaces of zero-mean functions with the
N weak derivative in L% and kY its image under the Fourier transform.

Theorem ([KPO03||, Theorem 12.6). There exists a diffeomorphism ® : L% — hY/2 with the following
properties:

(i) ® is one-to-one, onto, bi-analytic, and preserves the Poisson bracket.

(ii) For each N > 0, the restriction of ® to Hév , denoted by the same symbol, is a map
®: HY) — pNT2,
which is one-to-one, onto, and bi-analytic as well.

(iii) The coordinates (x,y) in h3/2 are global Birkhoff coordinates for the KdV equation. That is,
the transformed KdV Hamiltonian H o ®~1 depends only on x2 + y2, n > 1, with (x,vy) being
canonical coordinates in h*/2.

We remark that the actions are asymptotically equivalent to the rescaled squared gap lengths, i.e.
2 o 1,
I, = 2 + yj, ~ %gk for large k,

which are themselves real analytic integrals in involution. The regularity of the gap lengths coincides
with the regularity of the Fourier coefficients, as proved in [MO73]], thereby providing a complete link
between the spectral and Hamiltonian perspectives.

In this section, we place the KdV equation within our £°°-weighted space setting. We show that,
when viewed as a system on an infinite lattice via the Fourier transform, it defines a completely integrable
infinite-dimensional Hamiltonian system in the sense of Theorem To this end, it is necessary to
investigate the structure and regularity of the spectral gaps of the associated periodic Schrodinger oper-
ator. We achieve this by interpreting the spectral problem as a first-order dynamical system, describing
a perturbed harmonic oscillator where the potential u acts as an external periodic force. We then apply

"See [BKMO6] for the original paper. For a different proof of the same result, see [KMOI].
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a reduction scheme to transform this system into one with constant coefficients. Such a reduction sig-
nificantly simplifies the analysis of the spectral gaps, which, in this setting, correspond precisely to the
instability intervals of the associated dynamical system.

For the sake of notational simplicity and to avoid the proliferation of factors of 7, we prefer to work
with 2m-periodic functions rather than 1-periodic ones. This choice allows us to identify the Fourier
lattice directly with Z instead of 27Z. To this end, we perform a rescaling of the parameters by setting
t — (2m)3t,u — (27)~2u, and x — 27z. One can easily verify that this transformation leaves the form
of the KdV equation, including all its coefficients, invariant. Therefore, in what follows, we shall adopt
this scaling without changing the notation for the variables.

3.2.2 Spectral problem and Floquet theory

Consider the Schrédinger operator L,, = —30,.; +u, where u is 2w-periodic, with zero mean and analytic.
The eigenvalue equation

can be reformulated as a first-order dynamical system. Setting ¢ = x, ¢ = % and p = 4, we obtain:

i @ - K—OE (1)> " (2 8)] (ﬁ) , (3.15)

namely the Hamilton’s equation for a harmonic oscillator forced by a periodic perturbation. From Floquet
theory, it is well known that the spectrum is composed of bands and gaps, that correspond to bounded
and unbounded solution for the associated dynamical system (3.13)). For the unperturbed case u = 0, the
periodic and anti-periodic eigenvalues are doubly degenerate and equal to E,, = n?/4, with associated
eigenfunctions e¥"*/2, for n € N. Clearly, for even n € N, one has 27-periodic eigenfunctions, while
for odd n, the eigenfunctions are 27m-anti-periodic. There is no spectrum for £ < 0, while n = 1 yields
the first anti-periodic eigenvalue E'; = 1/4. For small u, the effect of the perturbation is that of open gaps
between the unperturbed doubly degenerate eigenvalues. Moreover, E,, remains close to its unperturbed
value. Then the study of the spectrum amounts to identifying the regions of A > 0, where £ = \?, that
yield bounded eigenfunctions. Clearly, the study of the spectral gaps coincides with the identification of
the complementary region.

3.2.3 Complex coordinates and Lie algebra structure
Let us introduce the complex coordinates
_ L <p + i\f)\q) and z= 1 (p — iﬁq)
V2\VA V2\VA

Under this change of variables, the eigenvalue equation L, 1) = A\?1) recasts as:

% @ = {A <(1) fﬁ) + 55 (_1 N (i) . (3.16)

This system represents a two-parameter family of Hamiltonian dynamical systems, characterized by the
parameters v and A. The corresponding Hamiltonian function is given by

_ u u
H(z,zZ;u,\) = (5 — )\> |2|? — 5Re(22),

and the Hamiltonian vector field is defined via the standard symplectic form w = idz A dz. Clearly, such
vector field is time dependent and depends on ¢ only through the external force u. In this representation
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the state vector evolves in C2, and the matrices driving the evolution must preserve the symplectic form
w. Namely the flow is represented by an element of the group SU(1, 1)ﬁ which is defined as:

SU(L,1) = { <g g) . a,BEC, |af’ - 5\2:1}_

Consequently, the matrices inducing the dynamics, being the infinitesimal generators of such a flow,
must belong to the corresponding Lie algebra su(1, 1) given by:

su(l,1) := { (11—? —bia> caeR, be C}.

To make this more explicit, we can project the dynamics onto a specific basis (over R) {Jy, J2, J3} for

su(1,1):
i 0 01 0 i
U A R C))

In this basis, the Hamilton’s equations (3.16)) take the form

£()-ren())

where the matrix D(u, A) € su(1, 1) can be expressed as

D(u, \) = ()\ - %) Ji+ %Jg,

highlighting the underlying algebraic structure.

3.2.4 Purposes and basic ideas of the strategy

We seek a time-dependent change of coordinates in SU(1,1) that reduces the Hamilton’s equations
(3.16) to a system with constant coefficients. Assuming such a transformation exists, the new equations

of motion will take the form:
d (w w
() men()

where D(u, A) has constant coeffiecients. Since the transformation is performed via an element of the
group SU(1,1), the constant matrix D must belong to the Lie algebra su(1,1). In particular, D is
traceless, and its eigenvalues are given by:

pt(u, N) = £4/—det(D(u, N)).

Therefore, if det(D(u,\)) > 0, the dynamics is equivalent to that of a harmonic oscillator, with the
frequency determined by the eigenvalues. Conversely, if det(D(u, \)) < 0, the eigenvalues are real,
leading to unbounded dynamics. The intervals of £ = )2 for which this occurs correspond to the
spectral gaps.

1. Outline of the strategy for the reduction to constant coeffiecients. In order to make explicit the
perturbative nature of the external force, we define the matrix

Plu,\) = — <_i i) - %(J3 — 7). (3.17)

8The notation is motivated by the fact that, from a complex geometry perspective, w represents a (1, 1)-differential form.
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With this choice, the Hamilton’s equations (3.16)) recast as:

it (2) = e ] (2) o

The goal is to find a change of coordinates in SU (1, 1), such that the transformed system has constant
coefficients. Evidently, this change of coordinates will inherit the 27-periodicity of the perturbation.

Given a differentiable, 27r-periodic map R > ¢t — B(t) € SU(1,1), let £, € be the set of coordinates
defined by (&, €)T = B(z,2)". In this set of coordinates, the equations of motion read

% (g) = Di(}) <§> ., Di(\)=B\J+P\)B! - B%B‘l. (3.19)

At this stage, we proceed by considering only the formal algebraic structure of the transformations.
A rigorous justification, including the definition of the appropriate functional setting and the proof of
convergence for the series involved, will be provided in the next subsections.

Let us assume that B = exp(—A), for some A € su(1l,1). By defining the adjoint action as
ad_aM = [—A, M], and recalling that

A A N (adoa)® ad 4o (adoa)tt
e “Me _ZTM and e ae _ZTA’
k=0 =1
equation (3.19) reads
d (€ = OOM()\J +P)_iMA 3 (3.20)
dt \& L ! =L ) ‘

Assuming that A = O(|P)|), the transformation intended to eliminate the time dependence yields the
following homological equation at order O(|P|):

A+ ANA, Ji] = P — 2, (3.21)

where the matrix Zj is introduced to account for the (possibly) non-trivial kernel of the operator

d
Ly:=—4+A",J1] 3.22
A dt + [ ) 1] ( )
A primary issue emerges at this stage: if A = n/2 for some n € N, the kernel of £, acting on the
space of 2m-periodic functions with values in su(1, 1), consists of time-dependent functions. Specifically,

: int
Ker(L, /) = { <belaint bj. > ca€R, be (C}.

1a

This property prevents the conjugation of the system to a constant coefficients matrix using only trans-
formations of the form e~4 with A € su(1,1).

To address this, rather than seeking a global reduction for all values of A\, we focus on a neighborhood
of each specific resonance to perform the reduction to constant coefficients. Specifically, for a fixed
n € N, we restrict our study to the region:

1

2A-nl<y, <y<3 (3.23)

N | =
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This condition ensures that the operator £ encounters no singularities other than the resonance at A =
n/2, providing the necessary information to characterize the n-th spectral gap. The lower bound for v in
(3.23) ensures that the region under consideration is wide enough to encompass the entire gap. Indeed,
according to Floquet theory, the spectrum is expected to persist in regions away from the resonances by
a distance of order O(|P|). Thus, for u sufficiently small, no relevant spectral features are excluded and
the complement of our study region lies entirely within the spectral bands. This local analysis serves
as the basis for the subsequent study of the global map that associates the potential v with the entire
sequence of its spectral gaps.

Our strategy proceeds by performing a contractive iteration in the space of coordinate transforma-
tions to eliminate the time-dependent terms lying in the range of the operator £,, ;5. Let us outline the
procedure: the matrix, intended to have constant coefficients in (3.20), can be recast as follows:

> ad" >, ad® ,
A=Y (A AL ) + > 7P (3.24)
k=1 k=0

Recalling the definition of £ in (3.22), and noting that J; € Ker(L£)) for all A > 0, and in particular
for A = n/2, the su(1, 1)-valued function A defining the desired change of coordinates must solve the
equation

= adl:ll ad
Hrg< > 5 LrA+e AP) =0,
k=1
where 11, denotes the projector onto the range of £, /5. Denoting by B (A) the inverse of the opera-
tor X > .22 (ad®!)/k!X (see Lemma for details), and noting that the operator £ admits
an inverse E;l defined on its range, we can derive an implicit fixed-point equation for the generator.
Specifically, if A is such that
L2A = B(A)L, (eadeP) :

by applying the linear operator E;l to both sides, one can rephrase the question on the reducibility into
a fixed point problem for the map ¢ p defined by

ép(A) = L3I, (B(A)Hm (ead*AP>) .

After having introduced the appropriate functional setting in the following subsections, we prove in
Theorem that if the perturbation P is sufficiently small and regular, the map ¢p is a contraction.
Consequently, the unique fixed point Ap ensures that the transformed vector field lies entirely within the
kernel of the operator £,, . Since the range of £, /5 has codimension two in the space of 2m-periodic
analytic functions with values in su(1,1), this iterative procedure effectively simplifies the dynamics.
Specifically, this process leads to a vector field of the form:

M1+ Z(u, M\, t),

where the residual perturbation Z belongs to Ker(L,,/2). As observed above, the elements of the kernel
are still time-dependent; however, this dependence is purely oscillatory with frequency n. We can then
reach a frame where the kernel is stationary by applying the additional SU (1, 1) transformation:

—int/2 0
Su(t) = <€ R /2>. (3.25)

Under this final change of variables, the terms in the kernel are mapped to constant matrices, effectively
completing the reduction to constant coefficients as desired. Namely, in Theorem we prove that
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the transformation defined by the composition 7 = S,,e ™z reduces the Hamiltonian system (3.33) to
a constant coefficient system of the form:

© (1) = 0= /2 + 2ot ) + Pt (1) (.20

dt \7
L (0 BEN_1 (0
TP 0 )T 2 w0

is the leading order correction, while P, is of order O(|P|?).

where

2. Spectral gaps and integrability for the KdV equation. The reduction of the system to the constant
coefficient matrix allows for an explicit characterization of the instability zones in the energy
spectrum. Indeed, the endpoints of the n-th spectral gap correspond to the values of A\ for which the
determinant of the reduced matrix vanishes. By analyzing the structure of (3.26), we can derive an
implicit equation for the gap boundaries (see (3.47)), which we will be able to solve, further deducing
the regularity of the solution, thanks to the chosen functional setting and the fixed-point structure of the
reduced constant-coefficient matrix.

However, in order to establish the complete integrability of the KdV equation exploiting our
analysis of the spectral gaps and the theory developed in the previous chapters, it is necessary to express
these spectral quantities in terms of variables satisfying the standard canonical relations. A detail previ-
ously omitted in the introduction to the KdV section is that the symplectic form induced on the space of
Fourier coefficients by the Gardner Poisson brackets,

1 2w
{F7G} = g o VLZF‘avaQGdIE,

is not the standard Darboux one, but is given by i), k~tduj A du_j. To recover the canonical
structure, we first perform the change of variables

20 = ()71 2y,

Clearly, since the potential u is real-valued and has zero mean, we have z_, = z, forall ¢ € Z, and 2y =
0. In these coordinates, the symplectic form assumes the standard Darboux form w =1}, dzeAdz_g,
and the KdV equation can be rewritten as an infinite system of coupled oscillators:

4=k + 3k > V[m|zezm, k€ Z\{0},
l+m=k
£,m#0

where the corresponding Hamiltonian is given by:

HKdV(Z) = Zk?’\zklz—i- Z \/\kﬁm|zkzgzm.
keN k+l+m=0
k.0, m=0

Our goal is to prove the Liouville-Arnold integrability of the KdV equation (Theorem by
showing that the map constructed from the complete list of the rescaled squared gapsﬂ expressed in
symplectic polar coordinates, satisfies the requirements of the Complete Integrability Theorem [2.6.1]

A significant challenge in this direction is the potential lack of analyticity of the gaps at the origin
(z = 0), due to the implicit definition involving the modulus in (3.42). However, for our purposes, we

The squared gap lengths must be appropriately rescaled to match the dimension of |z|2.
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can bypass this singularity by restricting the phase space to a neighborhood of an infinite-dimensional
torus 7, effectively working in an open set where the moduli |z;| are quantitatively far from 0 for all
k € Z. In this setting, the required regularity and smallness conditions are established by showing that
the derivatives of the gap map are “controlled” by a family of majorant analytic functions ( f (n) (2))nen-
Namely, we prove the applicability of the integrability theorem by showing the finiteness of the following
quantity:

< 00,

afm
2

[e%s)
suptirect' S |
n=1 J

jeN

a,p,R

where p > 3/2,a > 0 and || - ||4,p,r denotes the majorant norm introduced in Subsection [3.2.6 formula
(3.32). This condition should be compared with the “summably normally analytic” property used in
[BS20]. The verification of these bounds, detailed in Subsection leads to the final result of this
chapter: the integrability of the KdV equation in the sense of a foliation of an open set of the phase space
by infinite-dimensional invariant tori, and the existence of a set of action-angle coordinates adapted to
such a foliation. This result is stated in Theorem 3.2.71

3.2.5 Homological equation and spectral gaps at the leading order

While the full reduction is established through the convergence of the contractive scheme, it is highly
instructive to examine the result at the first order in | P|. Solving the homological equation (3.21)) explic-
itly at this order provides immediate insight into the leading order behaviour of the spectral gaps and the
role of the Fourier coefficients of the potential.

1. Homological equation. We first introduce a notation: for any matrix W € Mat(2, C), we write

W++ WJrf
v- (i W),

or W = (W) yp—11. Accordingly, every matrix T in the Lie algebra su(1,1) satisfies W~ =
—W*t € iRand W~F = W+- € C. To streamline the presentation, in the following calculations we
shall drop the explicit dependence of the maps on u and .

Following the strategy outlined above, we now examine how the system is transformed by solving
the homological equation (3.21]), which we recall being

Ly\A =P — 2.
Since w is analytic, the matrix-valued function ¢ — P(t) can be expanded in a Fourier series:
. P++ P+—
— it (e l4
ro-g (5 1)
ez
where, from the definition (3.17), we have for all £ € Z:

—iUg
2\

and P/ =P = e

Pt =p7t = =,
4 J4 22

By substituting this expansion into £y A = P — Zj, we obtain a system of algebraic equations for the
Fourier coefficients of the generator A:

i(0— (0 — o )NAJ” = P77 — 287 .
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Since u has zero mean, the diagonal part of the equation is solved by setting:

P++ P
++ _ 1 — _ 1 >+ —— _
At == AT =" Ef=Z =0

For the off-diagonal components, we set for all £ = +n:

+— —+
Dy —+__5

Af 7=t A t=__—¢tL =z
¢ i(e -2\ (04207 70

The resonant modes ¢ = £n are then handled by isolating the terms in the kernel Zy (t):

_ _ Pt . _ s
At =0, AT = TN i )’ z({n =P/, Z;, =0,
+ Ay + Z++ Z +
_ i _ _
A_Tl = —m’ A_n == O, ZO,—’I’L - 07 ZO,—TL == P—Tl .

Consequently, the matrix Zo(t) representing the projection of P(t) onto the kernel of £y takes the form:
- 0 pt— eint
ZO(t) - <P_—7;|-e—int " 0 ) :

Under this transformation, the vector field is mapped to A\J; + Zy + R, where the remainder R collects
all higher-order terms:

AP+Z<adA (A1 + P) — (ad—A)“A).

k!
E>2

Finally, by moving to the rotating frame as defined in (3.23)), the dynamics is described by:

% (Z) = (()\ —n/2)Jy + Zo + s,ﬂzs,;1> <Z> , (3.27)

where Z; is the constant, off-diagonal matrix:

z 0 PBfF\_ 1[0 iu,
o= \pF 0 ) 2aa\—ia, 0 )

The term S, R.S;, * represents the transformed remainder, which is (formally) of order O(| P|?).

2. Spectral gap at order O(P). We denote by D; the matrix defining the leading order of the vector

filed (3.27), namely
Di(A) = (A—n/2)J1 + Zo(N).

Our objective is to determine the squared gap between the boundaries of the interval of the squared
parameter \? for which det(D7(\)) < 0. This requirement is satisfied whenever —|u,| < 2A? — n\ <
|uy,|. Geometrically, this requires the parabola f(\) = 2A2 — n\ to be bounded by the horizontal lines
+|uy|. Recalling that we are focusing on the region |2\ — n| < 1/2, the endpoints of this instability
interval, A} and A\_, correspond to

N n? + 8|uy| N n 4 /N2 — 8luy|
+: 3 - = .

4 4
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Defining £, = A% and E_ = A2, the squared gap is given by g2 = (E4 — E_)?. By using the identity

FL= ")‘%ﬂ""' we obtain the exact expression for the difference:

gn:E+_E—:|un|+§ 1"‘7— 1—7712

The Taylor series for /1 + x and /1 — x centered at x = 0 are:

11 1 5
Vidtr=1+-z—-a?+ —a®— —a*+ ...
R S T T

11 1 5
VI—z=1—cgp——g?— g3 2 g4
v 27 78" T 16" T 12"

When calculating the difference /1 + x — /1 — z, all terms involving even powers of z (including the
constant 1) cancel out exactly. Conversely, the terms with odd powers of x have opposite signs and thus
reinforce each other:

\/1+x—\/1—x::1:+éx3+(’)(x5)

Substituting x = % back into the expression for g,,, we obtain:

8| L [ 8lug| ’ || > . 8|Un|3 || °
n? +8(nz FOW e ) )| T Al T O s

This simple argument shows that, at the leading order, the n-th spectral gap is directly proportional to
the n-th Fourier coefficient of the potential, serving as the formal bridge that links the regularity of the
potential u to the decay properties of the spectral gaps. This expansion provides a heuristic insight into
the classical result by Marchenko and Ostrovskii [MO735]. In their seminal work, they established a
characterization of the spectrum, proving that the sequence of spectral gaps belongs to the Sobolev space
h* if and only if the potential u belongs to H* for s > 0. Thus, the identity g,, ~ 2|u,,| is consistent with
the H® <+ h® correspondence.

The fact that g, is a series of odd powers of the modulus |u,| implies that the n*" spectral gap is
analytic in a punctured neighborhood of the origin, possessing a branch-point singularity at v, = 0.
Conversely, the squared gap g2 can be expressed as a power series involving only even powers of |u,|:

7’L2
9n = ’un| + §

o0
C2k
g = Aunl + > 5y lunl* (3.28)
k=2

and hence it is a majorant analytic function in the whole ball of radius R = n?/8 centered at the origin,
where the radius of convergence R for this series is determined by the branch point where the discrimi-
nant A_ = n? — 8|u,| vanishes.

However, a fundamental distinction arises when considering the analyticity of the gap map u +—
(gn(u))nen. In the standard ¢2 framework (or kY for the coefficients), the set

{u € £?: u, =0 for some n € N}

is dense. Consequently, the presence of a singularity at u,, = 0 implies that there is no open neighborhood
in /? where the gap map is analytic, a fact that reflects the singular nature of the action-angle variables
(In, 0n)nen constructed by Flaschka and McLaughlin [FM76] in the limit N — oo. Conversely, in
our setting based on £°°, the situation is qualitatively different. The condition inf,, |u,| > 0 defines an
open set in £°° which is disjoint from the singular locus. Within this open set, the gap map is not only
well-defined but also majorant analytic.
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3.2.6 Functional setting

Let p > 1 and s > 0. For any ¢ € Z, we denote the standard weight as (¢) := max{1, |¢|}.
1. The spaces (35, (%). Let (4, | - |, ) be a Banach algebra with constant Cyyjg(%) € R, that is, for
all z,y € A, one has
- ylz < Cag(B)|x] 2]yl 2.
We define £55,(#) as the Banach space of sequences X = (Xy)ez, X¢ € % for all £ € Z, equipped

with the norm:
[
1X112%, = 3u§<f>pes'f‘|xe\gg < oo
€

This space serves as the space of Fourier coefficients for the classes of periodic functions considered
herein.
The convolution of two sequences X, Y € £3°,(%) is the sequence Z = X Y defined component-

wise as
Zy = Z X 1Y%
kez
The definition is well posed because

sup()Pe*!l| Zy| < Cue(2) SUP D P AP AP
tez

keZ
(0P e
< Cug B XLV I 50> ki” Js(El-1e—K 1K)
kEZ
EP
< Can DXLV 12,500 S =
kEZ
SC*(p) alg( )HXH ||Y 8,p? (3.29)
where
Cy(p) = 2P(1 + 2¢(p)) (3.30)

denotes the convolution algebra constant of £35, and ((p) = an 1 n~ P is the Riemann function.
Concretely, in the following discussion we shall consider the cases & = C, where Calg((C) =1, and
% = Mat(2, C), endowed with the norm

[W]:= max |W],

)

for which Cyg(Mat(2,C)) = 2

For the case # = C, we adopt the shortened notation £55,(C) = /55,
2. The algebra .7; , . We define .”; ,, as the Banach space of 2m-periodic functions S : R — su(1,1),
S(t) =Yy See'™, with S = (S )y p1=+1 € 51(2,C), satisfying

D, s/¢| o’
s .
S]ep = sup(07e™ maxe (57
e =+1

It is clear that the list of matrices (.S;)¢cz must necessarily satisfy the constrains
—— _ _ g+t o+ _ ot-—
S, =-=S/7, and S/ =57, forall / € Z,
in order to define a su(1, 1) valued function via the Fourier series.

3. The algebra ., p - We denote by s ,» the subspace of £35,(Mat(2, C)) consisting of matrix-valued
sequences X = (X/)sez such that, for every ¢ € Z, the matrix X ¢ satisfies:



102 Chapter 3. Hamiltonian Systems on Infinite Lattices and PDEs on the Circle

1. X, - = —X, " (Trace-free condition);
2. X j t = —Tj (Diagonal antisymmetry);
3. X, t = X717 (Off-diagonal conjugation).

These relations ensure that js,p is the space of Fourier coefficients for maps taking values in the Lie
algebra su(1,1). The following lemma implies that the Fourier transform defines an isomorphism of
Banach-Lie algebras between .7, ,, and .7 ,,.

Lemma 3.2.1. The space 5’?3,1,, equipped with the norm

IIXﬂ57p = Sup(£>P€s|€| [[XZ]] HXHMaz (2,C) ,
Lez

is a Banach-Lie algebra with respect to the Lie bracket [ X,Y], = X Y — Y x X. In particular, the
bracket is continuous and satisfies the estimate:

[[X, Y]i]sp < 4C(p) [ X]sp[Y]sp, (3.31)
where C,(p) the constant defined in (3.30).

Proof. The space 5’234, is a closed subspace of the Banach space ¢35, (Mat(2, C)). To show it is a Banach-
Lie algebra, we verify the algebraic closure and the continuity of the bracket.

Algebraic closure: For any X,Y € % ,, let Z = [X,Y],. The condition Tr(Z;) = 0 follows from

the linearity of the trace and the identity Tr([A, B]) = 0. Regarding the diagonal antisymmetry, a direct
computation on the (++) component of the convolution yields:

SOV = =3 (KT + XL, )

keZ
== (XY + X570 0) = —(V = X) T
keZ
It follows that —Z,” = —(Y x X)/* + (X x Y)}* = Z}*. Similarly, evaluating the conjugation of

the (+—) component

X =3 (X + Xy
keZ
=3 (X XY ) = (e X
JEZL
Thus Zt, = (Y« X), " — (X *xY), " = —Z, ", confirming that Z, © = Z+_
Continuity of the bracket: The sub—multiphcat1v1ty of the convolutlon product established in (3.29) im-
plies:

[[X,Y]lsp S [X*Y]sp + [V *x X]sp
< 2C4(p)Caig(Mat(2, C))[XTs p[Y]sp

Substituting Cyjs(Mat(2, C)) = 2, we obtain the bound (3.31)). The boundedness of the bracket ensures
that ys,p is a Banach-Lie algebra. |
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4. The functional space H ;, r. Given R > 0, we denote by H, ;, r the Banach space of functions
frur(ls,) = C

of the form f(u) = Zael\% fau®, with f,, € C, satistying

1 fllspp =D falvSpr < oo (332)
a€eNZ
where vs, g = ((£)Pe "I R)scz. Note that, if one introduces the majorant f of f as the function
defined by
= > |falu®,
a€eNg

the condition (3.32)) can be rewritten as

[fllsp.r = sup |f(u)] < oo
lulls,p <R

Crucially, the majorant of a product of functions precedes the product of the respective majorants., i.e.,
fg = fg. This notation means that the inequality holds coefficient-wise for the corresponding formal
piower series. Consequently, for any u with non-negative components (such as the weight vector v, j, r),
one has fg(u) < f(u)g(w). This property ensures that , ;, g is a Banach algebra, namely

1fgllsp.r < 1 fllsprllgllsp.r-

It is worth stressing that any [ € H, g is majorant analytic, as its majorant f is the uniform limit of
continuous polynomials.

5. The Banach-Lie Algebra A% (25, Fsp)- Given R > 0, we define the space AT, (£ e Fsp) as the

space of analytic maps X : %r((55,) — y&p. An element X in this space is identified with a sequence
of matrix-valued power series X (u) = (Xy(u))¢ez, Where each component X,(u) satisfies a momentum
conservation condition. Specifically, the Taylor expansion of the entries X7 = Hs p,r involves only
multi-indices o € N? whose momentum (o) matches the Fourier index £:

u) = Z ng'ua, with 4, = {a €N m(a) = Z My, = f}.

aEMy meZ

The momentum conservation condition ensures that each Fourier component X, of the map transforms,
with respect to a time shift ¢, with the same frequency as the phase factor e**. This implies that the map
depends on ¢ only through u, as shown by the following chain of equalities:

thg Z Xga’u,a im(a) Z XZ&H umeimt)am :Xg(u(t))

Q€ My aEMy

To equip this space with a Banach structure, we introduce the majorant X as the sequence of
. . . . . . /
maps X = (X )eez obtained by replacing each entry with its majorant in H, ;, g, namely X7 (u) :=
> | X7 |u®. The majorant X allows us to define the norm | X |, ,, z by considering the supremum
ac ﬂg K D

of the y&p—norm over the ball of radius R:

[ X|spr = sup [X(u)]sp = sup(e)Pe’l max HXZ
lulls p<R (€7 o0

s,p, R
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which, due to the non-negativity of the coefficients, coincides with evaluating the majorant on the weight
vector v p R.

It should be observed that any X € A% is majorant analytic. In fact, Theorem ensures
that X is analytic as it is defined by the uniformly bounded family of (majorant) analytic functions
X7 € Hpr-

Lemma 3.2.2. The space (A%, |-|sp,r) is a Banach-Lie algebra with respect to the pointwise Lie bracket
(X, Y]i(u) = X(u) * Y (u) — Y(u) x X(u), satisfying:

|[X, Y]*|s,p,R < K|X|s,p,R|Y|s,p,Rv

with K = 4C,(p) (see (3.30)).

Proof. The momentum condition is preserved by the convolution product: if 7(«) = {—k and 7(8) = k,
then 7 (o + ) = ¢, and hence [X, Y], (u) € %, by Lemma To prove the continuity, we recall
that for any f,g € H,p r one has fg =< fg, which implies that X xY < X x Y in the sense of power
series. Consequently, for any u witﬁon—lggative components (and thus for the supremum over the ball),
it follows that:

X Yhlspr = sup  [[X, V](u)]sp
lulls <R

< sup ([(X*Y)(w)]sp+ [Y*X)(u)]sp)

l[ulls,p <R

§4C*(p) sSup [[X(u)]]s,p sup [[X(u)]]s,pa
llulls,p<R lulls,p<R

where we used the algebra property of the 5%4, norm established in Lemma and the fact that the
majorant of a product precedes the product of the majorants. |

3.2.7 Reduction to constant coefficients

In this subsection, we establish the reducibility of the linear Hamiltonian system

(=06 )+ CE 0! o

where u = u(t) € R is a zero-mean, analytic, 2m-periodic function whose sequence of Fourier coeffi-
cients is small in the £57, norm. We provide quantitative estimates for the reducing transformation; these
results will be crucial in the next subsection to investigate the regularity of the spectral gaps with respect
to the potential . It is worth stressing that, in this dynamical setting, such gaps correspond precisely
to the instability intervals of the periodic forcing. For any fixed n € N, the results hold for all spectral
parameters A € R satisfying |2\ — n| < v < 1/2. Accordingly, throughout the following discussion,
we fix a natural number n and we assume that A remains restricted to this region.

Following the strategy outlined in Subsection [3.2.4] we aim to find a 2m-periodic change of coor-
dinates that reduces the Hamiltonian system to constant coefficients. To preserve the algebraic
structure, this transformation must take values in the Lie group SU(1,1).

Given the identification between the space of 27-periodic functions .#; ,, and its Fourier coefficients
space %71) established in Subsection (see Lemma , we seek the generator of this transfor-

mation within the functional space A}EL(ng’p, Zsp)- This choice allows us to track the regularity of the



Section 3.2. The KdV Equation 105

transformation with respect to the potential u and eventually derive estimates for the spectral gaps. In
this regard, it is worth noting that the perturbation

Plu, ) = 2UA (_i 1) QA(Jg —).

indeed belongs to A% (¢35, ), With norm | Pl , g = 4%

Given a map A € AT, we consider a change of variables (¢,&)T = e~ 4N (2, 2)T. Here, the
exponential e~ and the transformation law are to be understood by identifying the sequence A(u, \) €
5’?5,1, with its corresponding matrix-valued periodic function in .% ;, via the Fourier isomorphism. With
this identification, the time derivative A acts as a diagonal operator on the Fourier coefficients, namely
(A), = i¢A,. Under this transformation, the matrix D(u, \) associated with the linear vector field

inducing the Hamiltonian dynamics defined in (3.18)) is transformed into
D(u, \) = e~ AN D(u, N)eAN — e~ AwN Ay (3.34)
Y Y dt * *

By defining the adjoint action as ad 4 (M) := [A, M],, where the Lie bracket [-, -], is defined in Lemma
3.2.2] and recalling the standard expansion for the adjoint action and the derivative of the exponential
map:

o) k k-1
AN =Y (ad—4) M, 4l d A Z (ad—4) A,

k! € k!
k=0 k=1
the equation (3.34) can be expressed as:
2 (ad_a)* > (ad_ A -1 i
D) =) W P Z A. (3.35)
k=0 k=1

Thanks to the Banach-Lie algebra structure of A7, the series in (3.35)) is well-defined and convergent,
provided that the norm |A|, ,, i is sufficiently small (see Appendix for details).

We remark that we restrict our search to generators A belonging to the space A%, thereby enforcing
the momentum conservation condition. This assumption is not strictly necessary for the reduction to
constant coefficients. However, since the initial perturbation trivially satisfies this property and the Lie
bracket preserves it, the property remains valid at each step of the contractive iteration we shall imple-
ment to construct the solution. While not required for the reducibility itself, this selection rule ensures
that the transformed system inherits the same symmetry, which will be crucial in the subsequent sections
when studying the derivatives of the spectral gaps.

As already noted in Subsection [3.2.4] the reduction to constant coefficients for the component lying
in the range of £,, /5 can be recast as a fixed-point problem for the operator ¢ p, defined as

op(A) = £ 'L, (B(A)Hrg (eadeP)) :

where II,.; denotes the projector onto the range of the operator £, /». Here, B (A) represents the inverse
of the map X — > 77, % (ad_4)*1X (the details of which are provided in Lemma , while E;l
is the inverse of £y, which is well defined on range(L,, 2).

Before stating and proving the fixed-point theorem, it is of crucial importance to make some com-
ments on the operator £;1: since L) acts diagonally on the components of the generator A, namely

(LAA)F7 =il — No —0')A%, forallo,0’ = +1, { € Z,

E;\l naturally preserves both the momentum conservation condition and the range of the operator L, /5.
Furthermore, we have the following lemma:
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Lemma 3.2.3. The inverse [,)_\1, viewed as an operator from 11,.4(A%) into itself, is bounded. Specifi-
cally, for any X € 1I,.4(AR), we have the estimate:

|£;1X’s,p,R < 2|X|s,p,R-

Proof. Recall that for X € II,4(A%), the action of 5;1 on the Fourier components X7 o’ is given by
the division by the factor i(¢ — (0 — o’)\). Consequently, the majorant of the transformed component

satisfies:
1 oo

<i<z S CEER ) BEICET

Noting that |¢ — (o0 — ¢’)A| > 1/2 for all terms in the range of £, » within the region |2\ — n| <
v < 1/2, we obtain:

15;1X|s,p,R: sup [[E;lX(u)}]&p
llulls,p<R

=sup()Pel max  sup

(=)

(€T 0,0'=%1 ||y, p<R
1 /
=sup(f)Pe’l max —————— sup |X77(u)|
= o,0'=%+1 |€ — (O’ — U'))\| llullsp<R
1 /
— 7\P s|e| - Xoc
AR Sy e s L
< 2SUP<€>p€Sw| max HXZTU,H&IJ,R = 2‘X|s,p7Rv
ez o,0'=%1
yielding the claim. u

Given n > 1, in the following theorem, we require the smallness condition on P to be satisfied for
all A € R™ such that |2\ — n| < 1/2. This ensures that both the existence of the fixed point and the
derived estimates are valid uniformly throughout this spectral region.

Theorem 3.2.4 (Reduction to constant coefficients in the range of £,,/5). Let |Plspr < (48K)~1,
where the constant K is defined in Lemma Then the map ¢p has a unique fixed point Ap in the
ball @8|P|S’ER(HT‘9 (AR)). The fixed point is such that Ap—o = 0 and satisfies the following asymptotic
expansion for small P:

Ap = Li'T,gP+ O(|P2, )

Furthermore, Ap is analytic in A and satisfies the estimate
‘aAAP‘s,pyR < 96’P’87p73-

Finally, L\Ap, which is also analytic in X, is estimated as |CxAp|spr < 4|P|sp r and satisfies the
following asymptotic expansion for small P:

LyAp =T1,,P + O(]P@’p’R).

Proof. The proof follows from the application of the general fixed point framework developed in Ap-
pendix [A to the Banach-Lie algebra (A%, | - [s,r). According to Lemma[3.2.2] this space satisfies the
sub-multiplicative property with constant K. We identify the operators in the appendix with our specific
case by setting Il = 11,4, T' = E;\l, and X = A.

Existence and uniqueness. By hypothesis, |P|s , r < (48K)~1 < (24K)~!. This satisfies the smallness
condition required by the Fixed Point Theorem Consequently, ¢p is a contraction on the ball
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@& P|,,.r> cnsuring the existence of a unique fixed point Ap such that Ap—y = 0. The first-order
expansion follows directly from the same theorem:

Ap = L'T,gP+ O(|P2, ).

Analyticity in A and estimate for the derivative. Since E;l and P are analytic in A, Corollary
implies that Ap is also analytic in A. To derive the bound on 0\ A p, we use the estimate provided in the
same corollary:
AL P s p,R + 8[OrPlsp,R

1 —24K|P
Given the condition |P|s, r < (48K)~!, the denominator is bounded as (1 — 24K |P|)~! < (1 —

1/2)~! = 2. Using the specific bounds for the derivatives of the operators in this functional setting, and
the fact that 9, P = —\~! P, where A\ > 1/4, we obtain:

|ONAP|sp.r <

s,p, R

‘aAAP‘s,pyR < 96’P’87PVR'

Estimates for L) Ap. Setting U = L) as the inverse of T on range(L,, /), we apply Lemma Since
Ap is in the range of [,;1, the expression £ Ap is well-defined and satisfies:

|LXAPsp,R < 4 Plsp,R-
Finally, the asymptotic expansion for £ Ap is given by:
LyAp =11,4P + O(’P@,p,R)a
which concludes the proof. |
As a consequence of Theorem [3.2.4] the matrix associated with the linear vector field (3.33) is now

reduced to the form 3 3
A1+ Z(u, A\ t), with Z € Ker(ﬁn/Q).

By construction, and considering the expression of the conjugated matrix given in (3.24), Z is defined
by

- o0 audk:l1
Z= err< = LA+ ead—AP>, (3.36)
k=1 ’

where Il denotes the projector onto the kernel of £,, /5, and A denotes the fixed point provided by
Theorem Using the fact that £, A € range(L,,/2), and isolating the term of order O(|P| ; r), we
get

_ ~ 00 adkfl
Z =Ter P + Poo := ey P + Ier ((ead—A —1d)P — Z /;A £AA). (3.37)
k=2 )

The following corollary, proved in Appendix (see Lemma , shows that P, is indeed of order
o(|p |§7p7 ) and provides an asymptotic expansion near P = 0.

Corollary 3.2.5. The following bound holds:

‘7500|s,p,R < 64K’P|§,p,R‘

Furthermore, Poo satisfies the following asymptotic expansion for small P:

_ 1
Poo = err <[errP7 »C)\lﬂrgp]* + 5[

HTgP, E;lHT’gP]*> + O(‘P‘i,p,R)'
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To understand the final step of the reduction, it is useful to recall the explicit structure of the kernel
of £, /5, namely

X++ X—l——eint -

Ker(L,/2) = {(X*Oeint [ > C Xy =-X{TeiR, X=X € C}. (3.38)
—n 0

The elements in this kernel are still time-dependent, but we can then reach a frame where the system is

stationary by applying an additional SU (1, 1) transformation, specifically a rotation S, () that counter-

acts these oscillations:
efint/Z 0
Sp(t) = ( 0 eint/2> .

Under this final change of variables, the resonant terms are mapped to constant matrices, effectively com-
pleting the reduction to constant coefficients. This leads to the conclusive theorem for this subsection.
As before, given n > 1, we assume the smallness condition on P to hold for all A € R within the
closed interval |2\ — n| < 1/2. Then the following result holds for all \ in this region.

Theorem 3.2.6 (Reducibility to constant coefficients). Givenp > 1 and s > 0, let |P|s, g < (48K)~!
where the constant K is defined in Lemma and let Ap be the fixed point provided by Theorem
Then, the transformation defined by the composition 1 = Sne Pz reduces the Hamiltonian
system to a constant coefficient system of the form:

% (g) = [(A=n/2)J1 + Zo(u, A) + Poo(u, A)] <g> )

0 P 1 0 iy, _fia b
ZO_<P7T_ 0 )_2x\<—iﬂn 0> and 7)00—<g _ia>- (3.39)

The coefficients a(u,\) € R and b(u,\) € C are majorant analytic in uw and )\, more precisely they
belong to Hs ;, r, and satisfy the following estimates:

where,

lallsp.2; [1Blls p.5: [10rallsp.5: 108Dl 5.5 < CIPIS, R,

for a suitable constant C' > 0, uniformly in the region |2\ — n| < 1/2.

Proof. Let D= AJ1+ Z be the resonant form provided by Theorem with Z = Il P + 75OO
defined in (3.36) and (3.37). Following the change of variables = S,e~“z, the reduced matrix is
obtained as

D= 8,DS;' + 5,5, L.

The diagonal part A.J; commutes with S,,, while the derivative of the rotation contributes the shift:

. -1 _ —m/2 O __2
Sy _< 0 in/2>_ e

yielding the term (A — n/2)J;. For the resonant part, the adjoint action of S,, on any M € Ker(L,,/2)
cancels the time-dependence e®"!. Specifically,

Zo:= Sp(Iger P)S; 1 and  Poo := S, PocS;, (3.40)

are constant matrices. The explicit form of Z; follows from the Fourier expansion of the perturbation
P in the kernel of £,, . The majorant analyticity and the bounds for the coefficients of Pw, are a direct
consequence of the estimates for P established in Corollary [3 - 5|and the analyticity of the fixed point
Ap with respect to \. [
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3.2.8 Analysis of the spectral gaps and Liouville-Arnold integrability for the KdV on T

In this subsection, we derive regularity properties for the spectral gaps of the Schrodinger operator with
potential u(t) = >, ey, where u is identified with the sequence of its Fourier coefficients (ug)scz €
Zg’op, with p > 1,5 > 0, which are such that u_, = 4,y and ug = 0. These regularity results are essential
for applying the theorems established in the previous chapter. In particular, they allow us to prove
the complete integrability of the KdV equation, characterized by a foliation into infinite-dimensional
invariant tori and the existence of analytic action-angle coordinates that are well-defined in an open set
of the phase space in the sense of Theorem [2.6.1]

As already pointed out in Subsection to establish the complete integrability of the KdV equa-
tion by applying the theory developed in the previous chapters, it is necessary to express these spectral
quantities in terms of variables that satisfy the standard canonical relations. To this end, we first perform
the change of variables induced by the operator |8\1/ 2. 05, — égf’p_l /2 acting as a Fourier multiplier:

w:= 0]z, with u, = ()12,

Theorem 3.2.7 (Liouville-Arnold Integrability of KdV on T). Letp > 2 and s > 0. Consider the KdV
equation on T expressed in the canonical variables z € (),

. .OHgqy
d=1mg o Hiay(z) = E B3|z + E V |km| zk202m.
k keEN k+0+m=0
k,0,m=£0

There exist 0 < £ < &, such that, for any sequence & = (i) ken of positive real numbers satisfying

¢ < inf XM (k)Pg < sup e Fl(k)2Pg, < ¢,
keN keN

the following hold in a neighborhood of the torus Te¢ = {z € (35, : |2e]? = &}

(i) Foliation by Infinite Invariant Tori: The phase space is locally foliated by analytic invariant tori
analytically diffeomorphic to T*°. Each torus is a level set of the spectral gaps and supports an
almost-periodic Hamiltonian flow.

(ii) Action-Angle Coordinates: There exists an analytic symplectomorphism V : z — (x,0) that
introduces action-angle coordinates in a neighborhood of .

(iii) Integration by Quadratures: In these coordinates, the Hamiltonian H gy o W~ depends only on
the actions x, and the Hamilton’s equations reduce to the linear flow:

Tk =0 ke N
O = wi(z) ' ’

where the frequencies are given by wi(x) = Oy, (Hqy o ¥™1).

The heuristic expansion g, = 2|u,| + O(|u,|?) discussed in Subsection provides a formal
bridge between the decay of the potential’s Fourier coefficients and the size of the spectral gaps, re-
covering the H® <+ h® correspondence established in [MO75]. However, a rigorous proof of complete
integrability in our /°°-based framework requires moving beyond the leading-order approximation of the
spectral gaps.
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According to Theorem [3.2.6 for any n € N, the Hamiltonian system (3.33)) can be reduced to
constant coefficients for all A in the region |2\ — n| < 1/2. This reduction yields a linear system whose
dynamics is governed by the matrix:

D(u,A) = (A —n/2)J1 + Zo(u, A) + Poo(u, A).

Explicitly, using the same notation as in formula (3.39),

Dy = [T Rl ) DR (341)
R WL 0 1 SRR \) |

Since the constant matrix D is an element of the Lie algebra su(1, 1), it is traceless with eigenvalues
satisfying:
pt(u, N) = £4/—det(D(u, N)).

The spectral nature of the system is thus encoded in the sign of this determinant. When det(D) > 0, the
eigenvalues are purely imaginary, and the system’s evolution is conjugate to a harmonic oscillator. On the
other hand, a negative determinant, det(D) < 0, results in real eigenvalues and an unbounded dynamics.
The regions in the energy spectrum £ = \? characterized by this instability correspond exactly to the
spectral gaps.

By imposing the instability condition det(D(u, A)) < 0, we can determine the endpoints of the n-th
spectral gap. Given the structure of the reduced matrix in (3.41)), the determinant is given by

. 2
M b, \)

det(D(u, \)) = (A~ i a(u,)\)>2 iy

The boundaries of the gap, A} and A_, are the roots of the equation det(D(u,\)) = 0. In the region
|2A — n| < 1/2, these roots satisfy the equation

4 b(u, As)

n
A — —Fa(u, ) ==+ oW

: . (3.42)

The presence of the term a(u, A) induces a shift in the center of the gap, while the modulus on the right-
hand side, which includes the higher-order corrections b(u, ), determines the width of the instability
interval.

Therefore, by looking at the structure of the equation defining the end points of the spectral
gaps, it is clear that the first and most fundamental step is to investigate the regularity of the coefficients

« and ( defined by:
i B _p 1/2
(ﬁ _ia> = Poo 0 |07

From now on, the proof is articulated in the following main steps:
1. Analysis of the regularity of the coefficients o e 3.
2. Majorant analyticity of the spectral gaps.

3. Derivatives of the spectral gaps and proof of the main theorem.

Step 1. Let us start by proving the following proposition, whose technical ingredients are provided in
Appendix
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Proposition 3.2.8 (Regularity of the coefficients « and (). Given p > 3/2 and s > 0, for sufficiently
small R > 0, the maps o, B : URr((35,) — C (where  is real-valued) are majorant analytic and depends
analytically on \. Specifically, o, 8 € Hs p g and satisfy the bounds:

n n3/2 _e—sinl
allsp.r < FRZ, 1Blls 5. < =5 2 7 (3.43)
and
n e_sljl n3/2 e_slj_nl
10z alls pr < et 102 Bls.p.7 < PO (3.44)

Proof. The majorant analyticity of « and  follows from Theorem and from the fact that if f €
Hsp—1/2,r> then f o FIRERS Hs p. Analyticity in A is also inherited from Theorem

Using the structure of ker(L,, /) given in (3.38)), and the fact that Po, = S, PooS; ! (see (3.40)), one
immediately deduces that

ia =PLhololY? and B =PL, 0|02 (3.45)

Moreover, by Lemma [B.4.1] one can deduce the following bound:

n

r< pR?, (3.46)

sup(£)P /2 max 1P o 1012 s,
Lel

for R > 0 sufficiently small. Therefore, combining (3.46) and (3.43), we get the bounds (3.43).
Lemma|[B.4.1] states also that

Sup<g>P—1/26S\€| max ||a (Pcro |8‘1/2)Hs,p,R < )\QR
0€7, ool'=

from which one can easily derive the bounds in (3.44)). [ |

Step 2. We now have all the necessary ingredients to study the regularity of the spectral gaps.

Remark 3.2.9. Throughout this subsection, K denotes a generic positive constant, independent of n, z,
and R, whose value may change at each occurrence. Furthermore, since we need to recall the majorant
norm |-, s for the power-trigonometric series (introduced in Chapter 1), we denote the majorant analytic
norm in the z variables by ||-||o.p.r and the corresponding weights by (j)Pe®V|, where a > 0. This choice
of notation is intended to avoid any confusion between the decay of the z variables and the regularity
parameter s.

Let us rewrite formula (3.42) as

Z\fzn

gZ)(z, Ai) + )\i,é’(z )\i) (3.47)

where ¢ is the function defined by
d(z,\) == AN =n/2+ a(z,N). (3.48)

Since, by Proposition « is analytic as a function of A\ within the region |2A — n| < 1/2, it follows
that ¢ inherits the same regularity properties. In particular, ¢ is differentiable with respect to A and its
derivative is

MP(z,\) =2X —n/2 4+ a(z, \) + Aora(z, N).
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This derivative can be bounded from below by a constant proportional to n, provided the domain is
suitably restricted. For instance, assuming |2\ — n| < 1/8, one ensures that 2\ — n/2 > n/4 for all
n > 1. Furthermore, from Proposition we have ||a|lqp.r < nAT2R2. Since in the considered
region A\ ~ n/2, this term is O(R?>n~1). The derivative y« can be estimated via a standard Cauchy
estimate, yielding a bound proportional to R%. Consequently, for R sufficiently small, the perturbation
terms o + Ay« are small compared to n/4. Thus, we conclude that

inf_[0hé(2,A)] = K,
[2lla,p<R
|2A—n|<1/8

ensuring the invertibility of the map.

This lower bound on the derivative allows us to control the separation between the roots A4 (z) and
A_(2). By the Mean Value Theorem applied to ¢ with respect to \, there exists a value X in the segment
[A—(2), Ay (2)] such that:

B2, A1(2)) = @2, A= (2)) = Oad(2, \) (A1 (2) = A—(2)).
Recalling the definition of ¢(z, A1) and the lower bound |9x¢(z, \)| > Kn, we have:

6(2, A4 (2)) — 9(2, A (2))]

Ai(2) = A(2)] = T
< ( W | n Bl h) |+ | Yy A_ﬁ(z,MD
< L (V] Bz A+ Bz, A0)]) -

Kn

From Proposition we have ||Bllapr < Kn3/2A72R2e%"l(n)=P. Since A\ ~ n/2, the terms
A+ 8(z, \t) are of order \/nR?e~%" (n)=P. Similarly, the contribution from the potential is given by
Vitlzn| < /aRe= " (n) 7P

By combining these contributions, the numerator is bounded by K/n(R + R?)e=%"l(n)=P. We
then conclude that the following estimate holds uniformly for all z € Zr((55,):

efa‘n‘

V)

Finally, the estimate for the sum A (z)+A_(z) follows directly from the fact that both roots belong to
the region |2\ — n| < 1/8. This condition implies |[A+| < n/2+1/16, and summing these contributions
yields:

A+(2) = A-(2)| < KR

Ae(2) + A < [Ae| + M| <n+1/8 < K,

which again holds uniformly for all z € Zg(¢(3,) and n > 1.
By combining the previous results, we can now estimate the term (A (z)? — A_(z)?). Using the
identity a® — b2 = (a — b)(a + b), we can write:

At (2)2 = A= (2)*] = A (2) = A= (2)] - [Ag(2) + A= ()]

By substituting the uniform estimates obtained above, we get:

e_a|n|

A+(2)? = A-(2)’| < KRvn o
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These quantities will be used to construct the action variables for the Korteweg-de Vries equation. In

order for the actions to have the correct physical dimension (consistent with the order of |z|?) and to

map properly into the considered sequence spaces, it is necessary to introduce a rescaling factor n !,

Indeed, by squaring the previous estimate and dividing by n, we obtain the bound for rescaled squared

gap lengths:
672a|n\

(A (2)? ;)\—(2)2)2 < KRQW’ (3.49)

Yn(2) ==

which holds uniformly for all z € Zg({55,).

However, a significant challenge arises from the implicit definition of the gaps via the modulus | - |
in (3.42), which introduces a singularity at the origin (¢ = 0). To establish the regularity of the gaps
without explicitly addressing the singularity, we exploit the possibility of constructing local symplectic
polar coordinates (y, ¢) around any infinite torus which is sufficiently far form the origin, as explained
in Subsection Namely, let w = (wy)ren be the weight defined by wy, = e2**(k)?P. For a
fixed sequence £ = (&k)ken of strictly positive real numbers, we assume that there exist constants

0 < & < &4 such that:
R2
0 <& < inf wiép < supwpé <& < —. (3.50)
keN keN 4

Under this assumption, for small 7 > 0, we define the local chart ®¢ as in (3.3)
B : U (63) X T 3 (9,9) = 2 = (/e + g€ Jien € £,
in a neighbourhood of the torus
Te:={z€ly,: 2| = & forall k € N} .

The regularity of the spectral gaps in these coordinates is then established through the norm defining
the Banach space A, s of power-trigonometric series introduced in Definition Recall that for
f € A, s, the majorant norm is given by:

|f|r,s = Z Z ‘fl,a‘vg7r65|V‘7 (U’LU,T')j = ij_l.

veZM qent®

Crucially, the right-hand sides of our estimates for ~,, are composed of functions (such as z,, and 3(z, \))
that are majorant analytic in the z variables even at the origin. This allows us to bound their | - |,,s norm
by further estimating them with the || - ||5, g norm.

The transition between these two norms is governed by Proposition 3.1.2] Specifically, for any
Hamiltonian H (z) that is majorant analytic in Zg(£77,), its pullback ®; H belongs to A, s and satisfies:

|[PeH s < [|H

‘a7p7R7

provided the parameters r, s, £, R satisfy the consistency condition (3.4). This framework leads to the
following regularity result:

Theorem 3.2.10. Givenp > 3/2and a > 0, let § € (5, 5, be a sequence satisfying the condition (3.50),
and let R > 0 be the analyticity radius of the coefficients o and (3 (see Proposition [3.2.8)). Then, for
r > 0and s > 0 sufficiently small (depending on R, as explained in Proposition [3.1.2)), the rescaled
squared gaps in the coordinate system (y, @), namely

g, o (B = (@A)
gin - n )
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belong to the space A, s (see Definition and satisfy the following bound:

sup e2e/! (n)2p|(1327n\7«,s < KR?,
neN

for a suitable positive constant K.

The Theorem above ensures that the rescaled squared gaps are well-behaved as elements of A, ; and
the map I := (@Z’Yn)neN take values in £5; o .

Step 3. In order to satisfy the smallness and regularity requirements of Theorem [2.6.1] we must also
ensure a suitable bound for the derivatives of I

Specifically, the applicability of the construction of action-angle coordinates requires the finiteness
of the following quantity:

10Dk, . 1 0D;
K(vy) := max {r sup <7 , sup 221 (j)2p Z i } (3.51)
JeN 5 8yj r,s JEN n=1 aspj r,s

To estimate (3.51), we relate the derivatives in the local chart (y, ¢) to those in the canonical variables
(2, %) via the relations{"]

o _ (1o 10N 4 9,9 .90
8yj_2 5]'82]' zjc‘)ij 3%‘_ J@zj J@éj ’

and we perform our calculations in the variables z. As already observed, for the rescaled squared gaps
7, the majorant analytic norm || - ||, r in the z variables is not well defined due to the implicit presence
of the modulus in (3.42), which prevents the Taylor expansion around the origin. Nevertheless, as we
shall see from the explicit calculations, the derivatives of 7, can be bounded by functions involving the
coefficients c, 3 and their derivatives 0., 0., 3, for which the majorant norm || - |, r is well defined.
Specifically, we shall prove that the terms in (3.51)) are dominated by the majorant norms of these
bounding functions. Namely, by virtue of Proposition if we denote such functions by (), the
quantity /C(vy) satisfies:
afm)
Oz

Zj

K(y) < 2Rsup(j)Pe?ily " (3.52)
n=1

jeN

a,p,R

By substituting the bounds from Proposition into the expressions for f(™), we shall see that this
sum is finite, thus ensuring the applicability of Theorem [2.6.1]

Let us proceed with the explicit calculation of the gradient of the rescaled squared gaps with respect
to the canonical variables z;. From the definition of +,,(2) (see (3.49)), we have:

(A —2)

Dz = (204004 —2X_0.,) ). (3.53)

The regularity of 9,7, depends on the behavior of the gradients 9., A+. To compute these, we differen-
tiate the relation (3.42)) squared:

. 2
“/252" F A8z )| (3.54)

A2 ()\i - g +a(z, /\i)>2 -

OWe recall that, being the potential u a real-valued function, we have that z_, = Z,.
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By differentiating the left-hand side of (3.54) with respect to z;, and recalling the definition of ¢(z, \)
from (3.48), we obtain:

n
26(2, A1) [(2Ai — 5 +alz, Ae) + Axdhalz )\i)) 0 Me + As0s,0(z, )\i)] .
Similarly, differentiating the right-hand side of (3.54) yields:
.~ = ivn
( —ivnz, + 22+ 6(z, Ai)) [\55@ + (ﬂ(Z, At) + A£0x5(z, /\i)>azj'/\i + A0, 8(z, Ai)]

+ <i\/ﬁzn + 2)\:|:6(Z, )\:I:)> [(B(z, )\:I:) + )\iaAB(Z, )\i)>8zj)\i + )\ic‘?sz(z, )\:I:):| . (3.55)

Let us introduce the phase factor

0 . i\/ﬁzn + 2/\iﬁ(z, /\:t)
’ |i\/ﬁzn+2/\iﬁ(2,>\i)‘,
Note that €l?* is well-defined as long as the denominator is non-zero; this condition is guaranteed within
the neighborhood of the torus 7¢ defined by the chart ®,. Dividing both sides of (3.53)) by the factor
(2, Ax) = £liv/nzn /2 + A+ B(z, A+ )|, we can isolate the derivative 0, A+. The resulting equation for
the gradient is:

(20 - Sta+t Aedha) = Re (€77 (8 + X.038) )| 02, A
—if+

= X100+ eT\/ﬁdjn +Re (eiei AL, 5) . (3.56)

Following the same argument used for the invertibility of ¢, the coefficient in the square brackets on
the left-hand side of (3.56) is bounded from below by Kn. Consequently, the derivative 9, A+ can be
expressed as:

—i6 .

. 5—/M0jn + Re (£ 210, B)
(2)\;& — % +a+ Ai@a) — Re (6_191 (8 + )\:ta)\ﬁ))'
By applying the estimates for o and /3 from Proposition to (3.57), we obtain:

e—alil —alj—n|
PRWPL [NMR( me.)] |

0. A = (3.57)

{r {j —n)P
Substituting this bound and the estimate for the gap length [A\2 — A2 | < K Ry/ne="l (n) = into (3:33),
we get:

10257 (2)| < KR (3.58)

e—alnl 1 e—alil+Inl)  g=alli—nl+n])
— + -

()P v (mPG)Pr o (n)P(—n)?

As previously discussed, the right-hand side of (3.57) consists of functions that are majorant analytic in

the z variables, thus providing the required bounding functions f(™) (z) for the estimate (3.52). To verify
the convergence of the quantity that gives the bound for IC( ), we observe that:

IHJ\)

Sjn + KR? (

sup(j pe““| Z n <1, (3.59)
JEN neN
and the other terms satisfy:
1 e—allil+In) —a(|j—n|+|n]) (j)P
141 J
sup(j)Pe® + - < 00
jeN Z < PGY PG —mP ZE: p“/2 % (g —mn)P(n)?
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These bounds ensure that () < oo, proving the desired regularity requirement for the map I' =
(®FVn)nen in the local coordinates (y, ¢).

From the estimate (3.58)), we observe that the leading contribution (of order R) is purely diagonal
and is given by the term K Re~%"|(n)~P§,,. This term corresponds to the derivative of 4|z,|2, which is
consistent with the linear approximation derived in Subsection [3.2.4] Indeed, as shown in (3.28) when
studying the spectral gaps g,, of the approximated system:

9 = 4unl® + O(Jul*),

where uj, = (k)'/22, and, in our rescaled setting, y,, ~ g2 /n. This identification allows us to decompose
themap I" as T'(y, ) = 4(£+y) + P(y, ), where 4(¢ +v) is the pullback of the leading term 4|z|2. The

perturbation P(y, ¢) collects all higher-order terms and, by (3.52)), (3.38), (3.59) and (3.60)), satisfies:

opm)
dy;

apm)

o0
, sup 2l (5)2p Z D
j

r,s JEN

max {r sup } < KR3. (3.61)

JeN n=1 n=1 LET

This bound with R? is crucial for ensuring the smallness condition needed for the applicability of

Theorem 2.6.11

We can now summarize these results in the following Theorem.

Theorem 3.2.11. Let £ be a sequence satisfying (3.50). For r,s > 0 sufficiently small, the rescaled
squared gaps (Vn)nen satisfy

O |1 0DF, , > | 0DF,
sup 8§ .n < oo and sup62a|3|<j>2pz 85 ‘n < 0.
JeN Yi lrs JjeN n=1 Yi s
Moreover, the map I' = (@EVn)neN can be written as
Iy, ) = 4§ +y) + Py, »),
where the perturbation P is majorant analytic and satisfies the bound
1P < KR? (3.62)

or a suitable positive constant K, where w; = (j)“Pe | fora J ,and the norm ||- ||, is define
table posit tant K, where w; 2pe2alj| llj €N, andth vt is defined

in Definition[2.3.8

Theorems [3.2.10] and [3.2.11] provide the final verification of the assumptions of Theorem [2.6.1
Specifically, the decomposition of the map I' into a leading diagonal part plus a perturbation P of or-
der R? ensures that the smallness condition (a.1) is satisfied for a sufficiently small but finite radius R.
Furthermore, it is well-known that the squared gap lengths are integrals of the motion in involution, i.e.,
{¥Ymsm} = 0and {v,, Hgqv} = 0 for all m,n € N. Since the pullback via ®, preserves the Poisson
brackets (see the discussion in[3.1.5), the map I" provides a complete set of integrals in involution for the
Hamiltonian H gy o ®¢, fulfilling condition (a.2) of Theorem 2.6.1}

Proof of Theorem[3.2.7] The proof consists in verifying that the Hamiltonian Hx 4y and the map I' =
(®Fvn)nen satisfy the hypotheses of Theorem

First, we observe that the Hamiltonian Hgqy is majorant analytic on £g°, if p > 2. Its pullback via
the local chart, <I>§H Kdv» thus belongs to the class A.
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By Theorems|3.2.10|and [3.2.11|the map can be decomposed as I'(y, ¢) = 4( +y) + P(y, ¢), where
P satisfies the cubic bound || P||75" < K R? (see (3.61)), with R > 0 being the analyticity radius of the
coefficients « and 8 determined in Proposition [3.2.8

Recalling the conditions (2.43)), together with (3.62)), and (3.4), one can find 0 < {_ < £, such that,
there exist R < R, r’ < rand s’ < s satisfying

1/2 o - '\ / N3 1 : roJ
£/ e Z\am\<§> <R and K(R) SEmm{r,s,l},

m=0

ensuring the condition (a.1) of Theorem Finally, the commutativity condition (a.2) follows from
the standard spectral theory: the squared gap lengths ~,, are integrals of motion in involution. Since the
map P, is a symplectomorphism, it preserves the Poisson brackets, ensuring that the components of I'
commute among themselves and with the Hamiltonian. |






Chapter 4

Kronecker Flow on the Infinite Torus

4.1 Introduction

Kronecker flows play a central role in Hamiltonian dynamics as they describe the almost-periodic mo-
tion on compact, regular common level sets of complete systems of Poisson-commuting first integrals.
The Kronecker flow on the regular sets is defined by a particular Hamiltonian which admits these first
integrals. In the finite-dimensional case, KAM theory establishes the persistence of most of such almost-
periodic solutions under small perturbations. In general, this is not the case in infinite-dimensional
Hamiltonian systems. Still, the search for almost-periodic solutions is an active and challenging topic
in the study of global solutions for evolution PDEs. Therefore, understanding Kronecker flows on infi-
nite tori is crucial for gaining insights into the dynamical and topological properties of almost-periodic
solutions of Hamiltonian PDEs and systems on infinite lattices.
When the dimension of the torus is finite, Kronecker flows satisfy the following properties.

A The (non-resonance) condition that the frequencies are rationally independent is equivalent to topo-
logical transitivity, to minimality, and to unique ergodicity (see [Laz93| for a modern exposition).

B Any Kronecker flow is topologically conjugate by an automorphism of the torus to another Kro-
necker flow having the property that the non-zero frequencies are rationally independent (see, for
e.g., [EM10]). Consequently, by Property[A] the closure of any orbit is still a torus.

Preliminaries studies of the infinite-dimensional analogue are due to Jessen [Jes34]], who essentially
proves a special case of Birkhoff’s Ergodic Theorem. The ergodic properties of Kronecker flows on
infinite tori with the product topology are also studied in [Koz21]] and [SV24]]. In the same paper [SV24]],
Sakbaev and Volovich also show that there is a new type of trajectories that is absent in the finite-
dimensional case, namely, orbits whose closure is not a torus. Therefore, the properties of Kronecker
flow in the infinite-dimensional setting are much more involved than in the finite-dimensional case.

4.1.1 Purposes and Informal Short Summary of the Main Results

We consider Kronecker flows on (countably) infinite tori endowed with the product topology. This par-
ticular choice of the topology, which coincides with the one considered in [Jes34], [Koz21]] and [SV24]],
is motivated in Section and it is related to the topology of the functional spaces typically considered
in the study of Hamiltonian PDEs. We refer to the next section for precise definitions.

1. The first question addressed in this work can be informally rephrased as follows:
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Does there exist a class of Kronecker flows on infinite tori which share the same propertiesas in the
finite-dimensional case?

We prove that this question has positive answer (see Theorem [A] and [B). Namely, we identify this
special class as the class of Kronecker flows whose frequency module — the Z-module of all integer
(finite) linear combinations of the frequencies — is a free abelian group. In this light, Properties [A] and
of the finite-dimensional case follow form the structure theorem for finitely generated abelian groups
without torsion, which ensures that the frequency module is always free in the case of Kronecker flows
with only finitely many non-zero frequencies (see Remark {.2.TT)).

2. It is not difficult to provide examples of Kronecker flows on infinite tori whose associated frequency
module is not free. This remark motivates the next question tackled in this chapter.

In the case of Kronecker flows with non-free frequency module, what is the topological structure of the
closure of the orbits?

In Section and [4.4.3| we construct a class of Kronecker flows with the property that the closure
of any orbit is a product of circles and solenoid This can be viewed as an extension of the result of
Sakbaev and Volovich [SV24]], who showed that for linear flows on the infinite torus there exist orbits
whose closure is not a torus (see Remark .4.26). Indeed, we exhibit a specific class of such flows and
we provide a more refined understanding of the topological structure of such orbits (see Theorem [C).

3. At this stage, the following natural question arises.

Are we able to exhibit examples of Hamiltonian PDEs admitting almost-periodic solutions whose
closure is homeomorphic to a product of circles and solenoids?

The Benjamin-Ono equation with periodic boundary condition for a real valued function
up = H(ugy) — 2uu,, x € R/27Z, teR, 4.1

where H(-) denotes the Hilbert transform

: 2
H(u)(z,t) = —% stgn(j)/0 u(m',t)eij(z_ccl)dx', (4.2)

JEZ
is an infinite-dimensional, completely integrable (see [GK21]]), Hamiltonian system that describes one-
dimensional, periodic internal waves in deep water approximation. In Theorem of Section [4.4.4]
we show that it admits a family of (non-typical) almost-periodic solutions that are dense on invariant
subsets of L?(R/27Z) homeomorphic to the product of a circle and a solenoid. It may be interesting
to understand if such family of almost-periodic solutions can be characterized by some physical feature.
One can think of some new type of turbulence.

4. The last question we answer consists in a classification problem.

'In the sense of Properties E]and

%Solenoids are compact, connected subgroups of the infinite torus. We give the definition in Section and we also
study their local topological properties (see Proposition f.4.8). For an intrinsic definition, see for e.g. [HR79], in which they
go under the name of a-adic Solenoids.
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Given two Kronecker flows, are we able to determine whether the closures of their orbits are
homeomorphic?

In Section4.4.5|we prove that the above question is equivalent to the highly non-trivial classification
problem for countably infinite abelian groups without torsion. To date, a complete classification is known
only for the rank 1 case (see [Bae37], [BZ51] and [Fucl3l]), which corresponds to the class of Kronecker
flows whose orbits are dense in a product of circles and solenoids, as we show in Section[4.4.3] The key
result that bridges such correspondence is Theorem D] which we believe is interesting by itself.

4.1.2 Setting

Let us give the fundamental definitions to rigorously introduce the subject of concern.

Notation 4.1.1. In what follows, we denote by N := {1,2, ...} the set of positive integers.

The symbol T := R/2n7Z denotes the circle group, identified with the additive group of real numbers
modulo 21 and endowed with the quotient topology.

Given an additive abelian group G, a subgroup H C G, and an element g € G, we denote by g+ H
the coset (or equivalence class) of g modulo H, defined as:

g+H:={g+h:hecH}

This corresponds to the equivalence relation where g ~ ¢’ ifand only if g — ¢’ € H.

1. Torus. A torus is a countable direct product of circle groups. More precisely, given a countable set of
indices .J, the torus T is the topological abelian group defined as

T/ :=[]T;, T;=T=R/2qZ, foralljec J.
jeJ
endowed with the product topology, that is, the topology of pointwise convergence. Note that any torus
is metrisable and, by Tychonoff’s theorem, it is compact. A basis for the product topology is given by
the open cylinders, where a cylinder is a subset | | jed X of T such that, for each jeJ,X; CT, with
X; = T for all but finitely many j € J, and an open cylinder is a cylinder in which all the X; are open.
See Appendix [C]for more details about the product topology.

Notation 4.1.2. Throughout this work, given 0 = (0;)jc; € T7, we denote by © := (0,) e any list of
real numbers such that 0; = ©; + 2rZ forall j € J.

With this notation, we define the group operation * on T* componentwise: for any 6,8’ € T, their
product 6 x @’ is the element of T* whose j-th component is given by

(0x0);:=0;+ 06 +2rZ, foralljeJ

It is straightforward to verify that this definition is well-defined, as it is independent of the choice of the
representatives ©; and @;.

Remark 4.1.3. In the following, we shall improperly use the term “dimension” to refer to the rank
(in the group-theoretic sense) of the torus. This is motivated by the fact that, if the cardinality of J is
finite, the rank of T coincides with its dimension when viewed as a topological manifold. Note that, if
the cardinality of J is not finite, T? cannot be a topological manifold, i.e., locally homeomorphic to a
topological vector space (TVS). Indeed, any open cylinder of T contains non contractible loops while
TVS are simply connected.
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2. Kronecker Flow. Given w = (w;)jes € R7, we define the Kronecker flow associated with the
“frequency vector” w as the topological dynamical system (’]I‘J , ®,,) induced by the continuous R-action

Dy RxT/ =T/, (t,60)— &) := (0, +wjt + 27Z) e
The real numbers w; are called “frequencies”.

Remark 4.1.4. The closure of any orbit induced by a Kronecker flow is homeomorphic to the closure of
the orbit through the origin. This follows from the invariance by translations.

4.1.3 Motivations

In the sixties, it was realized that many Hamiltonian systems with infinitely many degrees of freedom
possess an infinite number of constants of motion. Some of these systems exhibit characteristics very
similar to those of finite-dimensional completely integrable Hamiltonian systems. Namely, the solutions
are supported on invariant tori of possibly infinite dimension; in this case, if an appropriate topology is
induced on them, they turn out to be homeomorphic to T for some countable set of indices J C Z,
and the dynamics on them is conjugated to a Kronecker flow. Examples of systems having these features
are provided by Hamiltonian PDEs on the circle having an elliptic fixed point, such as the Korteweg-de
Vries equation (KdV), the Nonlinear Schrédinger equation (NLS) and the Benjamin-Ono equation (BO)
with periodic boundary conditions.
These equations have been extensively studied in the Sobolev-Hilbert space H(T),

H(T) = {u € H(T) : /0% u(z) da = o},

for suitable s > OEI For each of the above equations, there exists s > 0 and a global bi-analytic
diffeomorphism

W HHT) 3 u s () € b m { — ()jen € €7 ¢ 22y = 305 Il < oo},
JEN
a “Birkhoff map”ﬂ such that , for any initial data u € H{(T), the solution is supported on the invariant
set U™1(T7). Here I = (I;)en is the list defined by I; := |¥;(w)|?, where ¥ (u) = (¥;(u)) en, and
Tr={zeh” : |z?=1,, Vj e N}. (4.3)

Remark 4.1.5. The sets defined in @.3), as showed in Appendix[D| when considered with the subspace
topology induced by the || - ||, -norm, are homeomorphic to the possibly infinite torus TSP ywhere
supp(I) denotes the support of the sequence I. Namely, the map

[1]

. Tsupp([) 50— E(Q) = (\/Tjeiej)jeN €eTr C hS,y

where one chooses ©; := 0 for all j ¢ supp(I), is a topological embedding. Whenever the cardinality
of supp(I) is infinite, the torus T*??!) has infinite dimension.

3The flows of the equations KdV, NLS and BO preserve the average of the solutions.
*For the case of the NLS, being the unknown a complex valued function, N has to be replaced with Z \ {0}.
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With respect to the coordinate system induced by the Birkhoff map, the solution for the given initial data
u 1S continuous in time as a map with values in ks and is given by

oo, (1)t OH o U1 ,
\I’](U(t)) :\If](g)e J s (JJ](I) = W(\/ I]_,..., \/ In,...), \V/] EN,
J

where H : H;(T) — R is the Hamiltonian function of the system under consideration. For references,
see [KPO3[,[GK21],[GK14] and [KLTZ09]. Therefore, since the Birkhoff map W is a bi-analytic dif-
feomorphism, and hence, a homeomorphism, the Hamiltonian flow on the invariant torus 111_1(7}) 18
topologically conjugate by .7 := U~! 0 Z to the Kronecker flow

O, : R x TP — 0p(D - (19) s @L,(0) == (O + wj (D)t + 27Z) jcupp(n)»

with w = (w;(1))jex.

In [KM18], the global weak* ¢°-wellposedness of the periodic KdV equation in the space of pseu-
domeasures on T is proved. For any given initial data, the solution is supported on an invariant subset
that, when endowed with the subspace topology induced by the weak* topology, is homeomorphic to a
torus (possibly of infinite dimension) with the product topology. Furthermore, the KdV flow on these
invariant sets is topologically conjugate to a Kronecker flow.

To underline the ubiquity of Kronecker flows in the context of infinite Hamiltonian systems, we
point out that there are also results about the construction of invariant tori for non-integrable Hamilto-
nian PDEs. For instance, in [Bou0OS5], Bourgain constructs invariant tori of “full dimension” in Gevrey
regularity for the 1.D periodic NLS equation with convolution potential V' = (V}) ez € £>°(Z,R) whose
coefficients are considered as external parameters. In [BMP21]], the authors extend the result of Bourgain
to an entire ball of initial data in the phase space of Fourier coefficients

= (= (0)ien €€ ¢l = suplu G0 |G = maxL ),
j
withp > 1, s > 0,0 < a < 1 and suitable a > 0. Namely, for most choices of w = (w;);jen € RZ
satisfying sup,cy, [wj — 42| < 1/2, and for all list I = (I;) ez of non-negative real numbers such that
(/1) jez belongs to a suitable neighbourhood of the origin in wy<, ,, there exists V' € £°°(Z, R) such
that the set 77 defined by

Tr={u=(u))jez €Wy  lujl* = I;}

is invariant for the NLS flow with convolution potential V. Furthermore, when 7; is endowed with the
subspace topology induced by the weak* topology T*E]the dynamics on such invariant set is topologically
conjugate to a Kronecker flow on Ts"PP() (with wj ~ j2 for large |j|) through the homeomorphism
associated with the embeddingﬂ

Tsuep() 5 9 s (\/Tjeigj)jez eTr C (w;?&a,u), ©, :=0, forall j ¢ supp([).

The analysis carried out in the present chapter yields a connection between algebraic properties of
the characteristic frequencies of the infinite Hamiltonian system under consideration and the topological

Being the topological dual of the Banach space

1 N po—alf]— (i)
bpoa = {0 = (i)jez = Iolles, , = D ezlvil(i)PemeHI=>0" < oo},
Wpos,q can be endowed with the weak™ topology, i.e., the coarsest topology that makes w7 , 2 u +— u(v) € C continuous for
allv € €}, , ,.

6 .

See Appendlx@
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structure of the minimal invariant sets. In Section 4.4.4] we apply our results to the Benjamin-Ono

equation (@.T).
Before moving on, it is worth noting that Kronecker flows on infinite tori are deeply connected with
the theory of almost-periodic functions. We refer the interested reader to [Fin74]].

4.2 Preliminaries

4.2.1 Basics of Topological Dynamics

A topological dynamical system is a pair (X, ®), where X is a topological space and ® is a continuous
flow @ : R x X — X. An invariant probability measure for (X, ®) is a probability Borel measure p
on X such that, for any ¢ in R and any Borel subset U C X, u((®%)~1(U)) = p(U). In terms of the
pushforward measure, this states that ®% (x) = p for all t € R.

We now recall the definitions of the properties of a topological dynamical system that will be relevant
to our study.

A topological dynamical system (X, ®) is

e topologically transitive if there exists a dense orbit, and minimal if every orbit is dense;
e uniquely ergodic if it admits a unique invariant probability measure.
Let 1 be an invariant probability measure for (X, ®). Then, (X, ®, ) is

e ergodic if the only invariant sets have measure 1 or 0.

Remark 4.2.1. A topological dynamical system ® : R x X — X admitting a unique invariant prob-
ability measure must be ergodic. Indeed, let p be an invariant probability measure for (X, ®). If
the system is not ergodic, there exists U C X invariant and such that 0 < p(U) < pw(X) = 1L
But then, we can define another invariant probability measure simply normalizing by pu(U), namely,
po (V) = (uU))'w(V N U), YV C X.

A central notion in topological dynamics is that of topological conjugacy. In particular, all the afore-
mentioned properties of a topological dynamical system are preserved under topological conjugacy.

Definition 4.2.2. Two topological dynamical systems (X, ®) and (Y, V) are said to be topologically
conjugate if there exists a homeomorphism h : X — Y such that, for any t € R,

ho® = Wloh.

4.2.2 Resonance Module and Frequency Module of a Kronecker flow

In this subsection, we introduce two abelian groups that one can associate with every Kronecker flow:
the resonance module and the frequency module, both of which play a crucial role in the following
discussion.

Remark 4.2.3. Given a countable set of indices J, and a countable family of abelian groups (G;)je.r,
the direct sum €D ;¢ ; G; is the abelian subgroup of | [;c ; G consisting of all (g;)jes € [[;c; G such
that g; differs from 0 only for finitely many j € J.
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Notation 4.2.4. Given a set of indices J and an abelian group G, we adopt the convention

¢ =1]¢=1]Gi Gi=G Viel

JjeJ jeJ
=P c:=aG, G =G Vel
jeJ JjeJ

IfJ ={1,...,n}, withn € N, we set G" := G’ = GW).

Definition 4.2.5 (Resonance module). Given w € R7, we define the resonance module associated with

w as
B {ueZ(J) ; ijyj_o}. (4.4)

jedJ

We say that, the real numbers (w;);jcj are rationally independent if and only if #., = {0}, in which
case, we say that w = (wj) ;e is non-resonant, otherwise we say that w is resonant. Accordingly, the
Kronecker flow (T‘] , D) associated with w is said to be (non-)resonant if w is (non-)resonant.

Definition 4.2.6. An abelian group is said to be free if it admits a basis. Namely, an abelian group G is
free if and only if there exists a set of indices J and an isomorphism of groups between G and Z.”) (see

Corollary[E2.9).

Remark 4.2.7. Being a subgroup of the free abelian group 7.7 ), the resonance module #,, is itself free
as an abelian group (see, for e.g., [[Rot02]).

Definition 4.2.8 (Frequency Module). The frequency module associated with w € R” is the subgroup of
(R, +) generated by the integer (finite) linear combinations of the frequencies, i.e.,

My, = {ijuj : VGZ(J)} c R.

jed

Remark 4.2.9. As the map Z\) 5 v+ w-v € (R, +) is a group homomorphism, by the first isomor-
phism theorem, the frequency module .4, is isomorphic to the quotient group 7.”) /K., where X, is
the resonance module defined in (4.4).

Remark 4.2.10. ., is countable and without torsion, namely, for each element g € #,,,, if there exists
a non-zero integer n such that ng = 0, then, g = 0.

The following remark highlights the most fundamental difference between the finite-dimensional and
infinite-dimensional settings and, as we shall see in Theorem [B|} reveals the reasoning behind why the
simple, well known properties [A] and [B] that hold for Kronecker flows on finite-dimensional tori do not
apply in general to this infinite-dimensional context.

Remark 4.2.11. If the cardinality of J is finite, then #,, is a free abelian group: this follows from
Remark{.2.10|and the general structure theorem for finitely generated abelian groups without torsion,
noting that the finiteness of the cardinality of J ensures that the frequency module is finitely generated.

If the cardinality of J is not finite, M, may be not free: it is no longer guaranteed that 4., is finitely
generated. As an example, for J = N and w = (wj) jen with w; = 1/j, one has M, = (Q, +).



126 Chapter 4. Kronecker Flow on the Infinite Torus

4.2.3 The Finite-Dimensional Case

Letn € Nandw = (wj)?zl € R"™. For the Kronecker flow ®,, on T", topological transitivity, minimal-
ity, and unique ergodicity are equivalent to the non-resonance condition %, = {0}.

Furthermore, if 1 < rank(%,,) =: d < n, there exists an automorphism .27 of T™ that conjugates
(T™, ®,,) to another Kronecker flow (T, ®); specifically,

o o®! = dL o/ forallt € R,

where @ = (04, w), @ is non-resonant, and 0 is the null vector in R?. In particular, if we denote by qd
the projection
d d d
q*:T" =T  (0;)7=1 — (05)j=1,

the continuous surjection ¢¢ o o7 : T™ — T¢ defines a (trivial) fiber bundle with fibers homeomorphic
to T"~¢. Each fiber is a minimal invariant set for the Kronecker flow (T", ®,,), and the restriction of the
flow to each fiber is topologically conjugate to the non-resonant Kronecker flow (T"~%, &).

We now provide a characterization of the group Aut(TY) of automorphisms of the topological group
TN (see Proposition4.2.19)) and apply this result to develop an algorithm for reducing resonant Kronecker
flows (see Proposition d.2.23).

4.2.4 Characterization of Aut(T")
Notation 4.2.12. We shall adopt the following notations throughout this section:
e Foranyj €N, q; : TN — T denotes the projection onto the j-th factor, namely, q;(0) = 0;.
e Foranym €N, ¢™ : TN — T™ denotes the projection (0;)jen (0;)75.
e Foranym €N, i™ : R™ — RN denotes the inclusion (@ﬂ}”zl = (01,...,0,,,0,...).
e Forany m € N, m, : R™ — T™ denotes the standard quotient projection © — O + (27Z)™.
o 7y : RY — RN/(27Z)N denotes the projection © +— © + (21Z)N.

Remark 4.2.13. All the spaces defined above are endowed with the product topology. This choice en-
sures that all the maps introduced in Notation are continuous.

We first show that TV is naturally isomorphic as a topological group to the quotient RY /(27Z)N,
where RY is endowed with the product topology and the quotient carries the induced quotient topology.

Proposition 4.2.14 (Infinite torus as quotient space). The torus T is isomorphic as a topological group
to the quotient RN /(2w Z)N.

Proof. The algebraic group isomorphism is immediate. To prove that the map
o :RY/2rz)N - T, 0+ (2rZ)N = (8; + 27Z) jen

is a homeomorphism, we recall that a set U C RN /(27Z) is open if and only if its preimage 7' (U) is
open in RY.

Since the product topology on TV is generated by the subbase of open cylinders of the form qj_1 (A)
(with A C T open), it suffices to check that their preimages under ® are open. To this end, observe that

mi (071(g 1 (4)) = {0 e R : ©; e nI(A)),
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where 7 : R — T is the standard projection. This set is an open cylinder in RY; hence, ® is continuous.

Conversely, the image under ® o 7y of any open cylinder in RY is an open cylinder in TY. Since
® o 7y maps the basis of the product topology of RY to the basis of TV, it follows that ® o 7y is an open
map. By the properties of the quotient topology, this implies that ® is an open map as well, and thus a
homeomorphism. |

Remark 4.2.15 (Not a covering map). To avoid misunderstandings, we stress that the previous proposi-
tion does not imply that Ty is a covering map. In fact, Ty cannot be a local homeomorphism, since RN
is simply connected, whereas inside each cylinder of the torus one can find non-contractible loops.

Remark 4.2.16 (Abuse of notation). In what follows, we shall identify TV with RN /(27Z)N and T™
with R™ /(21ZZ)™ in the sense of Proposition

Theorem 4.2.17 (Lifts). Given a continuous function F : TN — TN such that F(0) = 0, there exists
a unique continuous function F' : RN — RN, which we call “lift”, such that my o F = F o my and
F(0) =0.

Proof. For every m € N, consider the map
fmi=qmoFomy:RY — T™

Since RY is connected and simply connected, and 7,,, : R™ — T™ is the universal covering of T™
with Tm(0) = 0, there exists a unique continuous lift f™ : RN — R™ such that 7r,,, o f™ = f™ and
fm(0) = 0. )
We then define F : RN — RN via the inclusion i™:
F™=qi"o f™.

By construction, each F™ is continuous and satisfies Fm(O) = (0. We now show that for any j < m, the
J-th component F}" is independent of m.

Observe that for j < m, the component f" = (F o my); does not depend on m. Thus, both F}" and
F;”'H are lifts of the same map f;" : RN — T. Specifically:

F7(©) + 27Z = £*(©) = f"T1(0) = F"*1(©) + 27Z.
Since R is connected and F}”(O) = F;”H(O) = 0, the uniqueness of lifts implies that:

F]m = F;”H for all m > j.

This consistency allows us to well-define the map F:RN 5 RN by setting, for each j € N:

F; = ij for any m > j.

By definition, F (0) =0and 7y o F = F o my holds component-wise. Finally, F'is continuous because
each of its components F‘j is continuous, which is the defining property of the product topology.
Regarding uniqueness, any other lift F satisfying the same conditions would necessarily have com-
ponents F; which are continuous lifts of f; = (F o 7y); such that F;(0) = 0. Since 7 : R — Tis a
covering map and RY is connected, each component Fj is uniquely determined, whence F=F. |

Let Aut(TY) be the group of automorphisms of T, namely, the set of bijective maps <7 : T — TN
such that both &7 and &7 ~! are continuous group homomorphisms. To characterize these automorphisms,
we first introduce a particular group of infinite invertible matrices.
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Definition 4.2.18 (The group FGLy(Z)). We denote by FGLN(Z) the set of infinite matrices A =
(aij)ijen with a;j € 7 satisfying the following conditions:

1. each row of A has finite support, i.e., for every i € N, the set {j € N : a;; # 0} is finite;

2. the matrix A is invertible, meaning there exists an infinite matrix A~ = (a;j)i,jeN with integer
entries and finite support rows such that AA™' = A=YA = I, where I is the infinite identity
matrix.

The condition on the finite support of the rows ensures that the action of the matrix on RY is well-
defined. Specifically, for any © = (©;);ecn € RY, the i-th component of the image A®© is given by the

sum:
(40); =) a;©
jEN
Since each row has finite support, this sum is always finite, and thus A© is a well-defined element of RY.
Furthermore, the resulting linear map A : RY — R is continuous with respect to the product topology,
as each component (A©); depends only on a finite number of coordinates of ©.

Matrix multiplication for A, B € FGLy(Z) is defined by the standard rule (AB);; = Y ;o @ikbr;-
This sum is always well-posed because each row of A contains only finitely many non-zero entries.
Moreover, FGLy(Z) is closed under multiplication: the i-th row of the product AB is a finite linear
combination of the rows of B, namely

keS;

where S; := {k € N : a;; # 0} is the finite support of the i-th row of A. Since the union of finitely
many finite sets is itself finite, the i-th row of AB also has finite support. This structure, combined with
the existence of the inverse (which by definition belongs to the same set), ensures that FGLy(Z) forms
a group under matrix multiplication.

Proposition 4.2.19. Aut(TY) is isomorphic to FGLy(Z) via the correspondence
FGLN(Z) 3 A = (aij)ijen = o € Aut(T"), (4.5)

where, for all 0 = (©; + 21Z) jen € TV, the map </ is defined by

A (0) = (Z a;;0; + 27rZ> : (4.6)

jEN €N

Proof. 1t is immediate to verify that any A € FGLy(Z) defines, through {.5)) and (4.6), an automor-
phism of TV,

Let us prove the converse. leen o/ € Aut(TY), we first recall the identification T =2 R '/ (2rZ)N
established in Proposition 4.2.14, By Theorem { | there exists a unique continuous lift o RN -
RN of o7 such that .7 (0 (0)=0 and nod = of omy. Slnce R is connected and .7 is an endomorphism,
</ is an endomorphism as well; its continuity then ensures that it is an R-linear map.

Let e; be the j-th canonical vector in RY. For any © € RY, let (©"),,cn, where ©" := 37| Oj¢;,
be the sequence of its truncations. By the definition of the product topology, ©" — O as n — oo. Since
</ is continuous, it preserves the limits of convergent sequences; thus, for each component ¢ € N, we
have

((9)); = (;z/ ( lim @”))i = lim (/(O")). 4.7)

n—oo n—00
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By the linearity of &7 and the fact that ©" has finite support, it follows that, for any n € N, (&7 (0")); =
> j=10ijO;, where a;; == (<7 (e;));. Substituting this into @.7)), we obtain (& (0)); = > jen @i O

The convergence of this series for every © € RY implies that each row of A must have finite support.
Indeed, if for some ¢ there were infinitely many non-zero entries (aj, )xcn, one could define © € RN by
setting ©;, = k/ayj, (and ©; = 0 otherwise), making the i-th component of < (©) diverge, which is a
contradiction.

Furthermore, the relation 7y o o =4 o TN requires that o maps the kernel of the projection 7y,
namely (277Z)", into itself; hence a;; € Z for all i, € N. Finally, since </ is an automorphism, there
exists a continuous inverse .2/~ which, by the same arguments, possesses a unique continuous linear
lift (.&*\1) represented by an integer matrix A’ with finite support rows. By the uniqueness of lifts, the
relations <7 0./ ~1 = Idgn and & ~'o.o7 = Idps imply that &7 o(2/—1) = Idg and (o7 —1)o.o/ = Idgn,
respectively. In terms of matrices, this yields AA’ = A’A = I, confirming that A € FGLy(Z). [

4.2.5 Reduction of Resonant Kronecker Flows

Let Aut(Z™) be the group of bijective maps Z from ZM) to itself such that both % and %~ are
homomorphisms of Z-modules.

Example 1 (Permutations in Aut(Z(N))). Let 0 : N — N be a bijection. We define the operator P, by
its action on the basis: Py,(ej) = €, (j), extending it by linearity to any v = Y vje; € yAQN

Since any v € ZM) has finite support, its image P, (v) also has finite support, making P, a well-
defined 7-module homomorphism from ZW) into itself. The associated matrix (bij)ijen is:

by = { 1 ifi=oa(j),

0 otherwise.

Since o is a bijection, each row i has exactly one non-zero entry at column o~ (i). This ensures that the
inverse operator P_—1 is also a well-defined homomorphism on ZW) thus P, € Aut(Z(N)).

Proposition 4.2.20. An operator 9B belongs to Aut(Z(N)) if and only if its representing matrix B =
(bij )i jen with respect to the canonical basis {e;}jen satisfies B* € FGLy(Z), where B* denotes the
transpose matrix of B.

Proof. ( = ) Let Z € Aut(ZW). As a Z-module homomorphism, 2 is uniquely determined by its
action on the canonical basis {e;}jen. Since H(e;) € ZM for all j € N, we can write its image as a
finite linear combination of the basis vectors:

@(6]‘) = Z bijei,
i€EN
where b;; € Z are zero for all but finitely many 4. This defines the representing matrix B = (b;;); jen,
which has integer entries and columns with finite support. Furthermore, as & is an automorphism,
there exists an inverse homomorphism %" on Z™) whose matrix B~! = (b;.k) j,keN must also have
integer entries and columns with finite support. The infinite matrix products BB~! and B~' B are well-
defined because each entry is a sum with only finitely many non-zero terms: specifically, (BB~1);;, =
>_jen izl involves only finitely many terms due to the finite support of the columns of B~1, while
(BB = jeN bfij bj, is finite due to the finite support of the columns of B. This property ensures
that the standard algebraic identity for the transpose of a product (BB~1)* = (B~1)*B* holds. Thus,
transposing BB~! = B™'B = I yields (B~!)*B* = B*(B~1)* = I, showing that B* is invertible in
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the sense of FGLy(Z) with (B*)~! = (B~1)*. Since the rows of B* and (B*)~! are the columns of B
and B~! respectively, we have B* € FGLy(Z).

( <= ) Conversely, suppose B* € FGLy(Z). By definition, both B* and its inverse (B*)~!
have integer entries and rows with finite support. This ensures that B = (b;;); jen and the matrix
B’ := ((B*)~!)* have integer entries and columns with finite support. The finite support of the columns
of B, together with the fact that b;; € Z for all 4,j € N, ensures that the linear extension % of the
map e; +— Y., bije; is a well-defined homomorphism from Z™ into itself; similarly, the operator %’
associated to B’ is a well-defined homomorphism on Z®. Again, the finite support of the columns of
B and B’ justifies the identity (B'B)* = B*(B')* = B*(B*)~! = I, which implies B'B = I. A
symmetric argument shows BB’ = I, proving that 4’ is the inverse of % and thus & € Aut(Z(N)). |

Lemma 4.2.21. Let v € ZMN \ {0}. Then, there exists B € Aut(ZM) such that v := PBv satisfies
1 # 0and v; =0 forall j > 2.

Proof. If the support of v consists of a single element, say j*, then it is sufficient to consider the per-
mutation operator P, (as in Example 1.1) that swaps the first and the j*-th component. By Proposition
4220, P, € Aut(Z(M).

Consider now the case where the cardinality of the support of v is N > 1. Let B; be the matrix
that assigns to the given v the list (|v;,|,..., vy, 0,...), where indices are chosen such that 1 <
lvj,| < -+ < |vjy|- This matrix represents an automorphism of Z(™ as it is a finite composition of
permutations P, and a diagonal matrix with +1 on the diagonal. Define v* € ZM) by setting V,i = v, |
for k = 1,...,Nand1/,i = 0for k > N, and let

Consider the transformation v — 2 defined by V% = 1/11, V? = V} — 1/11 for2 < j < N,and I/JZ = 0 for

4 > N. This transformation is induced by a matrix Bj representing an automorphism of ZM):

1 0 «ov eer e 1 0
11 0 - .- 11 0
0 0
By=| _, Byt = )
0 0
Note that 1/12 = yll > 1and, for j = 2,...,N, we have 0 < 1/]2 < u]l. Thus, if we define
S2 .= Eévzl 1/]2, we obtain 1 < 82 < S1.

At this stage, two cases may occur:

1. If v/2 has only one non-zero component, then by construction this component is /7 and the process
terminates.

2. If 12 still has more than one non-zero component, we denote by X > 0 the number of components

that have become zero (i.e., I/JZ = (0 forsome j € {2,..., N}). We then apply a permutation P, to

move the N — K remaining non-zero components to the first N — K positions.
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After this rearrangement, we reorder the remaining non-zero components in non-decreasing order
and repeat the entire procedure. Let S denote the sum of the components of the resulting vector at the
end of the a-th step. By iterating the process, we generate a strictly decreasing sequence of positive
integers:

S1>82> 8> >8> ... >1.
This procedure must terminate in a finite number of steps & because a strictly decreasing sequence of
positive integers cannot be infinite. Specifically, the process stops when the sum S® consists of only one
non-zero term.

By construction, this remaining term is moved to the first position. Since the overall transformation
2 is a composition of a finite number of automorphisms, it follows from Proposition and the
group property of Aut(Z™) that 2 € Aut(ZM), which completes the proof. [

Lemma 4.2.22. Given w € RY, if there exists v € 7™ such that ZjeN wjv; = 0, then, there is an
@ € RN, with &1 = 0, such that the Kronecker flow (TN, ®,,) is topologically conjugate to (TY, ;).

Proof. Letv € ZM\ {0} be such that > jenwjvj = 0. By Lemma 4.2.24 there exists Z € Aut(ZM)
such that 7 := Hv satisfies iy # 0 and 7; = 0 for all j > 1. Remark |4.2.20| tells us that such
a 2 is represented by a matrix B such that B* € FGLy(Z). By Proposition there exists an
automorphism .27 of TV that is represented by B*. But then, the Kronecker flows (T", ®3), with & :=
B*@, and (TN, &) are topologically conjugate, and &y = 0. H

Proposition 4.2.23. Let w € RY be such that 1 < d := rank(Z%,,) < co. Then, (TN, ®,,) is topologi-
cally conjugate to another Kronecker flow (T, ®z) with & = (04,&), where @ is non-resonant and Og
is the null vector in R%,

Proof. By the above lemma, a resonant Kronecker flow (TN, ®,,) is topologically conjugate to another
Kronecker flow such that the first component of the frequency vector vanishes. If the restriction to the
support of such a new frequency vector is still resonant, we get rid of another frequency following the
same procedure as before. If the dimension of the resonance module is finite, this process will end after
anumber of iteration equal to the dimension of Z,,, because it is sufficient to do it for a basis of %,,. The
resulting frequency vector w will be such that its non-vanishing frequencies are rationally independent
by construction. |

4.3 The Non-Resonant Case

1. The Haar Measure. Let (TN, R) be the space of trigonometric polynomials on TV, i.e

2(TV,R) := {p TN SR : pd) = Z a,€©”, (ay),eqm € @ C, ay —a_y}.

vezZ®) vez®)

Consider the linear functional

A:2(TNR)3p— Jim (271) / p(©)dO; ...dOy. (4.8)

It is easy to verify that the limit exists for any trigonometric polynomial. In fact, given v € ZM), there
exists M < oo such that e!©7 = 10111201 ... ovMOm  Thyg, for N > M,

1 1 / ei@-u do dO~ = lim H/27r iv;© H /27r d@k
N—oo (2m)N Jpn S et

1m
k=M+1
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The right-hand side of this equality can only take the values 0, if there is v; # 0, or 1, if v = 0. In
particular, denoting by 1 the trigonometric polynomial identically equal to one, we have

A1) =1. (4.9)

Furthermore, Ais Lipschitz relative to the uniform norm, i.e.

1
im —— ©)dO;...dON| < oo * 1.
‘]\}1 (2m)N /TN p(©)dO1...dON| < ||p| 1

Since £ (TN, R) is a unital subalgebra of °(T", R) which separates the points of the compact space T,
by the Stone-Weierstrass Theorem, each continuous function on T is a uniform limit of some sequence
of trigonometric polynomials. Then, A extends uniquely to a Lipschitz (and hence, continuous) linear
functional

A:G(TNR) » R, A(f) = lim A(pn), (4.10)

where (py, )nen is any sequence in Z(TY, R) converging uniformly to f. Moreover, A enjoys also the
property well explicated in the proposition just below.

Proposition 4.3.1. The linear functional A is positive, meaning that, if f € €°(TN,R) is such that
il’lngTN f(@) Z 0, then A(f) Z 0.

Proof. Let (pp)nen be any sequence in 22(TN, R) uniformly converging to f. Then,

~ 1
A(f) = lim A(p,) = lim lim / Pn(©)dO;...dON
']I‘N

n—00 n—o00 N—o0o (27T)N

> lim inf p,(0) = ianf(H) >0.
0eT

n—00 gTN

In what follows, we will repeatedly apply the following celebrated theorem.

Theorem 4.3.2 (Riesz Representation Theorem [Rud87l). Let X be a locally compact space, and let
A be a positive and continuous linear functional on €°(X,R). Then there exists a o-algebra M on
X which contains all Borel subsets of X, and there exists a unique positive measure \ on IR which
represents A in the sense that

Af = / fdx, Yfe€°(X,R),
X
and which has the following additional properties:
(a) N(V') :=sup{A(f) : supp(f) C V} for any open set V. C X;
(b) \(K) < oo for every compact set K C X;
(c) Ais inner and outer regular, meaning that for every EE C 9 we have

ME)=inf{\(V) : ECV, Vopen} =sup{\(K) : K C E, K compact}.



Section 4.3. The Non-Resonant Case 133

Hence, T admits a o-algebra 90t containing all Borel sets such that there exists a unique positive measure
A on 9N associated to the linear functional A (defined in @.8) and (@.10)) in the sense of the above
theorem. Thus, by restricting A to the Borel algebra B and taking into account, we conclude that
v := A is the unique regular Borel probability measure on TN that represents A, i.e.,

Af)= | fdu, VYfe€°(TV,R).
TN

Theorem 4.3.3. Let ' € TV and let Ry : TN — T be the translation defined by Ry (0) = 6 * ¢, for
all € TN. The unique Borel measure i associated to A (as defined in (#10)) in the sense of Theorem
is Ry/-invariant.

Proof. By Theorem[4.3.2] specifically properties (a) and (c), it suffices to show that A(f o Ry) = A(f)
for all f € €°(TN,R). First, observe that this equality clearly holds for any trigonometric polynomial
p € 2(TV,R).

Now, let f € €°(TY,R) and let (p,)nen be a sequence of trigonometric polynomials in &2(TN, R)
that converges uniformly to f. It follows that the sequence (p,, o Ry’ )nen converges uniformly to fo Ry .
Consequently, by the continuity of the functional A, we have:

A(f o Ry) = lim Ap, 0 Ry) = lim A(p,) = A(f).

In particular, x is ®! -invariant for all w € RY and any time ¢. Thus, @38) and @.10) define a
probability invariant Borel measure for any Kronecker flow (T, ®,,).

Remark 4.3.4. The measure just constructed is nothing but the Haar measure on the infinite torus,
and corresponds to the invariant integral introduced by Jessen in [Jes34)]. For references on the Haar
measure, see for e.g. [[Die68].

2. Proof of Theorem @ Let us first prove that, given f € €°(TY, R), its time average along any orbit of
a non-resonant Kronecker flow converges uniformly to the integral of f with respect to the Haar measure
over the whole torus. This step is crucial for the proof of Theorem [A]

Theorem 4.3.5. If %, = {0}, then Vf € €°(TN,R)

/T ;
Th—rgoHT/o foq)wdt/ENfd,uHOO—O. 4.11)

Proof. Fix f € €°(TN,R). If f is constant, then @.11) is trivial. Moreover, Vv € ZM \ {0},

lim sup

1T et / iv-0
— e dt — e’ ?dul = lim sup |=e¥"® —m——
oo pen | T /0 wm DT W v

T—o0 QETN

This is also true for any finite linear combination, i.e., for any trigonometric polynomial. Now, given
£>0,letp € 2(TV,R) be such that || f — p[|ec < & and let T be such that

1/T o(I)tdt—/ dull < vr>T
T ), POt WP <3 .
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Then,
1 t
+ 7 po@wdt— pdu|| + (f —p)du
T 0 TN 0o TN

1 T
<2|[f = plloo + / poq)twdt—/ jm < E.
T 0 TN 00

Therefore, for all £ > 0, we have

o0

1 T
H/ fo@ﬁJdt/ fduH <e VT >Te.
T 0 TN ) 3

Theorem A. The following properties of a Kronecker flow on TN are equivalent:
(a) it is non-resonant;
(b) it is uniquely ergodic;
(c) it is minimal;
(d) it is topologically transitive.

Proof. (a) = (b). Let 1/ be an invariant regular probability Borel measure for the Kronecker flow
(TN, ®,,). Then, for any continuous function f : T — R, one has

,_.1/T/ ,_.1/T .
TNfdu—TlgI;oT ; TNfd,U, dt—Tlgr;oT ; TNfO(I)de dt . (4.12)

Since |f o ®! | is a continuous function on the compact domain [0, 7] x TV, its integral over the product
Borel measure space [0, 7] x T is finite. Therefore, by Fubini’s Theorem, we can exchange the order

of integration, namely,
1 T
4.12) = i = ®f dt ) dy'.
€= i [ o[ rostar)a

For all € TN and T' > 0, we observe that

1 T
— o@ﬁ,edt‘g N = flloo-
7 foso] < s 1) = 11

Since f € €°(TN,R) and TV is compact, the constant || f||o is finite and thus provides an integrable
dominating function on the probability space (T™, ).

Furthermore, if w is non-resonant, Theorem [4.3.5|ensures that the time average converges uniformly
(and thus pointwise) to f’]TN fdpasT — oco. Since the map

1 [T .
THT/O fO@wdt

is continuous and its limit as 7" — oo exists, this limit is uniquely determined and coincides with the limit
along any sequence (7}, )nen such that 7,, — oo as n — oo. This allows us to invoke the Lebesgue’s
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Dominated Convergence Theorem for any such sequence, effectively justifying the interchange of the
limit and the integral over T". Therefore, we obtain:

1 T
@) - <1im/ focpgdt>du’:/ (/ fdu>du’.
™ \T—o0 T 0 TN TN

Using the fact that 4/ is a probability measure, we finally get

/TNfdu’z/TNfdu-

Since f € €°(TY, R) is arbitrary, by Theorem 4.3.2} we conclude that 1/ = .

(b) = (a). Assume that there exists v € ZM \ {0} such that w - v = 0. By Lemma4.2.22, (TY, ®,,)
is topologically conjugate to another Kronecker flow whose frequency vector w has the first component
equal to zero. Given x € T, define the linear functional

Re: PTNR) 5 pos ]&@w(zﬂﬂv_l AN_1p<m,@2,@3, . )dOs...dOy.
As in the case discussed in the introduction to this section, all these functionals extend to positive linear
functionals A, on the entire space ¥°(TY,R). To each of them, there is associated a unique regular
Borel probability measure 4, in the sense of Theorem §.3.2]

Moreover, these measures are all invariant under the Kronecker flow (TY, ®;). Let .o be the auto-
morphism of TN that conjugates (T, @) to (TN, ®;). Then, for any = € T, the pullback probability
Borel measures .7 * 11, are invariant under (TY, ®,). Clearly, for distinct values of = € T, the resulting
pullback measures o/, are distinct, thereby proving the existence of multiple invariant probability
measures for the flow (TY, ®,,).

(a) = (c). Let w € RY be non-resonant. Suppose that there exists a non-empty open set V. C TN
that is never visited by a certain orbit. Then the statement of Theorem {4.3.5| would be violated, for
instance, by any continuous function f which is strictly positive on a compact subset X C V and such
that f| (r\v) = 0; such a function exists by Urysohn’s Lemma.

(c) = (a). We prove the contrapositive. As in the proof of (b) = (a), if a Kronecker flow is resonant, it
is topologically conjugate through a certain o7 € Aut(T") to another Kronecker flow whose frequency
vector has the first component equal to zero. Let @ € TY. Then, the open set .27 ~!(C'), where C is the
open cylinder

C := (T \ {© + 277Z}) x ﬁqr c TV,
Jj=2

is never visited by the orbit of .27 ~1(#).
(d) = (c). It is an immediate consequence of Remark
(c¢) = (d). It follows trivially by definition. |

4.4 The Resonant Case: an Algebraic Viewpoint

4.4.1 The “Free” Case

The main goal of this subsection is to give a proof of Theorem B} which gives a dynamical characteriza-
tion of the class of Kronecker flows whose frequency module is a free abelian group.
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Notation 4.4.1 (Closure of the orbit through the origin). Given a frequency vector w € RN, we denote
by O, the compact subgroup of TN obtained by taking the closure of the orbit through the origin induced
by the Kronecker flow (TN, ®,,):

O, = {34,(0) : t € R}.

Remark 4.4.2. To see that Oy, is a subgroup, let E = {®! (0) : t € R}. Since the map t — ®!(0) is a
continuous group homomorphism, its image E is a subgroup of TY. Now, let 0, o € O,,. By definition of
closure, there exist sequences (0,)nenN, (Yn)nen C E such that 0,, — 0 and ¢, — ¢ as n — oo. Due
to the continuity of the group operations in TV, we have:

1. 0n x o — 0% @. The fact that E is a subgroup ensures (0n % pn) € E foralln € N, so
(O*¢) e E=0,.

2. —0, — —0. Since E is a subgroup, —0,, € E for alln € N, hence —0 € E = O,,.
Thus, O, is a subgroup. Its compactness follows from being a closed subset of the compact space TV.
Lemma 4.4.3. Let w,& € RY be two frequency vectors. Assume that:

(i) the Kronecker flows (TN, ®,,) and (TN, ®) are topologically conjugate via a homeomorphism
h: TN — TN such that h(0) = 0;

(ii) the non-vanishing components (&;)jcj are rationally independent, where J C N is the support of

@.
Then, M, = M.

Proof. By the conjugacy relation h o L = ®! o h, h maps the orbit of the origin of the first flow into
the orbit of the origin of the second. Since the infinite torus is compact, the continuity of h implies
h(Oz) = O.

We first prove that the restriction h|p, is a group isomorphism. Let 6 € Og; by definition of the
closure of the orbit, there exists a sequence (tx)xeny C R such that = limy o @g"(O). Now, let

¢ € O be any other point. Using the conjugacy and the fact that ®¢(p) = ®!(0) * ¢, we compute:

0+ ) = h ( Jim B50) ) = fim h(@% ()

k—o00

= lim @k (h()) = lim (B1(0)  h(y))

- <klggo h(@f;(o))) * h(p)
= h(0) * h(p).

Thus, h|o,, is an injective group homomorphism. Since h is a homeomorphism and h(Og) = O,,, the
same argument applied to A~! shows that h|o, is an isomorphism of topological groups between Oy
and O,,.

Now, let & : RN — RN be the unique lift of & that fixes the origin (see Theorem 4.2.17). Since h|p,
is a continuous homomorphism and Og = my(E) for 2 = [[ ;o X, (where X; = Rif j € J and {0}
otherwise), the restriction /| is linear. From the conjugacy, we obtain A(@) = w. R

Since h is a continuous map on T that restricts to a homomorphism on O, its lift » on E is
represented by an integer matrix A = (a;;);cn,jes Where the continuity in the product topology ensures
that each row has finite support (this follows by an argument analogous to that of Proposition (4.2.19).
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Thus, w; = Z]EJ a;;j@; forall i € N. Similarly, for b, there exists an integer matrix B = (b;;)icjen
with rows of finite support such that @; = > jeN bijjwj forall i € J.
Substituting w; into the expression for w; (i € J):

w; = Z bij Zajk‘;)k: — Z Z bijajk — 5ik wr = 0.
jeN keJ keJ \jeN

By the rational independence of (@ )rec.s, we have > jeN bijaji = 6;1. This implies that for any 7 € 7
there exists v € ZM such that i7; = > _ien Viaij (specifically, v; = 3. ; 7;b5;). Consequently:

My, = :E:LU#@ Zijg:(bjjiz(ujyi L ve Z%N) = Ez:d%ig T UvE Zﬂj) = M.
ieN jeJ  ieN jeJ
This concludes the proof. |

Note that one can give a shorter and less cumbersome proof of the above lemma by invoking Pon-
tryagin’s Duality Theorem.

Remark 4.4.4. From an algebraic point of view, for a Kronecker flow the property of having non-zero
frequencies that are rationally independent implies that the frequency module is free. Indeed, in that

case, the map
@Z Sv— ijuj e M,,
je€J Jj€J
where J C N is the support of w € RY, is an isomorphism of abelian groups.

The observation above inspires the following

Theorem B. Ler w € RY and let (TN , ) be the corresponding Kronecker flow. Then, M., is a free
abelian group if and only if (TN, ®,) is topologically conjugate to another Kronecker flow (TN, ®z)
whose non-vanishing frequencies are rationally independent. If this is the case, ., is isomorphic to
7,(supp(@))

Proof. (=) Let (v(®),en, A C N be a set of elements of Z(™) such that

(St

jEN aEA
is a basis for .#,. Then, ZM) is isomorphic to

R EP spang (V') aen. (4.13)

Indeed, since .7, is isomorphic to the group of cosets Z(") /%, (Remark , for any v € ZM,
there exists a unique set of natural numbers (no)aca such that v + %, = > ca na(u(o‘) + %),
where only finitely many n,, are different from zero. Then, every v € ZM can be decomposed into
v=(V—30eraV¥) + 3 cp nav@. Of course, v — 3" p na/®) € Z,,. This proves @.13).
Being a submodule of a free Z-module, Z,, is also free (see for e.g. [Rot02]). Let (£(9) ger, where I'
is a countable set of indices, be a basis for %,,. Consider any matrix A constructed so that each row is
either an element of ((*)) ¢4 or of (£%)) ger, and such that each element of (/()) e and of (£0)) ger
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appears exactly once as a row of A. This matrix corresponds to an automorphism .7 € Aut(T") that
conjugates (TN, ®,,) to (TY, ®;), where & := Aw. By construction, the non-vanishing components of
( are rationally independent.

(<= )Leth: TN — TN be a homeomorphism such that, for all ¢ in R,
ho®L =®! oh,

where & € RY is such that the non-vanishing components of & are rationally independent. Without loss
of generality, we assume /(0) = 0. Then, the claim follows from Lemma and Remark.4.4 ™

We already pointed out in the introduction that if ., is finitely generated, and in particular if w has
finite support, then .7, is free. This follows from the structure theorem for finitely generated abelian
groups without torsion.

Finally, if the resonance module %, has finite rank, Proposition provides a conjugacy to a
flow (TN, ®;) whose non-vanishing frequencies are rationally independent. By Theorem this ensures
that ., must be a free abelian group, even though it is no longer finitely generated.

4.4.2 Solenoidal Orbits

In the general case, the topological structure of the orbits of a Kronecker flow on the infinite torus
can be much more complicated. Inspired by Sakbaev and Volovich [SV24], here we construct a class
of Kronecker flows such that the closure of any orbit induced by Kronecker flows in such class is a
solenoid, namely a compact, connected subgroup of TN which is locally homeomorphic to the product of
an interval and a Cantor set (see Proposition[4.4.8). These orbits have the property that they are uniformly
in time approximated by periodic ones, with the period diverging as the approximation becomes more
accurate. In accordance with the previous section, the frequency modules associated with such Kronecker
flows must fail to be free abelian groups. More precisely, we shall see in the next section that they are
isomorphic to non-free subgroups of the additive rationals (see Lemma[#.4.24]and Remark 4.4.25)).

Notation 4.4.5. We denote by 3 the set of sequences of natural numbers a = (a;)jen with ay = 1, and
aj > 1forall j > 1.

Definition 4.4.6 (Solenoid). Given a € ¥, the solenoid o4 is the compact, connected subgroup of TN
defined as

Oq := {0 = (@] + 27TZ)]‘6N eTV . ©; = a;j110,41 mod 2, Vj € N}
Theorem 4.4.7. Let a € %, and consider w(a) = (w;(a)) cn defined by
J
wj(a) = H a,:l forall j € N.
k=1

Then, the closure of any orbit induced by the Kronecker flow (TY, <I>w(a)) is homeomorphic to the solenoid
Oq-

Proof. By Remark[4.1.4] it is sufficient to prove the statement for the orbit through the origin. Note that
for any time ¢ € R, the point (wj(a)t + 27Z)en belongs to o,. Since o, is closed, the closure of the
orbit through the origin is necessarily contained in o,.
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To show the reverse inclusion, let § € o,. We seek a sequence of real numbers (¢j)recn such that
limy, o0 (wj(@)ty + 27Z) = 60; + 2nZ for all j € N. To this end, we first establish a one-to-one
correspondence between o, and the set

0,1) x [J{0,1,...,a; — 1}.
j=2

Indeed, 6 € o, if and only if, for each j > 2, there exists n; € Z such that a;0; — 0;_1 = n;, where 6,
is the unique representative of (27)~16; in [0, 1). Since 0 < 6; < 1, it follows that

—-1< —éj_l < ajéj — éj_l =n; < aj,
which implies n; € {0,1,...,a; — 1}. Thus, each 6 € o, uniquely determines a pair (7, (n;);>2) with
T = 01 S [0, 1) and n; = ajej — 9]'_1.

Conversely, given 7 € [0,1) and (n;);>2 in the specified ranges, we associate the unique § € o,
such that §; = 7 and

j
3 ”m> forall j > 2. (4.14)
— wm_l(a)

0; = wj(a) <T +

m=2
This association is well-defined since éj belongs to [0, 1), as shown by the following estimate:

J

J Nim d =, f a 1
OST+ZW:T+angak<1+;(am_l)gak:’£[1ak:w]<a)

m=2 m=2 =2

It is straightforward to check that 8 € o, and that these two mappings are inverses of each other.
Finally, for a fixed 6 € 0,4, we define the sequence of times (¢;)ren as

Nm

) forall k > 2.
wm,l(a)

k
t = 271'91, tp = 2w <é1 + Z
m=2
By construction, for any fixed j € N, we have limj_,(wj(a)ty + 27Z) = 6; + 27Z in the product
topology. This confirms that O, 4) = 0. |

Let us give a simple description of the local topological structure of solenoids.

Proposition 4.4.8. For all a € %, any point of o, admits a neighbourhood which is homeomorphic to
the product of an interval and a Cantor set.

Proof. Let ¢ = (¢j)jen € 0q. Without loss of generality, we can always assume that ¢ = 7 4 27Z.
Consider the open neighbourhood U of ¢ in o, obtained by taking the intersection

U= [('H‘\{O+27rZ}) XET] N 0.

We shall show that U is homeomorphic to the product of the interval (0, 1) and the Cantor set K :=
HJ‘?‘;Q{O, 1,...,a; — 1}. By the same argument used in the proof of Theorem U is in a one-to-one
correspondence with (0,1) x K.

Let us show that the map

f: U0 (él, (ajéj - éjfl);iQ) S (0, 1) x K
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is a homeomorphism, where (0, 1) carries the standard topology, each {0,1,...,a; — 1} is considered as
discrete, and the infinite product is endowed with the product topology. Consider § € U and let (Ok )keNs
6% € U for all k € N, be a sequence converging to . Then,

lim (6% + 277) = 6, + 277,
k—o00
(0% +27Z) = 0, +2nZ, Vj> 1.

lim
k—o0

Since 0 € U, the first limit reads limy_, 9’f = 6. The second limit is

J k J
lim <wjz P +Z>—wjz "m o7 >, (4.15)
m=2

k—o0 Wm—1 Wm—1
m=2

ko— améfj1 — 951_1 and n,, = a0 — Om_1. But, for all k € N, we have

where n,,

J k
wj Y Mo 1wy <1, forallj > 2.

o o=
m—o Xm 1
Thus, (.15) reads
J nk J n
lim uc :§ o v>2,
k—o0 Wm—1 Wm—1
m=2 m=2

which means that limy,_, o nf = nj forall j > 2 because the nf take values in a discrete set. This proves
that f is continuous. The continuity of f~! follows from the fact that it is defined by the map (#.14),
which is a composition of continuous functions.

It remains to show that X' = []72,{0,1,...,a; — 1} is a Cantor set, namely, that it is compact,
totally disconnected, and each point is an accumulation point. Compactness follows from Tychonoff’s
theorem. To see that K is totally disconnected, which is a standard result for the product of discrete
spaces, let (nj);?‘;Q € K and consider X C K such that X contains (nj);?‘;Q and at least another distinct
point (n})32,. Let k € N, k > 2, be such that ny, # ny, and consider the open cylinder

C = {(m;j)j2y € K :my = ng}.

Since each factor carries the discrete topology, the complement C' of C'is also an open cylinder. Then,
X can be written as a union of disjoint non-empty open subsets X = (C'N X) U (C N X). Finally, we
observe that each point of K is an accumulation point. Consider a list (nj)?iz € K and an open subset
X containing it. X can be written as a union of open cylinders U, C,, such that (nj);?';z belongs to some
Cy. Since C, = Hj’;Q X, where X; #{0,1,...,a; — 1} only for finitely many j, there always exists

(n})529 € Cq such that ny, # nj, for some & > 2. This concludes the proof. |

4.4.3 Orbits as Pontryagin Duals

The first goal of this section is to show that, given a Kronecker flow on the infinite torus, the closure of any
orbit is homeomorphic to the Pontryagin dual of the associated frequency module (Proposition 4.4.23).
Thereafter, given any countable family (G;);c; of subgroups of (Q, 4), we construct a Kronecker flow
such that its frequency module is isomorphic to €, ; G;. Then, by using Pontryagin’s theory of locally
compact abelian groups, together with Theorem and Proposition we give the topological
structure of the orbits. It turns out that the class of Kronecker flows so obtained is characterized by the
fact that the closure of any orbit is a product of circles and solenoids (see Theorem [C).
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1. We begin by reviewing some fundamental definitions and results from Pontryagin’s theory of locally
compact abelian groups. For references, see the original paper by Lev Pontryagin [Pon34], and [Mor77/|]
for a modern formulation of the theory.

Notation 4.4.9. In the following, the symbol = denotes an isomorphism of topological groups. Consis-
tently with the definition of T given in the group operation on the one dimensional torus is always
expressed in additive notation and denoted by +.

Definition 4.4.10 (Character). Let G be a locally compact abelian group. A character on G is a contin-
uous homomorphism of groups x : G — T.

Definition 4.4.11 (Pontryagin Dual). The Pontryagin dual G* of a locally compact abelian group G is
the group of all characters on G endowed with the compact-open topology. The group operation * is
defined by

(x*¥)(9) = x(9) +¢¥(9), Y, €G", geq.

Theorem 4.4.12. The Pontryagin dual of a locally compact abelian group is indeed a locally compact
abelian group.

Theorem 4.4.13. The Pontryagin dual of a discrete abelian group is compact.

Example 2. The Pontryagin dual of Z is the torus T, with the dual coupling given by
0:Z>5n—nO+ 217 cT.

Theorem 4.4.14. Let J be a countable set of indices and consider (G;)je.; a family of discrete abelian
groups. Then, the direct sum jed Gj is a discrete abelian group when considered with the product
topology, and its Pontryagin dual is the (compact) abelian group | | je ;(G;)* endowed with the product

topology.

Example 3. Let J be a countable set of indices. By Example[2|and Theorem the Pontryagin dual
of @ Zis the torus [ | ;c ; T, with dual coupling is given by

9:@Z9V|—>Zuj@j+27rZ€T.
jeJ jeJ

Definition 4.4.15 (Evaluation Character/Map). Given an element g of a locally compact abelian group
G, the associated evaluation character evg/(g) is the character on G* defined by

eva(g)(x) == x(9), Vx € G".
The map evg : G — G** is called evaluation map.

Theorem 4.4.16 (Pontryagin Duality). For any locally compact abelian group, the evaluation map is an
isomorphism of topological groups.

Definition 4.4.17 (Annihilator). Let G be a locally compact abelian group and H a closed subgroup.
The annihilator of H is the (locally compact) subgroup of G* defined by

Ann(H):={x € G* : x(9) =0, Vg€ H}.
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Theorem 4.4.18. Let G be a locally compact abelian group and H a closed subgroup. Then,
Ann(Ann(H)) = H.
Proposition 4.4.19. Let G be a locally compact abelian group and H a closed subgroup. Then, G /H is

a locally compact abelian group.

Theorem 4.4.20. Let G be a locally compact abelian group and H a closed subgroup. Then, (G/H)* =
Ann(H).

2. With the above classical results in the theory of locally compact abelian groups, we can now proceed
with exploring their implications in our context.

Lemma 4.4.21. Let w := (wj)jen, be a list of real numbers and O, the closure of the orbit through the
origin induced by the Kronecker flow (TN, ). Then, the annihilator of O,, is the resonance module

Ry = {V ez®™ . Zijj = O}.
jeN
Proof. Let v € Ann(0,). Then, t} ; ywjv; € 2nZ for all t € R. This implies that v € Z,.

Now, assume that v € Z,,. For any 0 € O, there exists a sequence {1 }xecn such that, for all j € N,
O©; + 277 = limy_,o0 tgw; + 27Z. Then,

Z O;vj + 217 = Zklirgotkwjuj 4+ 277 =0+ 2nZ = 0,

jEN jeN
which ends the proof. u
Proposition 4.4.22. Given a Kronecker flow (TN, ®,) on the infinite torus, the closure of the orbit

through the origin is isomorphic as a topological group to M, where the frequency module M4, is
endowed with the discrete topology.

Proof. First observe that, by the first isomorphism theorem (see Remark 4.2.9), .#,, is isomorphic to
Z™) /A, Then,

M= <Z<N> /%) >~ Ann(ZR,,) = Ann(Ann(0,,)) = O,

The last isomorphisms follow from Theorem 4.4.20] Lemma [4.4.21] and Theorem [4.4.T8] respectively.
|

Proposition 4.4.23. Given a Kronecker flow ®, on the infinite torus, the closure of any orbit is homeo-
morphic to M.

Proof. The claim follows by Remark 4.1.4 and Proposition 4.4.22] [

3. Asaconsequence of a characterization of all the subgroups of the additive rationals (see [BZ51])), we
have the following lemma, which is proved in Appendix

Lemma 4.4.24. Any subgroup of (Q, +) is either free or isomorphic to
Q(a) := {]\T,n :meZand N € N},
Hj:l aj

for some sequence a € 3.
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Remark 4.4.25. Given a € X, consider the non-free subgroup Q(a) of the additive rational. Then,
there exists a Kronecker flow whose frequency module is isomorphic to the given subgroup. Indeed, if
w = w(a), where

J
wia) = (wj(a))jen, with wj(a)= H a;l forall j € N,
k=1

then M, = Q(a).

A priori, there may be other possible choices of the frequency vector w that give the same frequency
module. Nevertheless, Proposition ensures that the topological structure of the closure of the
orbits of any Kronecker flow is uniquely determined by the frequency module. Finally, Theorem
implies that the Pontryagin dual of Q(a) is the solenoid o,.

Remark 4.4.26. The key idea of the construction of Sakbaev and Volovich [ISV24|], consists in con-
sidering orbits that are (uniformly in time) approximated by periodic ones, whose period diverges as
the approximation becomes more accurate. In particular, they provide two examples, namely, w; =
1/5', j € N, and W} = py;/pyj_1, j € N, where (p;)jen is the list of all prime numbers in ascending
order. Note that the closures of the orbits induced by ®,, and @, are homeomorphic to the solenoids
oa, Witha = (1,2,3,4,...), and o, witha' = (1,p,,p5,ps, ...), respectively. Indeed, with the same
notations of Lemma it is easy to verify that

My = Q(a)7 Moy = Q(al)'
The conclusion follows by Proposition and Remark

To conclude this section, we show that, given a countable family (G;);cr of subgroups of (Q, +), we
are able to construct a Kronecker flow such that its frequency module is isomorphic to @, ; G; and we
give the general structure of the orbits. First, we need the following

i€l

Proposition 4.4.27. Let G be a subgroup of (R,+). Assume that there exist a set of indices I and a
family of rationally independent numbers («;);c such that for any g € G there is a finite subset J C I
and (r;)ic, i € Q for alli € J, satisfying g = >, ; ric. Then, G is isomorphic to @, R;, where,
foranyi € I, R; is the following subgroup of (Q,+):

R; := Cti_l{g €G : g=qr, forsomer € Q}.

Proof. Since («;);er are rationally independent, then for any finite subset J C I, the equation Zie g =
0 has a unique solution in @, ; Q, that is, r; = 0 forall i € J. |

Theorem C. Let I be a countable set of indices and (G;);cr a family of subgroups of (Q,+). Then,
there exists a Kronecker flow whose frequency module is isomorphic to @, Gi. Moreover, the closure
of any orbit is homeomorphic to a product | |, ; X;, where each factor X; is a circle if G; is free, and a
solenoid otherwise.

el

Proof. By taking an arbitrary enumeration of /, we can think at [ as a subset of N. By Lemma [4.4.24]
Bic;G=DrexZ © P,,c;Q(a"), for some J, K C I, JN K = (), and some family (a”),c of
sequences of natural numbers such that, for any n € J, a™ € X. Let (p,,)nen be the list of all prime
numbers in ascending order. Then, define w € RN as

VP

s e ifj:prjy, for somen € J, and N € N,
[Ti=1 ak
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and we complete the construction of w by associating powers of 7, i.e., 7%, for all k € K, and zeros to
all the remaining components. By Proposition an easy calculation gives

///w_@Z@@{ :meZandNeN}.
keK neJ [Tl af

Furthermore, by Proposition [4.4.23] Proposition 4.4.27| and Remark 4.4.25| the closure of any orbit
induced by (T, ®,,) is homeomorphic to the direct product of circles and solenoids

HT X Ha,,n.

keK neJ

4.4.4 Solenoidal Solutions of the Benjamin-Ono Equation

As an application of the results obtained in the previous section, we show that the Benjamin-Ono equation
for a 2m-periodic in space, real valued function

up = H(ugy) — 2uuy,, x €T, t€R, (4.16)

where H( - ) denotes the Hilbert transform
27 ,
H(u)(z,t) = —— ngn / u(x!, t)e? @) dy! (4.17)

admits a family of (non-typical) almost-periodic solutions that are dense on invariant subsets of L?(T)
which are homeomorphic to the product of a circle and a solenoid.

Notation 4.4.28. In the following, L3(T) denotes the space of functions u € L?(T) with f x)dx =
0.

The following result is proved in [GK21]] by Kappeler and Gerard.
Theorem 4.4.29 (|[GK21l]). There exists a global bi-analytic diffeomorphism
U:L2(T) 3 ur z e hl/? .= {ZE(CN = H1/2 ijj2<00}7
JjEN

called “Birkhoff map”, such that, for any initial data u € L%(T), the solution of the Benjamin-Ono
equation (F16) — that is supported on the invariant torus V=1 (T,)

Ty ={z¢€ hl/2 . 2% =7 = | (w)]?, Vj € N} (4.18)

whose dimension is equal to the number of non-zero “Birkhoff coodinates” associated with the initial
data — is given by
Wj(u(t) = ¥;(uw)es D, VjeN,

with frequencies

wi(y) = 4% =2 min(j, k), VjeN. (4.19)
keN



Section 4.4. The Resonant Case: an Algebraic Viewpoint 145

Remark 4.4.30. I7 is easy to verify that the tori defined in (4.18)), when considered with the subspace
topology induced by the || - ||; s2-norm, are homeomorphic to the, possibly infinite, torus I
Namely, the map

J€supp(y) T

E: H T>6— ZE(y) := (\/’Tjeiaj)jeN €T, C h'/2,

j€supp(y)

where ©; := 0 for all j ¢ supp(7y), is a topological embedding. Therefore, since the Birkhoff map WV is
a homeomorphism, the dynamics induced by the Benjamin-Ono equation on any invariant set \11_1(7:,)
is topologically conjugate by

H=U"1oZ

to the Kronecker flow

Oy Rx [ T—= ] T, (&6)— 3,0 :=(0;+wi(Nt+27Z) jcqppq)-
J€supp(y) J€supp(y)

with w(y) given by (4.19).

The goal of this section is to give a proof of the following theorem.

Theorem BO. Consider the Benjamin-Ono equation for a real-valued function u(t, x) that is 2m-periodic
in space:
ug = H(ugy) — 2uu,, x €T, teR,

where H(-) denotes the Hilbert transform defined in @.17). Let
U LA(T) 3 u z e h/?

be its Birkhoff map [GK2I|]. Given z € h'/2, if there exists B € R\ Q such that |z;|* € SQ \ {0} for
all j € N, then the closure of the orbit with initial data w = V~'(z) under the Benjamin-Ono flow is
homeomorphic to the product of a circle and a solenoid.

In the above theorem, the closure is taken with respect to the subspace topology induced by the L?-
norm. Then, by Remark[@ it is sufficient to study the orbits of a Kronecker flow with frequencies
defined as in ( on the infinite torus T endowed with the product topology.

Proposition 4.4.31. Let o be an irrational number and w = (wj)jen € RN q list defined by

oy =+ 0 3 min. b)s
keN

where (s;)jen is a list of rational numbers such that ) jen JSj is finite. Then, the frequency module M,
is isomorphic to Z & R, where R is the subgroup of (Q, +) defined by

R:= { > v Y min(jk)sg o ve Z(N)}. (4.20)
jeN  keN
Proof. The claim follows from Proposition 4.4.27|and from the fact that

{Zl/]j cveZl )}:Z,

JEN
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which holds since the set of squares {j% : j € N} generates the entire additive group (Z, +). This is
immediately verified by considering the map n — ne;, where e; is the first vector of the canonical basis
of Z(M) . Since the weighted sum associated with e; is 12 = 1, and 1 is the generator of Z, the image of
the mapping v — ) v;j 2 must coincide with Z. Formally, the existence of e; such that 3" (e7) iJ 2=1
ensures that the generator of the target group is reached, making any further contributions from j > 1
redundant for the purpose of surjectivity. |

Proposition 4.4.32. Given a Kronecker flow ®, on the infinite torus, with
wji=j"+a ) min(jk)sp, a€R\Q,
keN

where (8;) jen is a list of rational numbers such that the sum ZjeN Js;j is finite, the closure of any orbit

is homeomorphic to T x R*, where R is defined in (4.20).

Proof. By Proposition the closure of any orbit is homeomorphic to the Pontryagin dual of Z & R,
which, by Theorem (4.4.14] Proposition 4.4.31] and Example [2} turns out to be equal to T x R*. [

Now we prove that, if the support of (s;)jen is not finite, and each s; is non-negative, the subgroup
R C (Q,+), defined in (.20)), is not free. The strategy is based on the following lemma, which is proved

in Appendix

Lemma 4.4.33. Let G be a subgroup of (Q, +). If there exists a sequence (gn)neny C G, gn # 0 for all
n € N, converging to 0 with respect to the subspace topology induced by the standard one on R, then, G
is not free.

Proposition 4.4.34. With the same notations as in Proposition{4.4.32} if moreover the support of (s;) jen
is not finite, and s; > 0Yj € N, the subgroup R C (Q, +) defined in @.20) is not free.

Proof. Consider the sequence (v"),en C ZM) defined by v"™ = ep41 — en. Then,

Gn = Z vy Zmin(j, k)sk = Zmin(n +1,k)s, — Zmin(n, k) sk
k=1 k=1 k=1

j=1
n+1 e’} n 00
:st;ﬁ—(n—l—l) Z Sk—zksk—n Z Sk
k=1 k=n+2 k=1 k=n+1
o0 o0 [o¢]
:(n+1)sn+1—|—n< Z Sp — Z sk) + Z Sk
k=n+2 k=n+1 k=n+2

o0
=(n+1)sp+1 — nSpy1 + Z Sk
k=n+2
S
k>n

By assumption, the support of (s;);cn is not finite, and each s; is non-negative. Then, g, # 0 for all
n € N, and the sequence (g, )nen C R converges to 0. The claim follows by Lemma |

Proposition 4.4.35. Let ®,, be a Kronecker flow on the infinite torus where w satisfies the same assump-
tions as in Proposition If we also assume that the support of (s;) jen is not finite, and each s; is
non-negative, then the closure of any orbit is homeomorphic to the product of a circle and a solenoid.
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Proof. The claim follows directly from Propositions.4.32]and[4.4.34] Lemma[4.4.24Jand Remark
|

We are now in a position to prove Theorem [BO]

Proof of Theorem[BO] Let z € h'/? be such that |z;|> € BQ)\ {0}, forall j € N, for a certain 3 € R\ Q.
Let (7j)jen, v; := |2;]? forall j € N, and define T as

T, = {w e h'? : |w;> = v;, Vj € N}.
As already observed in Remark [4.4.30} the map = defined by

= HT >0 E(y) := (V76 %)jen € T, C hl/?
jeN
is a topological embedding. Therefore, the dynamics induced by the Benjamin-Ono equation on the
invariant torus U1 (75) is topologically conjugate by

H =T loE

to a Kronecker flow @,y with frequencies w(y) = (w;(7)) en, where

wi(7) == j* =23 min(j,k)y, forallj € N.
keN

Therefore, the claim follows from Proposition[4.4.35] [

4.4.5 A Classification Problem

Here we address a classification problem for Kronecker flows on the infinite torus. The questions is:
given two Kronecker flows, are we able to determine whether the closures of their orbits are homeomor-
phic? To address this problem, we make use of Pontryagin’s Duality Theorem[4.4.16] along with a result
by Scheinberg [Sch74] concerning the equivalence of the notions of homeomorphism and isomorphism
for connected, locally compact abelian groups.

Theorem D. Given w,& € RY, let (TN, &) and (TV, ®3) be two Kronecker flows on the infinite torus.
The closure of any orbit of ®,, is homeomorphic to the closure of any orbit of Py if and only if the
associated frequency modules #,, and #, are isomorphic as abelian groups.

Proof. By Remark {.1.4] it is sufficient to prove the statement in the case of orbits through the origin.
In [Sch74] it is proved that two connected, locally compact abelian groups are homeomorphic if and
only if they are isomorphic as topological groups. Then, the statement of Theorem [D|is equivalent to the
following: given two Kronecker flows on the infinite torus, the closures of the orbits through the origin
are isomorphic as topological groups if and only if their frequency modules are isomorphic. Let us prove
1t.

Let ©,w € RN and consider the Kronecker flows (TN, @), (TN, ®5). If .4, = .#, then, by
Proposition #.4.22]

O = (M) = (M) 2 O,

Now, assume that O,, = O. Then, by Theorem .4.16| and Proposition §.4.22]
My = (M) = (00)" = (0s)" = (M) = M.
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We now describe how to associate to each countable abelian group GG without torsion a Kronecker
flow (TN, ®,,) in such a way that GG is isomorphic to .#,,. Any countable abelian group G without
torsion embeds canonically into a countable vector space #” over Q. This procedure, briefly explained in
Appendix [E] is known in commutative algebra as “localization of an abelian group”. Assuming Zorn’s
lemma, there exists a Hamel (algebraic) basis for 7. Thus, there exists a countable set of indices J such
that ¥ is isomorphic to Q). In particular, any element 2 € ¥ is uniquely represented by a family of
rational numbers () s such that z; # 0 only for finitely many j € J. Now, observe that the map

h:7 > (x)jes— Zajxj € (R, +),
jeJ

where () e is a family of rationally independent real numbers, is an injective group homomorphism,
and so is the composition H := h o ¢, where 2 : G — ¥ is the injective homomorphism 2 : G — ¥ that
embeds G into #'. Then, by the first isomorphism theorem, G is isomorphic to the image of Hin (R, +).
Finally, we define the list of real numbers w € RY by taking an arbitrary enumeration of the image of H.
By construction, ., = G.

Then, this argument, together with Theorem[D] implies that completely classifying Kronecker flows
on TN up to homeomorphism of the closure of their orbits is a highly complex issue, as it is equivalent to
the classification of countable abelian groups without torsion. To date, a complete classification of such
groups is known only for the rank 1 case, i.e., subgroups of (Q, +) (for references, see [Bae37], [BZ51]
and [FuclS]ﬂ which corresponds to the class of Kronecker flows (constructed in Section whose
orbits are dense in a product of circles and solenoids.

"For the general theory of infinite abelian groups we refer to Kaplansky’s book [Kap54].



Appendix A

A Fixed Point Theorem
in Banach-Lie Algebras

In this appendix, we investigate the existence and uniqueness of a solution for a nonlinear equation
of the form X = ¢(X). We operate within a Banach Lie algebra (V, [, ]| - |) characterized by a sub-
multiplicative norm such that || X, V]| < K|X||Y| forall X, Y € V. Within this framework, we consider
two analytic operator-valued maps £ and B, and we construct formally the map ¢p :  CV — Vina
suitable neighbourhood % of the origin as:

¢p(X) =TI (B(X)I(E(X)P))

where P € V is a fixed element, and IT € £(V) is a bounded linear operator satisfying II?> = II, while
T : range(IT) — V is a bounded linear operator defined on the range of II. Our objective is to prove
that ¢ p admits a unique fixed point X* € V by showing that it is a contraction. To achieve this, we
first establish the analyticity of the constituent operators; second, we derive their Fréchet derivatives;
and third, we provide quantitative norm estimates to satisfy the hypotheses of the Banach Fixed Point
Theorem.

A.1 Functional framework

Let (V,[,-],] - |) be a Banach Lie algebra with sub-multiplicative norm: |[X,Y]| < K|X||Y] for all
X,Y € V. We denote by £(V) the space of bounded linear operators on V with the operator norm || - ||.
For X € V, the adjoint operator adx € L£(V) is defined by adx (Y) = [X, Y]. Its norm satisfies:

Jadx]| < K|X]. (A1)

A.2 Definition and analyticity of map £ and B

For X € V, we formally define two operators £(X) and B(X) via the Taylor series of two complex

functions f(z) = e* and g(z) = 5.

It is well known that:
1. f(2) = Y2 m2" has radius of convergence Ry = oo;

2. letg(z) =3 1oy 12" be the Taylor expansion of the function g around z = 0. Then the radius of
convergence is Iy, = 2.
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The operators are then defined as £(X) = f(ad_x) and B(X) = g(ad_x).

Proposition A.2.1 (Analyticity of £ and B). The maps £ : V — L(V) and B : Uz (V) — L(V) are

analytic

Proof. Let h(z) = > 72, ci.2"* be a power series with radius of convergence R. Define the sequence of
partial sums S,,(X) = > _1_, cx(ad_x)*.

1. Analyticity of polynomials: Since X — ad_y is a bounded linear map, each term ¢y (ad_ X)k isa
continuous polynomial in X. In any Banach space, continuous polynomials are analytic functions.
Thus, S, (X) is analytic for every n € N.

2. Uniform convergence: Let r < R and consider X € %, /x(V). From the bound [lad_x|| <
K| X]| established in (A.1), we have K|X| < r, which implies:

o0 oo o0
Y len(ad—x)M I < D lerlllad-x |* < D felr™.
k=0 k=0 k=0

Since r < R, the numerical series _ |cx|r* converges. By the Weierstrass M-test, the series of

operators converges absolutely and uniformly in the operator norm || - || on %,/ (V). This proves
that the sequence of partial sums S,,(X) converges to a limit operator S(X) for every X in the
open ball Zp, i (V).

3. Limit property: According to a fundamental result in complex analysis (cf. Mujica, Complex
Analysis in Banach Spaces), if a sequence of analytic functions {.S,,} on an open set {2 converges
uniformly to a function S, then the limit .S is analytic on €.

Since the analyticity radii of f(z) and g(z) are Ry = oo and R, = 27 respectively, the maps £ (defined
on the whole V) and B (defined on % (V)) are analytic. [

A.3 Definition and analyticity of the map ¢p

Let P € V. Consider a bounded linear operator IT € £()) such that IT1?> = II (a projection), and a linear
operator 7' : range(I) — )V which satisfies the norm bound [|T|| £ (range(rr),y) < 2. We also assume
[ < 1.
Definition A.3.1. We define the map ¢p : Uk (V) — V as follows:

¢p(X) = TIH(B(X)I(E(X)P)),
where the non-linear analytic maps € and B are defined in Subsection[|A.2]

The analyticity of ¢p follows directly from its construction as a composition of analytic operator-
valued maps and constant, bounded linear operators applied to an element P € V.

A.4 Differentiation of £ and B

To differentiate the map ¢p, we must first establish the precise form of the Fréchet derivative of the
operator-valued power series.
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Derivative of the adjoint operator. The map o : V — L(V) defined by o(X) = ad_x is a bounded
linear operator. By the definition of the Fréchet derivative for linear maps, we have:

do(X)[H] = ad_y, VH €V.

The Leibniz rule for operator powers. Consider the k-th power of the adjoint operator as a product of
k linear maps. Applying the Leibniz rule for linear maps in a Banach algebra of operators, the derivative
in the direction H is the sum of %k terms, where the derivative ad_ g occupies each possible position in
the product:

x>
|
—

doF(X)[H] = (ad_x)’ o (ad_p) o (ad_x )17,

Il
=)

This generalized Leibniz formula accounts for the non-commutativity of the operators within £(V).

Term-wise differentiation of the series. Assuming that we can differentiate term-by-term, the derivative
of £ and B are

] k—1

1 .
=Y 712 (ad-x) o (ad p) o (ad_x)* 7', (A2)
k=1 7=0
] k—1 A
=> B> (ad_x) o (ad_g) o (ad_x)* ', (A.3)
k=1 7=0

where (3, are the Taylor coefficients of g(z) = z/(e* —1). In the next subsection, we provide quantitative
bounds to establish that these operators are indeed the Fréchet derivatives of £ and B.

A.5 Estimates

In this subsection, we derive explicit bounds for the maps £ and B and their differentials. These estimates
are fundamental to establishing the contraction property of the map ¢p.

Estimates for £ and 5. Let p = |lad_x|| < K|X|. For p < 1/2, the series defining £(X) and B(X)
are totally convergent in £()). This implies that the following norm estimates hold uniformly for all X
in the ball %1/(2]() (V)

e By the sub-multiplicative property and the triangle inequality, the norm of the power series is
bounded by the power series of the norms:

le(x il ad_x)F ii ad_xF =S 2 — o
k= kl k=0 k! k=0 k!

For p < 1/2, we have e” < e!/2, thus ||£(X)| < 2.

e The Taylor coefficients f3; satisfy |8x| < 1/(27)¥ < 1. To obtain a robust upper bound, we
compare the series with the dominant geometric series:

IBOOI = |3 Belad_x)* | < 37 18ulet <3 pF = ——
k=0 k=0

Forp < 1/2,theterm 1/(1 — p) < 2.
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Estimates for the differential of the k-th power. To estimate the norm of the operator da®(X), we
rely on the Banach algebra structure of the space of bounded operators £(V). A key property of such an
algebra is that the norm is sub-multiplicative: ||S o T'|| < [|S||||T]|.

Applying this property to each individual term in the Leibniz expansion of the k-th power, and using
the bound |lad_g|| < K|H| from (A.)), we have:

Iad—x)? o (ad—) o (ad—x)*""7|| < [lad—x ||’ [lad— || |]ad—x |[*~*~7 < K|H]|Jad_x]*"*.

Then, by applying the triangle inequality, we obtain the fundamental bound:

Jda*(X)[H]| < 3 ltad_x)7 o (ad_r) o (ad_x)* 7| < kK[H|llad_x||*"".  (Ad)

E
—_

<
Il
o

Bounds for the differentials A€ and d5. Recalling that the derivative of ad_ x is ad_ g7, and substituting

(A.4) into (A.2) and (A.3), we obtain:
e Substituting the bound kK |H |p*~! for each term k > 1:

|dE(X Z kK|H|pk ! K|H|Z ko1
k=1

Since k/k! = 1/(k — 1)!, we shift the index m = k — 1 to recover the exponential series:
o pm
lae () H]| < KIH| Y. 20 = K|Hler.
m=0
For p < 1/2, we have K |H|e? < K|H|e'/? < 2K|H]|.
e Using the same term-wise estimation and the property |G| < 1:
oo o0
IAB(X)[H]I| < D 1Bl(kK|H|P ) < K[H| Y ko'

k=1 k=1

The sum Y 52, kp*~Lis the derivative of the geometric series d% (1—p)~t = (1—p)~2. Therefore:

1
(1—p)*
For p < 1/2, the factor 1/(1 — p)? < 4, yielding the bound 4K | H|.

[AB(X)[H]|| < K|H]|

Invertibility and Estimates for 3(X)~!. Let us show that B(X) is invertible and provide quantitative
bounds for its norm and its Fréchet differential.

Lemma A.5.1. For any fixed X € Yk (V), the operator B(X) € L(V) is invertible. Its inverse is
given by the power series:

oo
Z (ad_x)*, (A.5)
k:O k: +1)!

which defines an analytic map X + B(X)~! on the whole space V. Moreover; let p = ||ad_x|| <

K|X|; for p < 1/2, the following estimates hold:
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LB < L <2

2. [[ABX)M[H]|| < o5 < 4K]H].
Proof. The existence of the inverse follows from the functional identity g(z)q(z) = 1, where g(z) =
z/(e* — 1) and ¢(z) = (e* — 1)/z. The Taylor expansion of ¢(z) is q(z) = > p—, mzk which
represents an entire function with infinite radius of convergence.

Let us derive the quantitative estimates:

T L T N R
IB(X) HékZ:O(kH)Ip Skzzop = (1-p L

The estimate for the Fréchet derivative is obtained by term-wise differentiation of the series (A.3]). Using
the bound ||do*(X)[H]|| < kK|H|p*~! previously established, we obtain:

o
FL<KIH]Y kpt Tt = K|H|(1—-p) 2.

JAB) D H]| < KIH]S
k=1 k=1

— k+1)”

Under the assumption p < 1/2, we immediately recover the bounds ||B(X)~!|| < 2and ||d(B(X)~1)[H]|| <
AK|H|. O

A.6 The Fixed Point Theorem

Differentiation of the map ¢ p. The Fréchet derivative d¢ p is computed by applying the Leibniz rule to
the expression of ¢p. Since T', II, and P are constant, we only differentiate B(X) and £(X) according
to their position in the product:

dép(X)[H] = TII [(dB(X)[H])H(g(X)P) + B(X)H(dé’(X)[H]P)} : (A.6)

Convergence via the Banach Fixed Point Theorem. To prove that ¢p is a contraction, we employ the
Mean Value Inequality for Banach spaces: given any two points X7, X in the closed ball %/ g p|(V), the
segment connecting them is entirely contained within the ball due to convexity. The inequality states:

[op(X1) —op(Xa)[ < | sup  [dop(X)[| ] [X1— Xa. (A7)
XeUsg p|(V)

By finding a suitable uniform bound for ||d¢p(X)|| that holds for every X in the ball, we establish that
¢p is a contraction.

Theorem A.6.1 (Fixed Point Theorem). Let |P| < (24K )~L. Then the map ¢ p has a unique fixed point
X (P) in the ball % gp|(V). Moreover, the fixed point is such that X (0) = 0 and satisfies the following
asymptotic expansion for small P:

X(P) =TTP + O(|P)?).

Proof. Forany X € % gp|(V), we have || X || < 8| P|, which implies p = [lad_x|| < 8K|P|. Under the
smallness condition on P, we have p < 1/3 < 1/2. Therefore, we can apply the uniform norm bounds
for B and £ derived in the previous subsection:

0P (X)] < Tl £range(n ) ITHIBCOTITIIE O P] < 2-1-2-1- 2P = 8| P|.
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This confirms that ¢ p maps the ball @8‘ p|(V) into itself.

We now derive a uniform bound for the norm of the operator d¢ p (X ) for an arbitrary X € @8‘ (V).
Applying the triangle inequality and the sub-multiplicative property to the Leibniz expansion (A.6), and
recalling that || T £ (range(mm),vy < 2 and ||TT]| < 1:

|[dop(X)[H]| < [Tl £(range(rny,wy I ([ABCXO) A - ([T - [E(X) P + [[B(X)|[ - [[TT]] - [d€ (X)[H]PY) -

Substituting the quantitative bounds for the differentials and operators found in the previous subsection,
and noting that these bounds are valid throughout the ball since p < 1/3 < 1/2:

[dop(X)[H][ <2-1-(4K|H[]-1-(2[P]) +2-1-(2K[H]] - [P])) = 24K|P||H|.

Since this bound holds for all X € % g p|(V), the Lipschitz constant in isbounded by v = 24K | P|.
The condition v < 1 is satisfied by the hypothesis on P. Therefore, by the Banach Fixed Point Theorem,
¢p is a contraction on a complete metric space, ensuring the existence of a unique fixed point X (P).

To establish the asymptotic expansion, we first observe that for P = 0, the map ¢o(X) vanishes
identically for any X, since P enters the definition as a linear factor. This immediately implies that
X(0) = do(X(0)) = 0.

For P # 0, we expand ¢ p around the origin X = 0 using Taylor’s theorem:

1
X(P)=¢p(0)+R1(X(P)), where R1(X(P))= /0 dop(tX(P))[X(P)]dt.

Evaluating ¢p at X = 0, and noting that adg = 0 implies B(0) = £(0) = Id, we obtain the first-order
term:

¢p(0) = TTI(Id TI(Id P)) = TTIP = TTIP.
The remainder R; accounts for higher-order terms. Using the previously derived bound ||d¢p| <
24K | P| and the fact that | X (P)| < 8|P|, we estimate the norm of the integral:

[R1(X(P))] < ot ldop(tX (P)IIX (P)| < (24K|P|)(8|P]) = 192K |P|*.

Thus, Ry = O(|P|?), confirming that X (P) = TTLP + O(| P|?). o

Corollary A.6.2. Suppose that T = T'(\) and P = P(\) depend analytically on a real parameter X for
X in a closed interval A C R and satisfy the bounds ||T(A)||zrange(rny,v) < 2. [P(N)] < (24K)7! for
all X\ € A. Then the unique fixed point X (P, \) is analytic in \. F urthermore, its derivative satisfies the
bound:

X | _ AT tansein P+ 1P
X 1 24K]P]
where T" = dd)\T and P' = )\P.

Proof. The proof starts by ensuring that the fixed point is analytic in A. Since T'(\) and P(\) are analytic,
the operator ¢p \ depends analytically on A. Moreover, the condition | P(\)| < (24K)~! on the closed
interval A ensures that ¢p , is always a contraction with a constant v = 24K |P| < 1, uniformly in .
Therefore, the Implicit Function Theorem guarantees that the fixed point X (P, \) is analytic in A.

Since T" and P are analytic on the closed interval A, their derivatives 7" and P’ are continuous and
their norms remain finite for all A € A. To find the bound for the derivative of the fixed point, we
differentiate both sides of the identity X (\) = ¢p (X (X)) with respect to X using the chain rule:

dXx 6¢P)\ dX
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Here, 0)¢ p, ) represents the derivative with respect to the external parameter \, while d¢p y is the Fréchet
differential with respect to X. Moving the terms involving d.X/dA to the left, we get:

dX  O¢pp

dx  ox

Since the norm of the operator d¢p ) is bounded by 24 K| P| < 1, the linear operator Id —d¢p \(X) is

invertible. Using the usual geometric series estimate for the Neumann series that defines the inverse, we
obtain the bound
dx 1 Opp

d\| T 1-24K|P|| oA

The partial derivative Ox¢p  is calculated by differentiating ¢p(X) = TII(B(X)II(E(X)P)) while
keeping X fixed:

(Id —d¢p (X))

Oppr
o\

Using the bounds ||TI|| < 1, || z(range(rn),v) < 2, IB]l < 2, and [|€]| < 2, we find:
'362513,,\

— T'IL(B(X)II(E(X)P)) + T (B(X)TI(E(X)P')) .

W < HTlHﬁ(range(H),V) : (1 -2-1- 2|P|) +2- (1 2.1 |PID = 4”T/||£(range(l_[),V)’P’ + 8’PI‘

Plugging this bound into the inequality for |dX/d\| gives the final estimate. |

A.7 Additional Estimates for Applications

Throughout this subsection, we assume that 7" maps the range of II into itself and that there exists a left
inverse U such that U o T" = Id on range(II). We do not require U to be a bounded operator on V.

If X is the unique fixed point established in Theorem then X € range(T), which ensures
that the expression U X is always well-defined. We can therefore characterize the fixed point through the
identity:

UX =N (B(X)IIE(X)P).

Lemma A.7.1 (Estimates for UX). Let |[P| < (24K )~1 and let X be the unique fixed point of ¢p in
U 3 p|- Then, |UX| < 4| P| and satisfies the following asymptotic expansion for small P:

UX =TP + O(|P|?).

Proof. To prove the bound, we use the property [[II|| < 1 and the bounds ||B(X)| < 2, [E(X)] < 2,
which are valid since K|X| < 1/2 for any X in the ball % g p|. We have:

UX| < TP BX)IEX)NIP] < 1-2-2|P| = 4|P|.

For the asymptotic expansion, we observe that if P = 0, then X (0) = 0 and UX vanishes. For
P # 0, we expand U X around X = 0 using the fundamental theorem of calculus:

d

= [IL(B(tX)IE(EX)P)) dt.

1

UX =(UX)|4_,+Ru(X,P), where Ri(X,P)= /

0

Since B(0) = £(0) = Id, the first-order term is (UX)‘X:o = II?P = IIP. By applying the Leibniz
rule, the integrand becomes:

% [MB(tX)IE (LX) P) = I (dB(tX)[X]) IIE (¢X) P + HB(X)II (A& (tX)[X]) P.
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Recalling the estimates from the previous section, for X € @8| p|and t € [0,1], we have the bounds
|[dB(tX)[X]|| < 4K|X| and ||[dE(tX)[X]|| < 2K|X]|, as well as ||B(tX)|| < 2and ||E(tX)| < 2. It
follows that:

;[HB(tX)Hg(tX)P]’ < TP dBEX) X - IEEXO 1P|+ TP BEX)] - [[deEX)[X]]| P]

<1-(4K|X|)-2|P|+1-2- (2K|X||P))
— 8K|X||P| + AK|X||P| = 12K|X]||P|.

Integrating over ¢ € [0, 1] and using the bound | X'| < 8|P| from the fixed point theorem, we obtain:
1
|R1(X, P)| < / 12K|X||P|dt < 12K (8| P|)|P| = 96K |P)?.
0

This confirms the expansion UX = ITP + O(|P|?). [
We conclude with the following technical lemma:

Lemma A.7.2 (Estimates for A). Let |P| < (24K)~! and X be the unique fixed point. Under the
assumption || 1d —II|| < 1, the quantity

A= (Id-1I0) ((£(X) - 1d)P — (B(X) ' = 1)U X)
satisfies |A| < 64K|P|?. Furthermore, A satisfies the following asymptotic expansion for small P:
1
A = (Id -T1) ([(Id —IP, TTP] + S[IIP, THP}) + O(|P3).
Proof. First, we substitute the fixed point identity UX = IT (B(X)IIE(X)P) into the definition of A:
A = (Id-T)(E(X) — Id)P — (Id —I1)(B(X) ™" — Id)IIB(X)IIE(X) P.
We now use the triangle inequality to split the norm into two pieces:

IA| < |(Id-I)(E(X) = 1) P | + | (Id —II)(B(X) ! — IIB(X)IE(X)P|.
Ay Ag

Let p = |lad_x|| < 8K|P|. Since |P| < (24K)~!, we have p < 1/3 and, as established in Lemma

, the bound ||(B(X))7!|| < ﬁ < 2 holds.

Term A;. The operator £(X) — Id is the series Y5> | 5 (ad_x)*. Taking the norm and using the bound

| 1d —I1|| < 1:
- p
k —
Al <1- <ZP>’P’—1_I)’P’~
k=1
Substituting p < 8K|P| and ﬁ < 2, we get:
|A1] < 2- (8K|P]|) - |P| = 16K|P|*.

Term A,. To estimate this piece, we use the property from Lemma where ||(B(X))™! —Id| <
fpp. Combining this with |[B(X)|| < 2, and |£(X)P| < 2|P|:

1As] < % 1-2-1-2|P| = 4%|P\ < 48K|PJ%.
—p —p
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Summing the estimates yields |A| < 64K |P|%.

Asymptotic Expansion. To derive the leading order for small P, we perform a Taylor expansion of A
around X = 0. Since A(0) = 0, we have A(X) = dA(0)[X] + R2(X). We differentiate the two
components A and As separately:

A1(X) = (Id-)(E(X) —1d)P,
Ay(X) = (Id —I)(B(X) ™! — IA)IB(X)IE(X)P.

From Section[A.2] we have d€(0)[H] = ad_p. Then,
Differential of A1: Differentiating A1 at X = 0 in the direction H:

dA1(0)[H] = (Id —II) (dE(0)[H]) P = (Id —)ad_y P = (Id —II)[P, H].

Differential of Ao: We apply the Leibniz rule to the product of operators in Ao and evaluate at X = 0.
Recalling that B(0) = £(0) = Id, we compute the differential. Since (B(0)~! — Id) = 0, only the term
where the derivative acts on the first factor remains non-zero:

A2 (0)[H] = (1d ~T1) [(d(B(0)") A1) TLB(0)IIE(0) P]
= (Id-1I) (d(B(0)"")[H]) ILP.
Now, from the analytic expansion in Lemma we substitute d(B(0)!)[H] = 3ad_p to obtain

dAs(0)[H] = (Id —1I) (3ad_xIIP) = $(1d —II)[IIP, H].

Differential of A: Combining the differentials of A; and Ay, we have dA(0)[H] = dA(0)[H] —
dA»(0)[H]. Substituting X = TTIP + O(|P|?) into the linear expressions:

dA(0)[X] = (Id —II) (;[HP, TTIP] + [(Id —II) P, THP]) + O(|P?).

Estimate for the reminder: The remainder R (X ) is defined by the integral formula:
1
Ro(X) = / (1—t)d®A(tX)[X, X]dt.
0

The second Fréchet derivative d2A (X )[X, X] is a sum of terms involving double commutators with P,
of the form [X, [X, P]], multiplied by operators £, B, B(X)~! and their derivatives. Given the algebra
property and the fact that these operators are analytic and bounded for p < 1/3, the norm of the second
derivative satisfies:

|42 A 00X, X]|| < CK*|XP|P),

where C is a constant. Substituting this bound into the integral:
1
Ro(X)] < [ (1= 0| AEX) X, X]
0

1

< (/ (1 —t)dt> - sup (C’K2]X\2|P|)
0 te[0,1]

= % -CK?X|?|P|.
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Using the bound for the fixed point | X | < 8|P| we get

1
[Ra(X)| < 5 - CK*(8|PI)?|P| = 320K PI.

This shows that |R2(X)| < M|P|? for a constant M, which confirms Ry = O(|P|?). =

Remark A.7.3. If the operators T and P depend analytically on a real parameter A\ € A (where A is
a closed interval of the real line), the fixed point X (\) inherits the analyticity, as proved in Corollary
Consequently, UX and A are analytic in X since they are obtained by composing analytic maps
(the operators B and £) with the analytic functions X (\) and P(\). Moreover, the constants appearing
in the estimates depend only on the uniform bounds of the operators for A\ € A, ensuring that all the
asymptotic expansions hold uniformly in the parameter \.



Appendix B

Technical Lemmas for the Analysis of the
Spectral Gaps

To ensure a self-contained treatment, we detail here the functional framework and provide the proofs
for several auxiliary results. These technical lemmas are fundamental to the study of the spectral gaps
developed in Subsection

To ease the notation, we suppress the explicit dependence on the parameter s in the Banach spaces we
consider and their respective norms, since it remains constant and plays no role throughout this appendix;
nevertheless, we emphasize that all subsequent results hold for any s > 0.

Deﬁnition B.0.1. Given R > 0, p > 1, and s > 0, forany j € Z and T = £1/2, we denote by
M;ﬁ% the space of maps X : Ur(€;°) — [],cy Mat(2, C) such that each entry X7 € M, g satisfies
the momentum conservation condition w(«) = ¢ — j. We equip this space with a Banach structure by
introducing the majorant X = (X ,)scz, where X‘Z"l(z) = Zae.///l,j | X5 | 2.

To define the norm, we first generalize the norm on the space of sequences of 2 X 2 complex matrices
W = (Wy)eez to the (T, j)-weighted case:

HW”;] — sup(ﬁ—jy’eswﬁ"(ﬁ)f max ’WZUOJ"
Y=Y/ o,0'=%1

The norm on M;% is then given by:

), ] R - s 1 _ . {—1q !
1 X[7% == sup [ X(2)[}7 = sup(t — j)Pe IO max ||X7 ||k, (B.1)

l=llp<R =/ o0/ =+1
which, due to the non-negativity of the coefficients, coincides with evaluating the majorant on the weight
vector v, g. The space M;: ‘r consists of all such maps for which this norm is finite.

Remark B.0.2. Any X € M;:OR is a majorant analytic function X : £3° — f;j_TvR(Mat(Z C)). In fact,
Theorem ensures that X is analytic as it is defined by the uniformly bounded family of analytic

functions X7° € Hp g.

B.1 Estimates for P o [0|'/? and 9., (P o |9|'/?)

Given a positive real number A, let P be the map from £,° to the space of sequences of 2 x 2 complex
matrices, defined for all u € £)° by its components:

Py(u) = ;Lﬁ\ (_1 1) . foralll ¢ Z.
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In the following, we denote by |9|/? : by — E;‘il /2 the operator acting as a Fourier multiplier:

w:= 0]z, with u, = ()22,

Lemma B.1.1. Forany R >0, P o |0|'/? ¢ M;}{Q’O and 0, (P o 10]1/2) € M;}f’j. Specifically, the
following estimates hold:

—1/20 _ R —1/25 1
[Po o] 2, 1" = 55 105, (Pelol ), 1™ < o1
Proof. The first equality follows directly from the definition of P, noting that the weight of the norm
compensates for the action of |8|1/ 2. By the same reasoning, the second bound is immediate, as the
derivative produces a ¢, which is trivially bounded by (¢ — j )y ~Peslt=il, [

B.2 Estimates for Ap o |0|'/? and £\Ap o |0]"/?

Fix n € Nand let A\ € R be such that |2\ — n| < 1/2. Let £, be the operator defined in Subsection
(see formula (3.22)). By identifying periodic functions taking values in the Lie algebra Mat(2, C)
with the sequences of their Fourier coefficients, the operator £ induces an action on the space of matrix
sequences W = (W;) defined by

(LAW)]7 = i(l — Ao — o')W .

We have already observed that, if A = n/2, this operator has a non-trivial kernel. Namely, a sequence
W belongs to range(L,, /») if and only if its components W7 " are zero whenever ¢ — Z(o—d')=0.
From the definition of the action of £ on the Fourier coefficients, it follows that the formal inverse
L’;l acts diagonally as:
1 /

-1 oo’ __ oo
W = 53—

provided that the denominator does not vanish. For any A such that |2\ — n| < 1/2, we define ﬁ;l on
range(L,, /2). Clearly, both £ and its inverse preserve range(L,, /).
For ) in the specified region, the divisors for indices in the range of the operator satisfy the following
estimate:
(0

T o=a] < i (B.2)

This bound shows that the inverse operator compensates for the loss of regularity, effectively shifting the
weight from (£)~1/2 to (¢)T1/2 at the cost of a factor n, as established in the following lemma.

Lemma B.2.1. Letn € Nand \ € R satisfy |2\ — n| < 1/2. Then, L) is a bounded linear operator
—1/2,j 1/2,j
Ly : Mpﬁ/ T Nrange(L,/5) = M;R/ ! Nrange(L,, /)
In particular, there exists a constant C' > 0 such that
L3 X[ < 4n| X,

forevery X € M;gz’j Nrange(L,, /7).
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Proof. By the definition of the norm on M*, o R ' given in (B.)), we have

|E 1X|+1/2,j sup <<£_]> s|e— J|<g>1/2 ma¥||(£§lX)?”/||p,R> ‘
LeZ

)

Recall that (ﬁ;lX )g” = m . Substituting this into the expression, we obtain
; 1 /
’E IX‘+1/2J = sup <<£ _ j>pes|€—]|<g>1/2 max —,HXZTU ”p,R) ) (BS)
tez o0’ [l = Ao —d')]

—-1/2

We can rewrite the terms inside the supremum by multiplying and dividing by (¢) to recover the

norm of X:
UI
pvR °

0./
‘pvR .

The supremum on the right-hand side is precisely the norm [ X » 123 Therefore, we get

(£) Ap_slt—jl /A —1/2
(B.3) = sup ( 0 — §YPesIt=Ily max || X7
ez, |€—)\(O'—O'/)| < j> < > i ” l

Using the estimate (B.2)), we get

LX< dnsup (<e — sl ()12 max || X7
’ LeZ o0’

|£;1X|;1/2’J < 4n |X] 1/2,17
which ends the proof. u

Let Ap be the fixed point provided by Theorem|[3.2.4] which we recall to be defined by
AP = ¢P(AP) - »C;l]:[rg (B(AP)HT‘Q (ead_AP P)) 3 (B4)

where the operators £(X ) and B(X) are formally defined via the Taylor series of the complex functions
f(z) = e = 35 528 and g(z) = 25 = 352, Brz" (see Section . Specifically, £(X) =
f(ad_x) and B(X) = g(ad_x).

In the following lemma, we first derive a bound for £, Ap o |0|"/“. We then apply the smoothing
property of L’;l established in Lemma to prove that Ap o |0 1/2 maps into a sequence space with
stronger decay, with a resulting bound constant that grows linearly with n.

1/2

Lemma B.2.2. Letn € N and A\ > 0 such that |2\ — n| < 1/2. Then, for all p > 3/2, we have that
LyApo |0|V/? € M;}f’o and Ap o |9|'/? € M;}{Z’O, with the following estimates:

LyAp o |9|M2[7Y20 < 2R Ao |gI/21F /20 o gp™

[LxAp o |07 5 o Apeldl T, g7 <8R+
Proof. By Theorem 4 |LxAp|y.r < 4P|y g for all p’ > 1. Then, the first bound follows by the

fact that, if X € A}, satisfies | X|, /5 p < 0o, then X o 101/2 € M, llq/Q 0. with the identity

—1/2,0
X o [0]Y2] " = X108

holding by definition, combined with Lemma [B.I.1] The second estimate is obtained by writing Ap =
(E;l o L)Ap and applying the first bound together with the one provided by Lemmam |
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B.3 Estimates for 0., (Ap o |9|"/?) and 0,,(L\Ap o |0]*/?)

In this section, we provide estimates for the maps 9., (Ap o 10|'/2) and 0z, (LAAp o |0]1/2), where Ap
is the fixed point of the operator from Theorem [3.2.4] whose definition is recalled in (B.4). Since it is
implicitly defined through commutators, the main task is to provide estimates for the latter by under-
standing how the convolution product works in our weighted spaces. The following lemmas are the key
tool for all the calculations in this section.

Lemma B.3.1 (Convolution and Algebra Property). Let X € /\/l 1/ 2T and Y € ./\/l+1/ 23" The convo-
lution product Z = X * Y, defined by the sequence of matrices Z(g( ) =D ez Xo— k( )Yk( ), belongs

1/2,5+5"
to M,

. More precisely, it satisfies the following properties:

e Momentum Conservation: For each { € 7, the entries of Zy(z) belong to H,, r and their Taylor
expansion involves only multi-indices o such that w(a)) = £ — (j + j').

o Estimate: The following estimates hold:
X * Y|—1/27J+J |Y*X’;}2/2’j/+j < 2C,(p )|X|_1/2’J |Y|+1/2’J :

where Cy(p) = 2P(1 + 2((p)) denotes the convolution algebra constant of (5, and ((p) =
> on>1 1 P is the Riemann zeta function.

Proof. Momentum Conservation. Let X € M, l/ 2Jand Y € MH/ 27" . By definition, the entries of the
convolution Z = X % Y are given by

=3 N XY (2).

keZ pe{+1}

Substituting the Taylor expansions of the entries, we obtain

-3 3 S X0 ST oyt

kEZ pe{£1} \acty_j_; BEAM),_ ;1

The product of two monomials 2*z” = 2°%5 satisfies the condition 7(a + ) = w(a) + 7(B) =
(0l —k—j)+(k—j) =1L~ (j+j). Thus, each term in the expansion of Z, belongs to .#;_(; ;.
Since H,, r is an algebra, the series converges in H,, r, and the momentum condition is satisfied.

Estimate. To estimate the norm | X «Y'| 7 L2545

and the definition of the majorant norm, ‘we have

, we consider the majorant Z,. By the triangle inequality

max|Z7 ()] <2 max|XJ, (2)| max Y] (2)|
o0’ o p,o’

) )

keZ

1/2,j 1/2,5
<2y 1X () Y@
g =k =)ot — k)12 (= pe =112

Multiplying both sides by the weight (£ — (5 + j/))Pesl¢=(+i1(#)=1/2 and taking the supremum over /,
we obtain:

1 o ,
12, 2 < 22 (supZM_jy) X ()l 2L )

el keZ
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The sum in the parentheses is independent of ¢ and converges for any p > 1. In particular, we get:
1Z(2)II, /74" < 2C4(p) | X(2) ]I, V2NV (2) 12
Finally, taking the supremum over ||z||, < R yields the desired estimate. |

Lemma B.3.2. Let R > 0 and X € M;}f’o. The adjoint operator adx : Y — X xY —Y x X isa
bounded linear operator from ./\/l; %Zj to itself for every j € Z. Its operator norm, defined as

ladx||r :=sup sup |X*Y — Y*X\ 1/237
JEZ |Y|1;1R/2,j<1

satisfies the estimate
ladxllr < 4C.(p)| X[ .

Proof. LetY € M, 1/2’j . By Lemma|B.3.1| the star product satisfies [ X+Y[, 125 < C’|X|+1/20]Y] 1/2’].

Consequently, the commutator can be estimated as:

X *Y =Y« X| W < (XY [ 2 Y« X[ < a0 () XIS 0Ny ]

1/2

By dividing by the norm of Y and taking the supremum over Y’ € M, J \ {0}, we obtain:

sup X xY Y« X[ [P <40 (p)| X[
|Y|_1/2]<1

Since the right-hand side does not depend on the momentum index 7, the inequality remains valid when
taking the supremum over all j € Z. This concludes the proof that [|ad x ||z < 4C.(p)|X \;}{2’0. |

Lemma B.3.3 (Estimates for ¢y and its derivative). Let n € N and X\ > 0 such that |2\ —n| < 1/2.
GivenY € UjeZ M;}f’] and X € M;}%/Z’O, consider the map:

oy (X) = £311,, (B(X)Hrg (&GLXY)) .
Then, the following properties hold:

1. For any fixed X € M;}%/ZO satisfying 4Cy(p )|X|+1/2 Y < 1/2, the map Y +— ¢y (X) defines a
bounded linear operator from M;gzd to M;R/ g forall j € Z. In particular:

by (X)[T777 < 16nfY | >,

2. ForafixedY € M, 1/2 O the Fréchet derivative of ¢y at X € M;’}%/Z,O, with 4C,(p )|X|+1/2 0
1/2, denoted by d¢y( ) satisfies:

ldoy (X)[lr :=sup  sup  |doy (X)[H]|} > < 256nC.(p)[Y ], 1",
jEZ ‘H|+1/2 ]<1
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1/2

Proof. 1. Estimate for ¢y (X). Let X € MH/ >0 be fixed and consider Y € M,k 7. From Lemma

B.3.2] the adjoint operator ad_x is a bounded hnear operator with norm:

1
lad-xllr < 4C.(P)IX [ < .

Consequently, the operators £(X) = >"7° | #(ad_x)* and B(X) = Y32 Br(ad_x)" are well-defined

and bounded. In fact, under the assumption 4C, (p)| X \;}%/2’0 < 1/2, we provide a coarse estimate for
their norms by dominating the Taylor coefficients with 1:
oo
IEG) IR, IBX)NIR <) llad—x|f < 2. (B.5)
k=0

Let Z = I1,4B(X)IL,4(£(X)Y). Since both the adjoint action and the projectors preserve the momen-
tum conservation condition, Z € M, }%/% Nrange(L,, /7). Using [|IL4|| < 1, we obtain:

1/2,j 1/2,j ~1/2,j
121, 1™ < 1B RIECOIRIY [, 1™ < 4y |, ™.
Finally, by applying the smoothing estimate for L;l from Lemma , we have
1/2,j —1/2, —1/2,j
oy (X[ < an|z| > < 16n|y| 7%,

yielding the first claim.

2. Estimate for the derivative dpy (X ). FixY € /\/l 1/ *9_ The Fréchet derivative d¢y (X) in a direction
He M;}{Z’j is computed via the Leibniz rule apphed to T(X) = B(X)IL,E(X):

AT (X)[H] = (AB(X)[H])I4&(X) + B(X)IL(dE(X)[H]).

To justify the estimates for the differentials, consider a generic power series S(X) = 7% ; ax(ad_x)¥.
Its Fréchet derivative in the direction H is obtained by differentiating each term of the expansion:

) k—1
= Z ag Z ad X ™Mo ad_H e} (ad_X)k_l_m.
k=1 m=0

By taking the operator norm || - |

R, and using the sub-multiplicativity of the norm, we have:

IdSCO[H] IR < llad—r|r ) laxlkllad—x || "
k=1

Dominating the coefficients |ay| with 1 and recalling the identity for the derivative of a geometric series
> kp*~t = (1 — p)~2, we obtain the bound:

llad— g r
1dS(X)[H]||r < (1— lad_x]|[r)2"

In view of Lemma [B.3.2} we have |lad_x||r < 4C,(p )|X|+1/2 ¥ thus the differentials of B(X) and
E(X) satisfy:

Jad_n] Jad_n]
I4BEOHe < o );fﬂm) ECOE < " fimo)
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Combining these with (B.3) and using 4C, (p) ]X\;}%/Z’O < 1/2, we find:

lad_gl|r 1
T = e xR (- aC X )
N 1 lad_ gl r
(1 —4C.(PIX [0 (1 - 4Cu ()| X |10
= 16Had,H||R.

Applying the bound ||ad_g||r < 4C(p )|H|+1/2’J and Lemma [B.2.1{ we obtain

[y (X)[H][J > < 256nC,(p)|V | 4> HIF 1

which proves the estimate for ||d¢y (X)||r and ends the proof. |
We are now in a position to prove the desired bounds for 9, (Ap o |9|'/2) and 9., (LA Ap o |0|'/?).

Lemma B.3.4. Givenp > 3/2and s > 0, let n € N and X\ > 0 be such that |2\ — n| < 1/2. Provided
that R < (1024C,(p))~", for every j € Z, the fixed point Ap satisfies 0.;(Apo 10)1/2) e M;}f’] and
0., (LxAp o 10]1/2) e M;}Qﬂ’j. Furthermore, the following estimates hold:

4

j n
102, (Ap o [0] /)1 1> < 165, 10:,(Ladpo o) 2 < 4 !

Proof. Let Xp = Ap o |9]'/? and Yp = P o |9|"/?. From Theorem [3.2.4, the fixed point satisfies
Xp = ¢y, (Xp). By differentiating this identity with respect to z;, we obtain:

(Id — doy, (Xp)) [0, XP] = do. vp(XpP). (B.6)

Let us first verify the regularity of the terms involved. By Lemma|B.1.1} we have |Yp|_1/ V=R /(2X)
and IGZJ Yp| 1/2.5 < 1/(2\). Furthermore, Lemma [B.2.2| ensures that Xp € M;gz 0 with the bound
Xpl " < 8Rn/) < 32R (using n/A < 4)

The requirements of Lemma are widely satisfied if R < (1024C,)~!. This ensures first that

4C, (p)’Xp‘;}%/Q’O < 128C,(p)R < 1/8 < 1/2, so that the map ¢ and its Fréchet derivative are well-
defined. Moreover, by item (2) of Lemma [B.3.3| we have:

|—1/20 nRk

Hd(;syp (XP)HR < 128nC’Yp = 2560*(p)§ S 512C*(p)R §

l\)\v—l

This proves that the operator (Id — d¢y, (Xp)) is invertible via a Neumann series with norm bounded
by 2.
We can now derive the first estimate. Inverting (B.6) and applying point (1) of Lemma[B.3.3] we get:

Using the bound |0, Yp]_l/z’] < 1/(2X) from Lemma|B.1.1} we obtain:

+1/2,5
’aZJXp| < 16X
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For the second estimate, we define Zp = L£)Xp. Recalling the definition of the map ¢y, (Xp),
we have Zp = 11, (B(X p)Hrg(ead*XP Yp)). To compute 9., Zp, we apply the Leibniz rule to the
composition of operators:

8ZjZP = g <(aZjB(XP))HTg(6ad7XPYP) + B(XP)Hrgazj(ead7XP YP)) )
By further expanding the second term, we obtain three contributions:

I = (dB(Xp)[0:, X p))e*-XrYp,
IT = B(Xp)(de™=Xr [0, X p])Yp,
IIT = B(Xp)e™-*r (9., Yp).

We now estimate each term using the bounds |9, XP|;_};£/2J < 16% < 64and R < (1024C,(p)) .

For the terms I and I1, the Fréchet derivatives of the analytic operators 3 and e*! are bounded by

16C(p). Combined with the fact that [Yp|, }%/2’0 = R/(2)), and the norms of the operators themselves
are bounded by 2, we have:
~1/2,j ~1/2,j R\ _ 2048C,(p)R _ 2
(I, 5™ + Iz~ <2 <(160*(p) +64) -2 2)\> = =X

Using ||B(Xp)||r < 2, ||e®d-Xp ||z < 2 and the bound |aijp‘;}%/2’j < 1/(2)\) from Lemma B.1.1}

we get:

117 <2:2-—=—.
| ‘p’R - 2X A
Summing the contributions from I, 11, and I11, we obtain the claim. |

B.4 Estimate for the Correction to the Kernel Term

In this final section, we establish the fundamental estimates for the term 7500, defined as:

[e) k—1

N ad
Poo = Hper ((eadAP —Id)P - Z ];AP ﬁ,\Ap>.

This su(1, 1)-valued map represents the O(|P|?) correction to the linear vector field resulting from the
reducibility procedure performed on the range of the operator £, 5. Controlling this term is essential
for the analysis of the spectral gaps when viewed as functions of the variable z, defined by the scaling
10|12z = w.

The main goal is to provide suitable bounds for the norm of P, o |0|'/2 and its derivative with respect

to z;. The result relies on a key observation regarding the action of 9, on the functional spaces defined

in this Appendix. Specifically, while the perturbation P o ]8|1/ 2 belongs to M; }%/2’0, its derivative with

respect to z; belongs to M;}%/Z’j . Similarly, the fixed point Ap o ||/ belongs to M;}{Q’O, while its

derivative 0, (Ap o 18]1/2) belongs to M;}%/Zj'

These properties, proved in Lemmas and , ensure that each term in the series defining Pa.
is well-defined and bounded. More precisely, we have the following lemma.
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Lemma B.4.1. Letn € N and \ > 0 such that |2\ —n| < 1/2. For all p > 3/2 and every s > 0, if
R < (1024C,(p)) ™%, then

|a’1/2€M 1/20 4 8. ( OOOIGII/Z)EM /2.5

Moreover, the following bounds hold:

1/2,0 _ nR? 1/2; _ nR
[Poc 0 10]' 21, 10 < S5 105, (P 0 02) 1™ < 55
Proof. Let Xp := Ap o[9]'/2 € M " Yp = Po|d|'/2 € M, *°, and Zp := Ly Ap o |0]'/? €

M, }%/2 ' We consider the operator norm p := Had Xp||r acting on the spaces M /27 From Lemma
B.3.2[and Lemma|[B.2.2] we have:

lad— x|z < 4C.(p)| Xp[[ > < 32C.()RY <

>3

1
8 )
where we used the hypothesis R < (1024C,(p))~*

Since p < 1/8 < 1/2, the sum of the geometric series Y pe p* = p/(1 — p) is bounded by 2p. For
the first estimate, we sum the contributions of the two series defining P :

ad]C ~1/2,0 1/2, 0 n\ R nR2
—L2Yp <2p|Ypl, g™ <2(32C.(p)R~ ) oy = 32C(p)R—5.
(o) £ e
dk : /R0 1/20 _ 2R nR?
ZXp 7, < 20| Zpl, | 32C,(p)R = 128C, (p) R—-.
R <2 Vb N2

The total norm in ./\/l /2.0 45 bounded by 160C,(p )R"ﬁ ,
For the second estlmate we differentiate the operator Py, o |0

5% Xp € MH/ %7 be the direction of differentiation. We first recall the operator bounds derived
from the prev10us lemmas. Let p := [lad_x,|r; from Lemma [B.3.2] and Lemma we have

p < 4C.(p)|Xp |;;}3/20 < 32C.(p)R% < 1/8. Furthermore, for any operator S(X) = Zak(ad,X)
with |ay| < 1, its Fréchet derivative in the direction H; satisfies

which is strictly less than nR? /2.

/2 with respect to z;. Let H,

08O r < PR 6o 2, ®.7)

~ (1-p)?

where we used the estimate (1 —1/8)~? < 4 and the commutator bound |lad_p;, ||z < 4C.(p)|H; |+1/2’j
from Lemma Applying the Leibniz rule to the definition of P.., we obtain:

0., (Pao 0 |0]1/2) = er,.(d( 2Axp _id)[H;|Yp + (€*-Xp —id)d,, Y

I IT
> adle1 © adk 1
—d (Z x P) [Hj]Zp— (Z k:' aZJZp)
k=2 k=2 .
171 v

Using (B.7) and the operator norm bound ﬁ < 2p, we estimate each term in M;}%/Q’] using the

estimates from Lemma[B.1.1] Lemma[B.2.2]and Lemma[B.3.4]
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D ] 13 < 16C.(p) (%B) Y|, >0 < 16C.(p) (BE) (£) = 8C.(p)REE.

i) 211,127 < 2010, Yol 1™ < (64C.(p)RY) 55 = 32C.(p)R1%.

i) |111], 1 < 160, (p) (%) 1 Zp], 1" < 16C.(p) (1) (3F) = 320, ()R-
iv) [IV] 1?7 <2010, Zp|, 1™ < (64C.(p)RE) 4 = 256C.(p) R}

Summing these four contributions and using R < (1024C, (p))~! we get

n n
7§7

=~ —1/2,j n
102, (Poo 0 |02 7 < (288 + OR)C.(p) Ry < 328C. ()R 5 < 5.

concluding the proof. |



Appendix C

Product Topology

Definition C.0.1 (Product Topology). Let (X, Ti)xen be a family of topological spaces and X :=
[11cx Xk The product topology Tyroq on X is the coarsest topology that makes all the projections
qr © X — Xy continuous. It is then clear that a basis for the product topology consists of all sets
obtained as finite intersections of sets of the form qk_l (Ag), where Ay, is open in Xy. An open cylinder is
a subset of X of the form [ [,cxy Ax, where, forall k € N, Ay, € 7, and Ay, # X}, only for a finite number
of k € N. Therefore, the product topology on X is generated by the open cylinders, i.e., U € Tppoq if and
only if U is an arbitrary union of open cylinders.

Remark C.0.2. Let (Xj, Ty)ren be a family of topological spaces and X := []cn Xi. If, for any
k € N, (X, ) is Hausdorff, then, (X, Tproa) is Hausdorff.

Proposition C.0.3 (Convergence). A sequence (x"),cn in X converges if and only if, for every k € N,
(2} )nen converges in X,

Proof. Since all the projections g : X — X}, are continuous, if (z"),cn converges to x in X, then
(2} )nen converges to . in X, for each k£ € N. Conversely, let z € X and consider a sequence (2" ),en
such that, Vk € N, the sequence (x}),cn converges to z, in Xj,. Since any open set is union of open
cylinders, it is sufficient to show that, for any cyclinder containing , 3N € Nsuchthatz"” € C'Vn > N.
So, let C' = [], ¢ Ax be an open cylinder such that, for all £ € N, 2 € Ag. Of course, there exists
K € N such that Ay, = X, for all £ > K. Now, by hypothesis, for any k& € N there is N (Aj) such that
xy € Ay foralln > N(A). But then, it is sufficient to take N := supj<x N (A). |

Remark C.04. Let (X, d) be a metric space. The topology generated by the metric d coincides with the
topology generated by d' := d/(1+d). In particular, if the goal is to study only the topological structure
of a metric space with metric d, one can always consider the metric d', which takes values in [0, 1).

Let (X, di)ken be a family of metric spaces such that, for every k € N, d, : X x X — [0,1) .
For every k € N, let 73, be the topology on X, generated by the metric di. Let (px)ren be a sequence of
real numbers such that, Vk € N, pr, > 0, and ), .y pr < 0o. We define the metric on X := [ [, .y Xi

dy: X x X =[0,00), dy(z,y):= Zpkdk(mk,yk)
keN

for every x = (z1)ken, ¥ = (Yr)ren € X.

Theorem C.0.5. The topology on X generated by d,, coincides with Tp,.q.
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Proof. Let C' = [[,cn Ak € Tprod be an open cylinder such that each Ay, is different from the empty set,
and take an arbitrary x = (3 )reny € C. We show that there exists € > 0 such that the d,-ball of radius ¢
centered at x, i.e., B(z, dp), is entirely contained in C'. Now, for every k € N, there exists €, > 0 such
that B, (v, dx) C Ay, because Ay, belongs to 7, which is the topology generated by the metric dj. Let
€ := inf{ prer : k € Nsuchthat Ay # Xj}. Note that € > 0 because Ay # X} only for a finite
number of k& € N. Now, consider a generic y € B¢(z,d,). For every k such that Aj, # X}, we have that
prdi(Tr, yr) < dp(x,y) < € < prey (by construction). That is, di(, yx) < €x. In particular y;, € Ay.
If instead k is such that A, = X, there is nothing to check. Therefore, B¢(z,d,) C C.

Now, we show that, given 2 € X and € > 0, there exists an open cylinder C' = [[,.cy Ak € Tproa
containing « such that C' C Bc(x,d,).

Let A € N be such that

oo
Z Pk < €/2.
kE>A

Let || pl|oo := supyen pr and define a family (Ay)ren such that, forevery k < A, Ay, := B /(9 p)|0) (T k),
and Ay = Xy, forall k > A. Clearly, v € C := [ ], Ak

To show that the open cylinder C is entirely contained in B¢(, d,), consider an arbitrary y € C'. By
construction, for every k < A, we have di(x, yx) < €/(2]|p|lccA). It follows that

A o
dy(z,y) = Zpkdk(xkyyk) = Zpkdk(xk,yk) + Z i (Zhs Yi)
ICEN k=1 E>A
€
k>A

thereby establishing the claim. |



Appendix D

Realizations of T into Sequence Spaces

We explore here some specific settings where the infinite torus TV endowed with the product topol-
ogy arises. To this end, let us first define the sequence spaces that will provide the framework for our
constructions.

For s € R, we denote by h* the Sobolev-Hilbert space of sequences u = (ug)zeny € CV such that
> pen k2% |ug|? < oo, endowed with its natural norm topology.

Furthermore, given a sequence of positive real numbers 1 = (1 )ken, We define the weighted space

0F = {u = (up)ken € CV : supmelug| < oo} ,
keN

which can be endowed either with the norm topology or with the weak-* topology.
To define the latter, we introduce the pre-dual space E% /y 38 the Banach space of sequences ¢ =
(oK) ken € CN such that
o -1
Iolly, = 3 ol < oo
The weak-* topology on £7° is then the coarsest topology such that the linear functionals

03 um (u,d)e = %ukm eC
S

1
1n

In what follows, we construct suitable topological embeddings of TV into these spaces, considering
three distinct cases:

are continuous for every ¢ € ¢

(i) the h® case with norm topology;
(ii) the £7° case with weak-* topology;
(iii) the £7° case with norm topology.

More specifically, let £ = (& )ren be a sequence of non-negative real numbers with & > 0 for
infinitely many k£ € N. We consider the set

72 = {u = (uk)keN € cN . ‘Uk‘Q =&k, Vk € N}7

under the assumption that § satisfies suitable decay conditions such that 7¢ C h* or T¢ C £;°, depending
on the case.
In this appendix, we show that:
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e In Cases (i) and (ii), 7T¢ is always a realization of TN,
e In Case (iii), 7 is a realization of TN if and only if limy_, n,%.fk = 0.

It is worth mentioning that if the sequence of radii is eventually bounded away from zero on the
support of &, namely if infeg 72 > 0 where S = supp(€), then T¢ would instead inherit the structure
of a non-compact Banach manifold modeled on ¢°°.

To simplify the technical discussion, we observe that it is always possible to restrict our analysis to
the following normalized setting:

s=0, m=1, and & >0 VkeN. (D.1)
Indeed, the isometric isomorphisms
he 3 u— v = (k*up)ren € 02,
00 3 urr v = (Mpuk)ken € 077, (D.2)

are homeomorphisms with respect to the strong topologies and, in the case of (D.2)), also with respect to
the weak-* topology.

Remark D.0.1. The map is a weak-* homeomorphism as it is the adjoint of the isometric isomor-
phism between the pre-dual spaces f : {1 — 6%/77 defined by (f(¢))x = npor for all ¢ € ¢* and k € N.

Indeed, for any u € £7° and ¢ € 01, the duality pairing satisfies
((mrun), Blesor = Y miunde = Y u(medi) = (u, F@eear, -
keN keN
Since f is a topological isomorphism between the pre-duals, its adjoint is a homeomorphism between

the dual spaces endowed with their weak-* topologies.

Furthermore, let S := supp(&) be the set of indices where & > 0. For any k& ¢ S, the condition
lug|? = & = 0 implies ug, = 0. Consequently, the projection onto the coordinates in .S,

I : T¢ — C%,

is a bijection onto its image and restricts to a homeomorphism in all the topological settings considered.
Since S is infinite, we can identify .S with N through a monotonic reindexing, which preserves both the
decay properties of the sequences and the respective topologies. By virtue of these identifications, in the
following sections we shall assume the conditions in (D.I]) to hold without loss of generality.

D.1 Embedding into ¢
In this case, we assume & € £, which ensures Te C 2. We consider the map 7 : T — ¢? defined by

J(0) := ( fkew’“)

keN’

which is a bijection between the infinite torus TV and T¢. To show that J is a homeomorphism, we
compare the product topology on T with the topology induced by the #2-norm on Te.
Recall that the product topology on T™ is metrizable; a suitable metric is given by

dywn (67 90) = Z &k

keN

ek _ ook

)



Section D.2. Embedding into ¢*° with the Weak-* Topology 173

where the weights &, ensure the convergence of the series. On the other hand, the /2-distance between

u=J(0)and v = J(p) in T¢ is

dea () = u— vl = [ g leit — eien]?.
keN

We first prove the continuity of 7. For any ¢ > 0, we seek § > 0 such that dyn (6, ¢) < ¢ implies
dp(T(0),T(¢)) < e Since | — e¥k| < 2, we have

1a(T0).T@) =3 & T2y g

keN keN

el — el¥k el — €%k = 2d (0, ©).

Thus, it suffices to choose § = €2 /2.
Conversely, we show that 7! is continuous. For a fixed ¢ > 0, let N € N be large enough such that
2> o n & < €/2. Then, for any 0, ¢ € TV,

elek — elPk

N
dps(0,0) < D> &
k=1

L€
2

IN

N N c
D7 | DG et —eenf? 4 2
k=1

k=1

Vel de(70). 7)) + 5.

IN

where we applied the Cauchy-Schwarz inequality to the first NV terms. By choosing 0 = €/(2+/|[£][ 1),
we obtain that dy2 (u,v) < ¢ implies dyn (6, @) < €.

D.2 Embedding into /> with the Weak-* Topology

We consider the realization of the infinite torus T as the subset T¢ of the Banach space ¢/ endowed
with the weak-* topology. To ensure that 7¢ C £°°, we assume that the sequence of radii satisfies
Supgen §k < 00.

First, let us characterize the topology of T, which is defined as the product of circles T = R/271Z.
Since each factor T is homeomorphic to the unit circle U(1) C C via the map 6 +— ¢, the product
topology on T" is equivalent to the product topology on U (1)N. This topology is induced by any metric
of the form

d (6, ) = Zpk|ei9’“ — €%k (D.3)
keN

where (pg)ren is a summable sequence of positive weights.

Next, we describe the topology on the target space. The weak-* topology on £*° is the coarsest
topology making the linear functionals u — 7, -y ux ¢y continuous for all ¢ € ¢'. A neighborhood of
a point u € £°° in this topology is given by a finite intersection of sets of the form

> (uk — vi) i

Vg e(u) := {1} ere .
keN

<e}, pelt, e>0.

While the weak-* topology is not metrizable on the whole £°°, its restriction to any bounded set
is metrizable. Since 7¢ is bounded, we can consider a ball Br := {u € £ : |ju|~ < R} with
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R > +/||€||l¢ and define on it the metric

Ay (u,v) := Z 2_k\uk — v (D.4)
keN

To show that d,,« induces the weak-* topology on Br, we verify that the two neighborhood systems
generate the same topology:

1. Any neighborhood Vj (u) contains a metric ball By, (u,d). Indeed, for a fixed ¢ € ¢!, there
exists N € N such that }, [¢x| < €/(4R). For any v € Bp such that dy~(u,v) < 6, the
definition of the metric implies 2_k\uk — vg| < ¢ for all k& € N. In particular, for all £ < N, we
have the uniform bound |uy, — vy| < 2/V6. By choosing § < ¢/(2 - 2™V||¢[|,1 ), we ensure that

> (uk — o) b

keN

N N
€
<> Juk —velloe] + 2R Y |ok] < 2N5; oul + 5 < e

k=1 k>N

2. Any metric ball By . (u, €) contains a weak-* neighborhood. To see this, we first observe that for
any u,v € Bp, the distance between coordinates is uniformly bounded by |uj; — vi| < 2R. We
then choose an index N € N such that

[e.9]

Y 27keR) < %

k=N+1

Now, let A = {e1,...,en} C ¢! be the finite set of functionals from the canonical basis, and
consider the weak-* neighborhood

Unepa(u) = {UGBR D ug — gl < %, Vk:zl,...,N}.

For any v € Uy /2(u), the metric distance d,,+ (u, v) satisfies:

N ]
o (,0) =Y 27 up — vk + D 2 F|ug — vy
=1

k=N+1
¢ N 00
K K
<2<Z2 >+22 (2R) < e.
k=1 k=N+1

This proves the inclusion Uy . /o(u) C By,. (u,€).

Finally, we consider the map 7 : T — 7T¢ defined by the coordinate-wise assignment

J(0) = (\/{kei@k)keN.

By construction, 7 is a bijection. To show it is a homeomorphism, we evaluate the metric d,,~ restricted
to the set 7¢. For any two points v = J(¢) and v = J (¢) in T¢, the distance defined in (D.4) reads

due (u,0) = 327 ( Gl — Ve = 3 (278

keN keN

elOk — elPk

By identifying the weights in the product metric as py, := 27%\/&, which are strictly positive and
summable since sup;, £, < oo, the map 7 becomes an isometry between the metric spaces (T, drw)
and (7¢, dy ).

Since we have already established that d,,« induces the weak-* topology on bounded sets of ¢°°,
it follows that 7 is a homeomorphism between the infinite torus TN and the set ’72 endowed with the
weak-* topology.
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D.3 Embedding into /> with the Strong Topology

In this section, we consider /> endowed with the strong (norm) topology induced by ||u|| g = supyey |uk|-
We prove that if limg_, o & = 0, then the map J : ™ — T¢ is a homeomorphism.

To show this, we verify that the product topology on T and the norm topology on 7T are equivalent
through 7.

1. Continuity of 7: Let ¢ > 0 and # € TV. Since /&, — 0, there exists an index N € N such that
V& < €/2 for all k > N. We define a cylinder U in the product topology as:

U:z{«pETN:|eiek—ei‘p’“|< Vk::l?"'aN}'

€
maijN \/ fj ’
For any ¢ € U, we evaluate the distance |7 (0) — J (¢)||¢= by splitting the supremum:

e For k < N, the definition of U implies:

Ve — e < VG —

max; <y 5] B
e For k > N, the condition on the radii ensures:
/§k|€i6k _ €i¢k| < 24 /fk < 2. % =€
Since the supremum over all k£ € N is less than €, it follows that || 7 (0) — J (¢)|l¢= < €, proving
continuity.

2. Continuity of 7~ !: Letu = J(0) € T¢ and let C be a basic cylinder centered at ¢ in TV, defined
by a finite set of indices K C N and open intervals of width d;, > 0:

C={peTV : |e% — ¥ < 4, Vk € K}.

To prove that 7 ! is continuous, we find € > 0 such that By (u,€) N T¢ C J(C). Since K is a
finite set and /&, > 0 for all k, we can define:

€= iréllr(l (\/f»k&f) > 0.

Now, let v = J () € T¢ be any point such that ||u —v|[s~ < €. By the definition of the supremum
norm, for each £ € K we have:

Ve — e < sup \/gle — €] = [lu— vl <e
jEN

Using the definition of €, we observe that € < \/£,.0;, for every k € K. It follows that:

Ve — e < /&b

Dividing by /&, we obtain |e!* — ¢i¥¥| < § for all k € K, which implies ¢ € C. This confirms
that 7! is continuous.

The condition limy_,, &k = 0 is essential. If it were not satisfied, say infxen & = ¢ > 0, a norm-
ball of radius € < ¢ would impose a constraint on an infinite number of angles simultaneously. Such a
set cannot contain the image of any cylinder (which only constrains finitely many coordinates), and 7¢
would behave as a non-compact Banach manifold rather than a compact torus.






Appendix E

Algebraic Background

E.1 Localization of Abelian Groups

Definition E.1.1. Let S := Z \ {0} and G an abelian group. The localization of G by S is the set of
equivalence classes

/
S7IG = {g’ geG,se S J = g—/ & 3n € S suchthat n(sg’ — s'g) =0 inG}.
s s s
Proposition E.1.2. S~'G is an abelian group with the operation

h rg-+sh
g, h_ry

L L (E.1)
s 7 sr
Proof. First, observe that, given g € G and s € .5, for any m € S we have
g_mg (E.2)
s ms

Now, let g, h,¢',h' € G and s,,s", 7" € S be such that

Then, by definition, there exist n, m € S such that n(sg’ — s'g) = m(rh’ — r'h) = 0. Thus,
g N g +N nmrsr'g +nmrss’h’ mr'rnsg’ + ns'smrh/

S/ /

r's! nmrsr's’ nmr's'rs
mr'rns'g +ns’'smr’h  rg+sh g h

r

nmr's'rs TS s T

So, the group operation (E.I)) is well defined and, of course, it is associative. The identity element is
given by

0
1
and, giveng € G,s € S,
g9 -9 g
e T s T s

Finally, the commutativity property of the operation just defined follows trivially. |
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Definition E.1.3. An abelian group is said to be without torsion if there are no elements g € G, g # 0,
that admit a non-zero integer n such that ng = 0.

Proposition E.1.4. If G is without torsion, the group homomorphism

i G — S7IG, gi—)%

is injective.

Proof. Assume g/1 = 0/1. Then, there exists n € S such that n(1-g —1-0) = ng = 0. The statement
follows by the fact that G has not torsion elements. |

Proposition E.1.5. If G is without torsion, S~ G is a Q-vector space.

Proof. Being S~!'G an abelian group, and hence a Z-module, it is sufficient to define an appropriate
notion of multiplication by rational scalars. For any rational numberr € Q and any g € G, s € S, we
define
9 _ P9
s gs
where p € Z and ¢ € S are such that r = p/q. By using (E.2)), it is very easy to show that this operation
is well defined. u

Theorem E.1.6. Any countable abelian group without torsion can be canonically embedded in a count-
able vector space over Q.

Proof. The proof follows by Propositions [E.1.2} [E.T.4]and [E.1.3] and by the fact that, if G is countable,
then S~'G is also countable. |

E.2 Basics of Abelian Groups

Definition E.2.1 (Independent Set). Let G be an abelian group. Given a set of indices J and a subset
{9;}jer of G, we say that {g;} ;e is independent if and only if, for any v € 7, ZjeJ vigi = 0
implies v = 0; otherwise, we say that {g;} e is dependent.

Definition E.2.2 (Maximal Independent Set). Let {g;};jc.; be an independent subset of the abelian group
G. If for any other g € G, {gj}jcs U {g} is dependent, then, we say that {g;};c; is a maximal
independent subset of G. If we allow the group to have an infinite number of independent elements, then
we have to assume the axiom of choice for maximal independent sets to be well defined.

Proposition E.2.3. Let G be an abelian group without torsion. Then, all its maximal independent subsets
have the same cardinality.

Proof. We show that, for any maximal independent subset {g; } je; C G, {g;/1};e is a basis for ST1G.
Then, the fact that, for a vector space, any basis has the same cardinality, yields to the conclusion. So,
let {g;}jes C G a maximal independent subset. First, observe that, for any g/s € S™'G, g # 0, there
is a finite family of rational numbers (7;);cr, I C J, such that
g 9i
- = ry—.
il
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Indeed, let g # 0. Then, there exist m € N and v € Z(/) such that mg = Y jeg Vi95- Therefore,

9 _mg _ 2jesVi% Y Ui,
s ms ms msH

jed
Furthermore, let (p;/q;);ecr, I C J, be a finite family of rational numbers. Then,
NPT o= S p([[ai)e=0= p=0,Vjel
— q; 1 eI\ L1 ! !
Jjel jelI %]
This implies that {g;/1};c is a basis for the Q-vector space S™1G. |
Definition E.2.4 (Rank). The rank of G is the cardinality of any maximal independent subset.

Proposition E.2.5. The rank of (Q, +), and that of any subgroup of it, is equal to 1.

Proof. Forany a/b, ¢/d € Q, there exist m,n € Z, not both vanishing, such that m(a/b) +n(c/d) = 0.
In particular, if both a # 0 and ¢ # 0, m = ¢b,n = —ad. u

Proposition E.2.6. The rank of Z\7) equals the cardinality of the set of indices J.

Proof. 1t is sufficient to observe that the subset {e;}c; C 7, is a maximal independent set. |

Theorem E.2.7. Let ® : G — G’ be an isomorphism of abelian groups. Then, the rank of G coincides
with the rank of G'.

Proof. Tt is sufficient to prove the followings: (i) if g, h € G are independent, then ®(g) and ®(h) are
independent; (ii) let {g;}jec.; be a maximal independent subset of G, then, for any ¢’ € G’ there exist
m € Zand v € Z) such that mg' — 3, v;®(g;) = 0.

Concerning (i), let n, m € Z be such that n®(g) + m®(h) = 0. Then,

0=23"10) = &1 (n®(g) + m®(h)) = d~1(®(ng + mh)) = ng + mh.

This implies that n = m = 0 because, by hypothesis, g and h are independent.
Now, we prove (i). Let ¢ € G’ and g := ®~!(g’). Since {g; };c is a maximal independent subset
of G, there exist m € Z and v € Z() such that mg — ZjeJ vjg; = 0. Then,

0=2(0) = ¢<mg -> Vj!Jj) =mg' + ) v;®(g;).
JjeJ Jj€J
The proof is concluded. |

Definition E.2.8 (Free Abelian Group). An abelian group G is said to be free if there exists a maximal
independent subset {g;}jc; of G such that, for any g € G, there exists a unique v € Z) such that
g= ZjeJ v;g;. We call such subset "basis”.

Corollary E.2.9. Let G be a free abelian group and {g;} e s a basis. Then G = Z(/),

Proof. By definition, Z(*) 5 v > jeg V495 1s injective and surjective. |
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E.3 Subgroups of (Q, +)

Proposition E.3.1. Let G be a free subgroup of (Q,+). Then, G is isomorphic to 7.

Proof. By Proposition G has rank 1, and the only rank 1 direct sum of copies of Z is the direct
sum involving only one term (see Proposition [E.2.6). Then, the claim follows by Theorem [E.2.7 |

Corollary E.3.2. A subgroup G of (Q, +) is free if and only if there exists r € Q such that for any g € G
we have g = nr for some n € Z.

Proof. Let @ : Z — G be an isomorphism. Define » = ®(1). Then,
G=®(Z)={P(n) : n€Z} ={n®(1) : neZ}={nr : neZ}.
The claim follows by Proposition |E.3.1 |

Proof of Lemma[.4.33] Assume by contradiction that G is free. By Corollary G = rZ for some
r € Q. This prevents the existence of such a sequence. |

Theorem E.3.3 ([Bac37|[BZ51]|[Fucl5l]). Let A € HjeN No U {0}, (Pj)jeN the list of all prime num-
bers in ascending order, and i a natural number that is not divisible by p; if Aj > 0. Then, non-trivial
subgroups of the additive rationals are exactly all those groups of the form

A e@PNon {0, A} ne Z} :
HjeijJ jeN

S(i,A) == {

Moreover, S(i, A) = S(i', A') if and only if Aj = A for almost all j, and, whenever they are different,
both are finite.

Proof of Lemma[d.4.24, With the same notations of Theorem if A € [[;enNo U {oo} satisfies
[Tjen pY < oo, then S(i, A) = i(ILen phi)~1Z.
So, let us focus on the case [;.y p* = oo. Let (bg)72, be the sequence

y _ P ifh= p)’, forsomele N, A €N, A\ < Ay,
b 0 otherwise

and construct a = (a;);jen by setting a; := 1, a; := by, for all j > 2, where (k;);en is the support of
the sequence (by)ken, With kj < kj if j < j'. Now, given A € @,y No N {0,...,A;}, let N be the

natural number such that ky = pj‘f *, with j* such that p?ﬁ "> p;‘j for all j € N. Then, for any n € Z,

; (E.3)

where, for all j € N, \; := max{\ € {0,...,A;} | p?‘ < p;\f*}. On the other hand, given m € Z and
N € N, there exists a unique A € B ;cyNo N {0,1, ..., A;} such that

moo__m (E.4)

N Aj
Hj:l a; Hjoi1 pj]
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Clearly, (E.3) and (E.4) are inverses of each other. Moreover, for all ¢ € N, the map

m mi
Q@a)> —y— v
Hj:l a; H;)il pj]

where \ is defined in (E.4), is a homomorphism of groups. Therefore, for all i € N, S(4, A) is isomorphic
to Q(a), with a € ¥ defined as above.

e S(i,A),

Conversely, given a = (ag)reny € X, for all j € N, let (Agk)) renN be the list of natural numbers
defined by
O (k)
ap = H pj] .
j=1
We define A = (Aj)jEN S EBjEN Ny U {OO} as
oo
Aj=> A, (E.5)
k=1

Note that
k=1 k=1j=1 j=1
which implies that, for all i € N, Q(a) is isomorphic to S(i, A), with A as in (E.5)), via the map

5 m s n
N A
Hk:l af H;i1 pjj

This ends the proof. |

N
Q(a) € S(i,A), n=m, A=Y A¥.
k=1
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